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1. Homo 2. Gorilla

,Clovék je prvni propusténec prirody, jez
je vyvdzdn ze svého okoli - priroda neni
ani tak nase matka, jako spiSe macecha”
(stepmother).

Marek Orko Vdcha (volna parafraze
Johann Gottfried Herder & Max Scheler
& Immanuel Kant).



PODEKOVANI

Tento kratky odstavec bych velmi rad vénoval podékovani nejen svym blizkym, ale
predevsim vSem koleglim, se kterymi jsem mél tu Cest se na FCH VUT v Brné setkat.
V nékterych podékovanich si dovolim byt osobni, a proto mi prosim neméjte za zlé, Ze cela
fada skvélych kolegli zde nebude jmenovité zminéna.

[ kdyZ od mého studia na FCH VUT v Brné uplynula cela rada let, tak bych velmi rad
podékoval v§em pedagogiim, ktefi mi v ramci svych prednasek ¢i specifickych cvic¢enich
predali mnohé znalosti, které jsem mohl dale zuZitkovat v ramci svého postgradualniho
studia. Nicméné cela rada téchto znalosti vytvari pevné zaklady pro moji pedagogickou
¢innost, diky kterym se v ramci svého pisobeni na FCH VUT citim jistym vyucujicim.
Jmenovité se jedna o predméty fyzikalni chemie, chemie makromolekularnich soustav
a biopolymert, biochemie, matematiky, transportnich systémi, reologie atd.

Doposud vzpominam na situaci, ktera se s ubyvajicimi léty pretavila z ,beznadéje“ do
velmi humorné vzpominky. V ramci predmétu cvicni fyzikalni chemie II jsme byli prof.
Ladislavem Omelkou zdil¢ich pisemnych praci zahrnujicich vypocty z kinetiky
chemickych reakci a koloidni chemie striktné hodnoceni znamkami ,,vyborné“ (1 bod)
a nedostatec¢né (0 bodi), pricemz abychom nemuseli absolvovat celkovy zapoctovy test
(zahrnujici veSkerou probranou latku), tak jsme museli dosahnout urcité procentualni
uspésSnosti. Dil¢i zapoctové testy byly hodnoceny pouze na zakladé spravnosti dvakrat
podtrzeného vysledku. Po poslednim testu, ze kterého jsem musel dosahnout hodnoceni
,vyborné“, abych se tak ,,vyhnul“ studenty obavané zapoctové praci, bylo mi po konzultaci
s ostatnimi studenty jasné, Ze mij dvakrat podtrzeny vysledek neni spravny. Nasledujici
tyden jsem se smiroval s faktem, Ze mé souhrnna zapoctova pisemna prace nemine. Avsak
na poslednim cviceni mi prof. Omelka predal opravenou pisemnou praci s hodnocenim
0,5 bodtli doplnénou ,zasifrovanou” zpravou stavajici se ze trech pismen ZBM. Po skonceni
hodiny jsem se byl prof. Omelky zeptat, co tato Sifra znamena. Na moji otazku mi prof.
Omelka odpovédél: ,z BoZi milosti!“, a tudiZ jsem byl uchranén obavaného zapoctového
testu. AniZ bych si to v té chvili uvédomoval, tak diky hodnoceni prof. Omelky jsme byli
vychovani k jisté obecné peclivosti, kterou si od té doby v sobé ponesu.

Na tomto misté bych velmi rad podékoval prof. Ing. Miloslavu Pekarovi, CSc., a to jak
z pohledu studenta, tak i kolegy piisobiciho na Ustavu fyzikalni a spotfebni chemie. I kdyz
mi v tuto chvili vytanulo na mysli mnohé, za co bych rad podékoval, dovolim si zminit jen

Vv

malou c¢ast. Tak jak je malé dité ovliviiovano svym nejbliZSim okolim, ve kterém si hleda
své vzory, tak mohu bez zavahani rict, Ze mym pedagogickym a védeckym vzorem se stal
prof. Pekaf, a to z mnoha dtivodi. Své odborné znalosti a zkuSenosti prof. Pekar predava
s nebyvalou lehkosti, pricemZ své naméty k védeckému smérovani svych ,mladSich”
kolegli v ramci vyzkumné skupiny BioKol predklada ve formé: nevnucuji, zvaZte, a tudiz
jsou nam vytvoreny podminky pro samostatnou védeckou seberealizaci sjeho
napomocnym odbornym dohledem. Dale bych rad podékoval panu prof. Pekarovi
piredevsim za to, Ze v priitbéhu mého ptisobeni na Ustavu fyzikalni a spotfebni chemie si
na mé vzdy nasel cas, ve kterém jsme mohli diskutovat nad riznymi védeckymi aspekty,
z nichz vzeslo mnoho zajimavych odbornych publikaci ¢i nAmétd pro mou dalsi odbornou
¢innost. To vSe lze mimo jiné spatfit i v tom, Ze diky témto kratkym ,brainstorminglim*
byly studentim predkladany velmi zajimava témata, které reSili vramci svych



bakalarskych a diplomovych praci. V osobni roviné bych velmi rad podékoval za jeho
neutuchajici entuziasmus, vstricnost, osobni nadhled nad nékterymi problémy a mnoho
osobnich rozhovort, které nebyly vénovany jen pracovnim povinnostem, ale i tématiim
dotykajicich se literatury, filozofie, uméni, kultury apod.

V poslednich radcich si dovolim podékovat mé milé kolegyni pani Leoné Kubikové,

ktera se obétavé stara o bezproblémovy chod laboratori, ¢imZ nam vytvari vynikajici
podminKy pro nase védecké badani a pedagogické piisobeni na UFSCH FCH VUT v Brné.
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Prolog UFSCH FCH VUT v Brné

1 PROLOG

niz bychom si to dnes uvédomovali, tak lidska bytost tj. ¢clovék explicitné vychazi

z terminli oznacujicich pldu ¢i zemi. Primy odkaz miiZeme nalézt v knize

Genesis, ktera pojednava o mytickém pribéhu stvoreni svéta, kde prvni bytost
Adam je eponymem ¢lovéka. Hebrejské slovo Adam etymologicky souvisi s vyrazem pro
hlinu edama", a tudiZ je p¥imym odkazem Adamova ptivodu. Clovék je tedy utvofen
z hliny zemé, a proto je jeho doslovnym ceskym prekladem vyraz pozemstan. Obdobna
je ietymologie anglického vyrazu human(e) tzn. Clovék resp. lidsky vychazejiciho
z latinského slova humus, jeZ je vyrazem pro zemi, plidu, atd. V této souvislosti je nutné
zminit i fecké korenové slovo antrop, jez je primym terminem oznacujicim Clovéka ci
lidskou bytost.

Timto je ¢lovék predurcen k hledani odpovédi na riizné otazky, které by vedly nejen
k SirSimu pozndani, ale také ve schopnosti je aplikovat k ochrané nasi planeté Zemi.
Jinymi slovy, pokud ndm tato planeta byla propijcena, tak jsme povinni ji spravovat po
vzoru dobrého hospodare, jezZ ma na zreteli i budouci generace.

Jak jiZ bylo zminéno vySe, lidské byti je na planeté Zemi neoddélitelné spjato
s organickou hmotou, at' uZ mame, na mysli pripady, kdy jsou tyto organické slouc¢eniny
vazany v zivych systémech (flora a fauna) anebo jsou soucasti ,nezivé“ prirody, kam
zpravidla fadime odumfelé Casti rostlinnych aZivociSnych tél, které jsou klicovymi
surovinami vstupujicimi do sloZitého procesu jejich transformace na stabilni slozky
organické hmoty. Na tomto misté je nutné si uvédomit, Ze determinujicim milnikem
existence zivota na planeté Zemi je okamZzik, kdy fotosyntetizujici bakterie
(Cyanobacteria) byla pohlcena praeukaryotickou buiikou, ve které se tento
endosymbiont transformoval v semiautonomni organelu tzv. plastid, lépe ftecCeno
chloroplast. V tuto chvili je nadmiru jasné, Ze pravé vznik rostlinnych bunék resp. v nich
probihajici fotosyntéza odstartovala kaskadu evolucnich déjli, které jsou patrné az do
dnesni doby. Pohled fyzikalniho chemika, zabyvajiciho se ptirodnim cyklem organického
uhliku, je pravé fokusovan na ty déje fotosyntézy, které vedou k syntéze energeticky
bohatych organickych sloucenin. Je zajimavé, Ze zcelkového poctu Sesti molekul
glyceraldehyd-3-fosfaitu jen jedna znich opousti Calviniv cyklus astava se tak
prekurzorem pro syntézu slozitéjSich organickych sloucenin, jako jsou sacharidy,
polypeptidy, lipidy atd. Bunécna sténa je charakteristickym znakem vSech
suchozemskych rostlin, avSak tyto struktury muiZeme nalézt i v pripadé ostatnich
organismd, jako jsou bakterie, archea, houby a fasy. Presné chemické slozeni bunéc¢nych
stén je primarné determinovano taxonomickym zatfazenim sledovaného organismu.
Tato skute¢nost miiZe byt spatiena jiZ pii srovnani chemického sloZeni bunécnych stén
prokaryotické a eukaryotické buiiky. Bunécné stény prokaryotickych organismi jsou
prevazné tvoreny peptidoglykanem, zatimco pro vystavbu bunécnych stén hub je
pouzita biopolymerni sloucenina chitinu. Buné¢né stény ras jsou primarné tvoreny
polysacharidy, kam z pravidla radime karagenan, agar atd. Naproti tomu bunécné stény
vysSich rostlin jsou téchto polysacharidli vylucné prosté. U téchto organismi se
evolucné vyvinuly dva typy bunécnych stén, které jsou oznacovany jako primarni
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a sekundarni. Primarni bunécna sténa suchozemskych rostlin je prevainé tvorena
homomernim polysacharidem celulézou s mensim obsahem ostatnich polysacharidi
jako je hemicelul6za a pektin. Naproti tomu, sekundarni bunécna sténa je obohacena
o dalsi biopolymerni slouceniny, a to zejména o lignin, kutin, suberin aj. V tuto chvili,
aniZ bychom to tusili, se nam podaril definovat jmenny seznam majoritnich komponent,
které vstupuji do sloZitého procesu geneze huminovych latek v terestrialnich
ekosystémech. Musime mit vSak na paméti, Ze do tohoto procesu vstupuje i ta organicka
hmota, jeZ je produkoviana metabolickymi déji nesCetnych druhti rostlin, Zivocichi
a mikroorganismii. Po odumfeni téchto forem Zivota se jejich téla stavaji rovnéz
klicovymi slozkami organické hmoty, ktera vstupuje do slozitého procesu humifikace.

Pocatky védniho oboru, ktery dnes mliZeme nazyvat: ,,Chemii huminovych latek” byl
odstartovan celou fadou monografii, znichZz nejvyznamnéjsi je prace, jez byla
publikovdna vroce 1844: Die Bodenkunde oder die Lehre vom Boden, nebst einer
vollstindigen Anleitung zur chemischen Analyse der Ackererden; némeckého botanika
Karla Sprengela. Nicméné, koncept huminovych latek, tak jak ho ,zndme“ doposud, se
plné rozvinul az ve druhé poloviné 20. stoleti.

Teorie vychazejici z faktické existence huminovych latek mtZou byt rozdéleny do
dvou zakladnich kategorii, z nichZ prvni a historicky starsi pohliZi na tyto biokoloidni
slouceniny jako na biomakromolekuly, které vznikaji postupnou degradaci
biopolymernich sloucenin na zakladni stavebni kameny, ze kterych jsou nasledné tyto
biokoloidni slouceniny syntetizovany resp. polymerovany. Vyse zminéna teorie geneze
HL je ve své celistvosti tvofena mnohymi hypotetickymi cestami, které jsou oznacovany
podle toho, jaké prekurzory a mechanismy v danych cestach prevazuji. Tyto cesty jsou
znamé jako teorie ligninovd, polyfenolovd a kondenzace sacharidii s aminy. V nedavné
dobé byla publikovana tzv. polyketidovd teorie, jeZ je ve své podstaté pifimym odrazem
polymerniho konceptu, avSak s doposud nebyvalou fokusaci na aspekty mikrobialni
¢innosti, které hraji jednu zKklicovych roli vpribéhu geneze téchto biokoloidnich
sloucenin v ptirodnich ekosystémech. V opozici, k vySe zminénym polymernim modelim
stoji tzv. supramolekuldrni teorie, kterd byla navrZena a detailné rozpracovdna A.
Piccolem na pocatku 21. stoleti. Tato teorie nahliZi na HL jako na tzv. supramolekuly
resp. supramolekularni asociace, jeZ jsou tvoreny heterogennimi arelativné malymi
organickymi slouCeninami, které se do téchto podivuhodnych struktur organizuji
samovolné. Jednotlivé stavebni kameny nejsou v tyto struktury spojeny kovalentnimi
vazbami, ale jsou stabilizovany prostrednictvim slabych vazebnych interakci, jako jsou
vodikové miistky a disperzni hydrofobni interakce (van der Waalsovy sily, m-m a -CH3s-
). Tento koncept byl stejnym autorem pouzit k navrzeni frakciona¢niho postupu HL
a plidni organické hmoty na tzv. humeomika.

Je pomérné zajimavé, Ze i v dnesSni dobé je védecka spolecnost silné polarizovana na
dva tdbory, mezi nimiz je vystavena pomyslna zed’ skladajici se z vySe zminénych teorii
geneze a strukturnich formulaci. AniZ by to tusili, tak tato hradba byla ¢astecné zborena
odbornym c¢lankem Lehmanna & Klebera (2015)1, kteii popreli existenci téchto
biokoloidnich sloucenin tvrzenim, Ze HL resp. plidni organickd hmota je kontinuem
postupné dekompozice organické hmoty, jejimZ konecnym produktem je molekula CO;

1 Lehmann, J.; Kleber, M. The contentious nature of soil organic matter. Nature 2015, 528, 60-68.
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a specificka sorpce Castecné degradovanych biopolymernich slouc¢enin na mineralni
podil pldy. Je nadmiru jasné, Ze cast pozornosti obou nesmiritelnych tabort byla
fokusovana pravé ktémto dvéma ,huminovym heretikim“. Timto ponékud
kontroverznim nazorem byl odstartovan pratelsky a konstruktivni dialog napric
védeckymi skupinami zabyvajicimi se studiem téchto unikatnich sloucenin. Ackoliv, ani
ja nemohu byt ztotoZnén s timto konceptem, na druhou stranu musim konstatovat, Ze
tato hypotéza v sobé skryva mnoho védeckych naméta a postirehti, které by mohly byt
nasledné podrobné rozpracovany. V této souvislosti by se mohlo predevsSim jednat
o studium organické hmoty bez predeslého plisobeni jakéhokoliv extrakéniho cinidla,
které bychom mohli oznacit za matri¢ni xenobiotikum. Jinymi slovy, vtéto situaci
bychom byli omezeni na pouziti destové vody Cci jeji laboratorni ,modelové“ varianté,
jakoZ to vhodného extrakéniho cinidla. V pripadé studia piidni organické hmoty byla
Grossmanem a nasledné Fedotovem vyvinuta metoda izolace tzv. ptidniho gelu, jez je ve
svém dlsledku mobilnim organomineralnim komplexem. Podrobnym studiem
a strukturni charakterizaci tohoto vzorku by se dalo jednoduse dokazat, zda
adsorbovand organickd hmota je anebo neni chemicky pozménéna v disledku procesu
humifikace. Jinymi slovy, pidni gel se zdd byt jako vhodnad matrice ke studiu
neporusSeného vzorku organické hmoty.

Na tomto misté se nabizi otdzka, jakym zpilisobem Ize tuto Uvodni ¢ast habilita¢ni
prace kratce a vystizné ukoncit. Musime mit na paméti, Ze jakykoliv prirodni ekosystém
se vyznacuje silné dynamickym charakterem s mnoha komplikovanymi vazbami na
jednotlivé slozky organické hmoty, at uZ mame na mysli ty, které miizeme povazovat za
stabilni anebo ty, jeZ do téchto ekosystémii vstupuji v podobé odumfelych Ccasti
rostlinnych a ZivociSnych tél. V této souvislosti prichazeji v avahu i ty organismy, které
pouhym okem nevidime. Jedna se predevsim o zastupce nescetnych druhii bakterif, virg,
mikromycet, prvokd, fas atd. I presto, Ze mikroedafon predstavuje v celkové bilanci
organické hmoty jen minoritni ¢ast (v pripadé pid se jedna asi 0 4 hm. %), je jeho funkce
vrozlictnych ekosystémech nepostradatelna. Jednou z hlavnich uloh mikroedafonu je
jejich podivuhodna schopnost primarné se podilet na dekompozici nejriiznéjsich
organickych sloucenin vcetné biopolymerd, jako je celuléza, lignin atd. Jinymi slovy, tyto
mikroorganismy, zvlasté pak zastupci rozlicnych bakterii a hub jsou nepostradatelnymi
segmenty vstupujicich do sloZitého procesu geneze HL. [ kdyZ by se na prvni pohled
mohlo zdat, Ze vySe zminéné skupiny organismi plni jen funkci rozkladacd, tak by to
nebyla vzadném pripadé pravda. Na tomto misté je nutné rici, Ze pokud nas pohled
fokusujeme na pozoruhodné prostredi plidy, tak jsme schopni vypozorovat celou radu
zajimavych uloh, které tyto mikroorganismy jsou schopny v ni zprostredkovat. Jedna se
predevsim ve schopnosti fixace dusiku v podobé rozsahlé skupiny sloucenin, jeZ jsou
v pfimé souvislosti s litotrofnim metabolismem ¢i tzv. bakteridlni respiracni
denitrifikaci. Mimo jiné, celad rada autotrofnich a heterotrofnich mikroorganisma patii
mezi ty, které jsou prvnimi osidlovateli ptidotvornych substratii (mineralnich ¢astic),
atudiZz se tak primarné podili na vzniku plidy. O schopnosti sloZitych symbiotickych
vazeb ani nemluvé.

Na zavér mi dovolte snad jen podotknout, Ze pro spravné uchopeni této problematiky
je zapotiebi nejen pohled ,huminového“ chemika, ale i dalSich odbornikd z ostatnich
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védnich obort, jako je mikrobiologie, pedologie, botanika, zoologie, evolu¢ni biologie
atd.
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(Bio) Chemie organického uhliku a huminovych latek UFSCH FCH VUT v Brné

2 (BIO) CHEMIE ORGANICKEHO UHLIKU
A HUMINOVYCH LATEK

V avodnich castech tematickych monografii a odbornych publikaci budeme velmi
casto konfrontovani s vyroky, Ze organicky uhlik vazany v terestridlnich ekosystémech
predstavuje podstatnou cast tohoto biogenniho prvku nachazejiciho se na zemském
povrchu. Toto tvrzeni nabyva dogmatického rozméru, pokud si uvédomime, Ze priblizné
3,2:1012 tun organického uhliku je vazano ve formé organické hmoty (OM)2, kam
zpravidla fadime rozpusténou (DOM)3 asuspendovanou (POM)* organickou hmotu.
Z tohoto mnozstvi celkového organického uhliku se asi 80 % nachazi v pudé, coz
priblizné odpovida 2,4-1012 tun Corg [1]. Pro lepsi a ucelenou predstavu o bilanci Corg na
nas$i planeté lze rovnéZ uvést, Ze mnozstvi tohoto biogenniho prvku v Zivych
organismech tzn. mikrobialni fléra, rostlinné a Zivoc¢iSné spolecenstva je pomérné malé,
coz odpovida priblizné 0,6-:1012 tun Corg. Jinymi slovy celkové mnozZstvi organického
uhliku vazaného v Zivych organismech je zhruba 5x niZs$i, neZ je tomu v ptipadé
nezivych terestridlnich ekosystémili. Na tomto misté stoji rovnéZz uvést, Ze pouze
v oceanu je vazano podstatné vétsi mnozstvi uhliku (38-:1012 tun), avSak z velké casti je
tento prvek zastoupen v anorganickych formach sedimentarnich hornin, jako je kalcit,
dolomit a v neposledni radé i sadrovec.

2.1 Huminové latky a organicka hmota

Obecné miizeme definovat huminové latky (HL) jako neoddélitelnou podskupinu
prirodni organické hmoty (NOM)5, jeZ se prolina naptic¢ taxonomickymi skupinami, které
jsou definovany jako DOM a POM. Pomérné zastoupeni téchto unikatnich biokoloidnich
latek v jednotlivych taxonomickych tridach je prevazné spjato s mistem jejich geneze
v rozli¢nych prirodnich ekosystémech. HL jsou majoritni soucasti kaustobioliti®, ptidni
organické hmoty a dalSich terestridlnich matric. V niZSich hmotnostnich koncentracich
se vyskytuji ve vodach sladkovodnich i morskych arovnéZ jsou vyznamnou soucasti
pobieznich sedimentarnich hornin [2, 3]. Pritomnost téchto biokoloidnich latek byla
prokazana v gastrointestinalnich traktech a krvi zejména teplokrevnych zivocicht, avSak
je nutné poznamenat, Ze tyto slouceniny jsou v ZivocisSnych télech identifikovany na
zakladé jeji bio dostupnosti v prirodnich ekosystémech, a tedy maji povahu ,prirodniho
xenobiotika“ [4, 5]. V disledku vySe zminénych sdéleni lze konstatovat, Ze HL jsou
soucasti zivé a nezivé prirody.

2 Organic matter (angl.)

3 Dissolved organic matter (angl.)

4 Particulate organic matter (angl.)

5 Natural organic matter (angl.)

6 Sedimenty s vysokym obsahem organickych latek (raselina, lignit, oxyhumolit, uhli, kerogen, atd.).
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Obecné miizeme definovat HL jako prirodni organické slouceniny, které vznikaji
v chemicky sloZitém procesu, ktery nazyvame odbornym terminem humifikace’.
Hmotnostni zastoupeni téchto organickych latek v prirodnich matricich kolisad od
stopovych mnoZstvi (pisky, jily, podzemni a sladkovodni vody a také vody morské) pres
jednotky hmotnostnich procent (sedimenty a bézZné zeminy) aZ k desitkdm procent
(kaustobiolity a raSelina) [6].

2.1.1 Rozdéleni huminovych Idtek

Tradi¢ni a doposud stale tolerovana klasifikace HL se opira o tak zakladni fyzikalné-
chemicky déj jako je jejich rozpustnost pri urcitych hodnotidch pH pouzitého
rozpoustédla. Na zakladé jejich acidobazické rozpustnosti resp. nerozpustnosti jsou tyto
biokoloidni latky rozdéleny do tfi zdkladnich kategorii, které odpovidaji jednotlivym
frakcim HL:

fulvinové kyseliny (FK), tato frakce HL zlistava v okyseleném roztoku vodného vyluhu,
tzn., jsou rozpustné v celém rozsahu pH hodnot;

huminové kyseliny (HK), jsou nerozpustné za silné kyselych podminek, kdy hodnota
pH roztoku je < 2, s rostouci hodnotou pH se stavaji omezené rozpustné a v silné
bazickém prostiedi jsou HK rozpustné;

huminy (HU), jsou nerozpustné, a tudiZ je nelze prevést do roztoku silnymi
mineralnimi kyselinami ani zasadami [7].

JiZ pti tomto elementarnim rozdéleni HL lze jednotlivé frakce efektivné diferencovat
na zakladé jejich rozdilnych fyzikalné-chemickych vlastnosti, kam zpravidla fadime
jejich barvu, obsah biogennich prvkd, mnozstvi kyselych funkénich skupin zejména
karboxylovych a aryl hydroxylovych a stiedni molekulovou hmotnost M,,,.

Jak je uvedeno na Obrazku 1, vySe zminéné fundamentalni frakce HL se navzajem lisi
svou barvou (FK jsou zluté, HK jsou hnédé azZ hnédocerné a HU jsou cCerné).
Vysokomolekularni frakce HL mohou byt rozdéleny na hnédé HK (takové frakce HK,
které s pridavkem silného elektrolytu v bazickém prostifedi nekoaguluji) asedé HK
(s ptidavkem silného elektrolytu koaguluji). Na tomto misté je nutné podotknout, Ze
mnohymi autory jsou do skupiny HL razeny itakové frakce HK, které jsou rozpustné
v alkoholu. V pripadé HK se jednd o tzv. hymatomelanové kyseliny8[8].

S ohledem na tzv. polymerni model® vzniku HL je jejich specifické zbarveni v primé
souvislosti s jejich stfedni molekulovou hmotnosti M,,, aviak ptichazeji v vahu i dalsi
strukturni diference ve smyslu rozdilného mnozstvi a substituce konjugovanych
systémi dvojnych vazeb (aromatické slouceniny ¢i linedrni fetézce sriiznou mirou
konjugace) elektron-donornimi ¢i elektron-akceptornimi funkénimi skupinami.
V obecném pribliZeni Ize konstatovat, Ze nizkomolekularni frakce HL se vyznacuji niZ$im
obsahem uhliku a dusiku, pricemz jejich celkova acidita vyrazné roste v porovnani s HK.

7 Proces, ve kterém je rozloZend OM transformovana prostiednictvim urcitého sledu (bio)chemickych

vvvvvv

8 Frakce HK rozpustné v protickych rozpoustédlech alkoholli (methanol, ethanol, n-propanol atd.).
9 Model geneze HL predpokladajici vznik kovalentnich vazeb mezi jednotlivymi stavebnimi jednotkami
téchto biokoloidnich sloucenin.
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Obrazek 1: Rozdéleni HL na zakladé jejich fyzikalné-chemickych vlastnosti; prevzato upraveno [7].

Hmotnostni podil jednotlivych frakci HL se vyrazné lisi podle druhu a typu prirodni
matrice (kaustobiolity > piidy > komposty > vodni zdroje > sedimenty aj.). Mimo jiné je
jejich celkovy obsah do zna¢né miry ovlivnén i zptisobem a zvolenou metodikou izolace,
pii které mizZe dochazet zejména k nadhodnoceni ziskanych extrakénich vytézki. Tato
problematika bude bliZe diskutovana v subkapitole vénované metodam izolace HL.
Z hlediska minoritniho zastoupeni nizkomolekularnich frakci HL v nékterych prirodnich
matricich, jako jsou predevSim hnéda uhli vrizném stupni oxidace ¢i olejové
sedimentarni bridlicel? jsou tyto frakce doposud ne zcela probadané a stoji tak na okraji
védeckého ziajmu nemalého pocCtu vyzkumnych tymd. Naproti tomu si nelze
nepovsSimnout pomérné velké pozornosti, ktera je vénovana studiu a charakterizaci
antropogennich ptidnich kondicionéra na bazi HL, kam zpravidla fadime lignosulfonany
a lignohumdty [9, 10]. Tento nebyvaly zdjem je iniciovan zejména environmentalnimi
a globalnimi aspekty vychazejicich z celosvétovych zmén klimatu a v neposledni radé
i z neutésené situace zemédélské produkce na nasi planeté.

Huminové (HK, FK a HU) ane-huminovél! (polysacharidy, proteiny, lipidy, vosky,
ligniny) latky spolu vytvatreji mnoZinu organickych sloucenin, které jsou bézné
oznacovany jako rozpustény organicky uhlik (DOC)12, jeZ je podmnoZinou vySe zminéné
organické hmoty DOM. Podle velikosti castic resp. jejich rozpustnosti lze celkovou
organickou hmotu (TOM)!3 rozdélit do dvou vySe zminénych klastri DOM a POM.
Dohodou, ktera v sobé odrazi dotyk koloidni chemie, byla velikostni hranice mezi témito
skupinami stanovena na 0,45 pm [11]. Dale rozpustény organicky uhlik mtzZeme rozdélit

10 Sedimentarni hornina obsahujici vysokomolekuldrni organické slouceniny tj. kerogen a bitumen.
11 Doposud nehumifikované fragmenty rozlozené OM a rostlinné a mikrobialni exsudaty.

12 Dissolved organic carbon (angl.)

13 Total organic matter (angl.)
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na dvé podskupiny, které v sobé zrcadli pivod a zptisob jejich geneze v terestrialnich
ekosystémech. Jedna se tedy o slouceniny alochtonniho a autochtonniho piivodu. Mezi
alochtonni DOC radime lignin, celul6zu, fotolytické slouceniny, detritl4 aj., ktery pochazi
z fotické zony prirodnich ekosystémii. Naproti tomu autochtonni DOC v sobé odrazi
takové organické slouceniny, které jsou Klasifikovany jako primarni produkty
heterotrofnich mikroorganismi resp. bioty v afotické zéné prislusného zivotniho
prostiedi [12-14].

2.1.2 Geneze huminovych latek

BohuZel, i v dneSni dobé neni mechanismus geneze HL zcela objasnény, avSak miizeme
vysledovat dvé zakladni teorie, které se svou podstatou opiraji o zplisob nahliZeni na
»molekuldarni“ strukturu téchto biokoloidnich latek. Mimo jiné je na tomto misté nutné
rici, Ze voblasti huminové chemie se asi nenajde vice exponované téma, které je
predmétem mnoha rozvasnénych diskuzi mezi ¢im dal vice se polarizujicimi védeckymi
tymy.

Priblizné do pocatku 21. stoleti byly tzv. spojené teorie (ligninova, polyfenolova
a teorie kondenzace amini se sacharidy) povaZovany za nejpravdépodobnéjsi modely
popisujici genezi HL v terestrialnich ekosystémech [7, 15-18].

Ligninova teorie

Podle této teorie je lignin neuplné degradovan puidnimi mikroorganismy ajeho
zbytkova cast se stava soucasti plidniho humusu. Jinymi slovy, v pribéhu houbové
degradace direvni hmoty (lignocelulézova pletiva) je celul6za metabolizovana plidnimi
mikroorganismy aligninové jednotky se stavaji prekurzory HL. Tento model
predpoklada vznik tii typl fenylpropanoidovych jednotek, které jsou navzajem vazany
o-vazbami mezi uhliky anebo etyl oxidovymi vazbami. Nasledné modifikované stavebni
jednotky ligninu reaguji s dusikatymi slouc¢eninami proteinového typu, které jsou
syntetizovany mikrobidlni aktivitou pidni bioty [19]. Pro nazornost miZeme tento
mechanismus vzniku HL popsat obecnou chemickou rovnici 1:

(residua ligninu)- CHO + RNH, — (residua ligninu)- CH = NR + H,0 (D

Polyfenolovd teorie

Tato teorie predstavuje podrobnéji rozpracovany model vzniku HL, kterd ve své
podstaté vychazi z drive navrzené ligninové teorie. Podle polyfenolové teorie 1ze na HL
nahliZzet jako na makromolekularni slouceniny vzniklé degradaci odumfelych
rostlinnych tél a dalSich organickych slozek, které jsou prirozené dostupné v ptidnim
ekosystému. [ vtomto piipadé je geneze HL silné ovlivnéna transformacnimi drahami
indukovanymi mikrobialni aktivitou. Mimo jiné je na tomto misté nutné rici, Ze tato
teorie zohledniuje vznik HL i z organické hmoty, ktera primarné neobsahuje lignin, jeZ je
zdrojem monolignolovych stavebnich jednotek. Tyto prekurzory HL jsou syntetizovany
mikrobidlni aktivitou pidni bioty [20].

Lignin uvolnény zlignocelul6zovych pletiv je podroben degradaci na zakladni
stavebni jednotky - fenylpropanoidy. Nasledné jsou tyto prekurzory demethylovany

14 Odumtela OM, stavajici se z rostlinnych, zivoc¢iSnych a mikrobialnich tkani.
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aoxidovany na polyfenolické slouceniny sriznou mirou substituce aromatickych
struktur hydroxylovymi skupinami. Lehce hydrolyzovatelné organické kyseliny
afenolické aldehydy, které jsou vysledkem mikrobidlni c¢innosti, jsou ndasledné
transformovany na chinony. Tato transformace je zprostiedkovdana plisobenim
specifickych enzymi (napft. polyfenoloxydazy), které jsou schopny eliminace vodiku na
aryl hydroxylovych funk¢nich skupinach. Vzniklé chinoidni jednotky reaguji s N-
obsahujicimi slouceninami v polymerizacnich a rekombina¢nich reak¢nich schématech
za vzniku huminovych ,makromolekul“. V pripadé rostlinnych tél postradajici
lignocelulézové pletiva jsou bakteridlni polyfenolické slouceniny rovnéz oxidovany na
chinony, jeZ jsou vstupnimi komponenty budoucich HL.

Teorie kondenzace aminti se sacharidy

Posledni diskutovanou teorii, jeZ se snazi o pribliZeni a osvétleni mechanismu vzniku
HL je model, ktery se vyhradné opird o reakce redukujicich cukri s aminy, které jsou
vSeobecné znamy jako Maillardovy reakce. Jedna se predevSim o komplexni reakce
organickych prekurzori!®> aaminosloucenin, které jsou schopny vytvaret barevné
aromatické slouceniny. Prekurzory, které obsahuji reaktivni karbonylové skupiny, maji
svij plivod zejména v polysacharidech arovnéZ mohou byt odvozeny z lipidickych
sloucenin, které podléhaji oxidacnim zménam. Naproti tomu, aminové funkéni skupiny
(primarni aminy) pochazeji ze samotnych aminokyselin resp. sloucenin bilkovinné
povahy a také nelze opomenout prispévek dusikatych slou€enin exogenni povahy [21].
VySe zminéné stavebni kameny, které jsou prednostné produkovdny metabolismem
rozlicnych bakterii, jsou v kone¢né fazi tohoto procesu vzniku HL polymerovany tzv.
abiotickou kondenzaci.

15 Redukujici sacharidy.
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Supramolekuldrni pohled na vznik HL

Vavodni casti této subkapitoly je nutné poznamenat, Ze supramolekularni model
popisujici vznik HL ajejich strukturu jako supramolekularni asociace heterogennich
molekul o relativné nizké M,, nikterak nepopirad diive publikované teorie a modely
geneze téchto biokoloidnich latek, ale je jejim logickym vyusténim [22]. Toto tvrzeni
prichazi v platnosti, pokud si uvédomime, Ze supramolekuldrni konformace HL mohou
byt stabilizovany nejen slabymi vazebnymi interakcemilé, ale i kovalentnimi vazbami.
Vznik téchto vazeb je katalyzovan plisobenim tzv. exoenzymii, kam zpravidla radime
oxidoreduktazy a fenoloxidazy. Obecné, ale tato teorie uprednostiiuje stabilizaci
jednotlivych stavebnich jednotek tvoticich supramolekularni strukturu HL pomoci vyse
zminénych slabych disperznich sil. Podle této teorie jsou supramolekularni konformace
HL mimo jiné stabilizovany pomoci kovalentné vazanych polyvalentnich kovi jako jsou
Ca2+, Mg?+, Cu?+, Fe3+ a Al3+. V této souvislosti je nutné poznamenat, Ze jak komplexace
kationti tak ipripadna sorpce HL na mineralni ¢astice zvySuje jejich odolnost viici
degradaci v dlisledku plisobeni ptidnich mikroorganismi a hub [22-26].

Supramolekularni model HL popisuje tyto biokoloidni latky jako agregaty, které jsou
tvoreny jednoduchymi stavebnimi fragmenty organické hmoty. Tyto heterogenni
komponenty vznikaji jako v predchazejicim pripadé (viz. polymerové teorie vzniku HL)
z dekompozice odumfelych rostlinnych azivociSnych tél. Jedna se predevSim
o fenylpropanové jednotky a fenoly pochazejici z ligninu piipadné jeho residua, dale pak
polysacharidy, polypeptidy a alifatické slouceniny nachazejici se vrlzném stupni
dekompozice tzn. redlné hodnoté M,,. Jak jiZ bylo nastinéno vyse, supramolekuldrni
model nahliZi na HL jako na heterogenni agregaty, jejichz stfedni molekulova hmotnost
je na hornf hranici limitovana hodnotou 6 000 Dal” [25]. RovnéZ musime mit na paméti,
ve vy$$f M,, HL, které jsou publikovany nékterymi renomovanymi védeckymi tymy,
nemusi nutné odporovat tomuto modelu. Jednou z moznych hypotéz k osvétleni tohoto
nesouladu miiZe byt vyssi aktivita katalyzatora polymeracnich reakci, které jsou obecné
znami jako peroxidazy.

Predpokladem této teorie je samovolna organizace relativné malych heterogennich
molekul rtizného biotického piivodu v supramolekularni celky. Jak jiZ bylo rec¢eno drive,
jednotlivé stavebni kameny vytvarejici tyto obdivuhodné struktury nejsou spojovany
kovalentnimi vazbami, ale jsou stabilizovany disperznimi hydrofobnimi interakcemi. Pri
nizSich hodnotach pH jsou tyto suprastruktury stabilizovany predevSim vodikovymi
mistky, které svym poctem vyznamné prevySuji ostatni slabé vazebné interakce.
Spontanni mechanismus organizace jednotlivych stavebnich blokl v supramolekularni
struktury indukuje vznik hydrofilnich a hydrofobnich domén v téchto strukturach.
Rovnéz se predpoklada, Ze hydratacni voda tvori nemalou cast téchto unikatnich
asociaci. Z takto definovaného konceptu vyplyva, Ze mezimolekularni sily hraji klicovou
roli varchitekture a sloZitosti supramolekuldarnich organizacich HL, pricemz jsou
schopny i kontroly jeji environmentalni reaktivity. Z tohoto diivodu milizeme na HL
aplikovat obecnou definici supramolekularni struktury, ktera rika, Ze: supramolekularni
struktury jsou molekuldrni entity vzniklé ze spontanniho sdruZeni bliZze nedefinovaného

16 Hydrofobni interakce (van der Waalsovy, -, CH-m) a vodikové mistky.
17 Unifikovana atomova hmotnostni jednotka - dalton; 1 Da = 1,66 x 10™27kg.
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poctu komponent do konkrétni faze svice ¢i méné definovanou mikroskopickou
strukturou a makroskopickymi vlastnostmi odrazejici se v jejich povaze, jako jsou filmy,
vrstvy, membrany, vezikuly, micely, mezomorfni faze aj [26].

Z hlediska jednotlivych frakci HL lze fulvinové kyseliny povazovat za kompilat malych
hydrofilnich molekul bohaté substituovanych kyselymi funk¢nimi skupinami, jeZ jsou
udrzovany v koloidni formé pfi jakékoliv hodnoté pH disperzniho prostiredi. Naproti
tomu, na huminové kyseliny l1ze nahliZet jako na sdruzeni prevazné hydrofobnich molekul
(polymethylenické tetézce, mastné Kkyseliny, steroidy atd.) stabilizovanych
hydrofobnimi disperznimi silami v prostiedi o neutralni hodnoté pH [22, 23]. Tento
z termodynamického hlediska vyhodny stav je naruSen v pripadé, kdy je supramolekula
HK vystavena prostiedi oniz$i hodnoté pH. Vtéto situaci jsou v strukturach HK
indukovany mezimolekularni vodikové vazby, jejichz zvySeni ma za nasledek
konformacni agregaci supramolekularnich struktur az do doby, jeZ jsou v disperznim
prostredi flokulovany.

2.1.3 Novy koncept geneze HL - polyketidovd teorie

Polyketidova teorie je logickym vyudsténim nového pohledu na genezi HL a pldni
organické hmoty, ktera se nicméné ve své podstaté opirad o jiZ znadmé koncepty vzniku
HL a SOM18 avsak s intenzivnéjsi fokusaci na problematiku plidni mikrobiologie, jeZ je
neoddélitelnou soucasti tohoto procesu.

Tento model popisuje vznik HL jako dvoufazovy proces, ve kterém jsou nejprve
rostlinné a mikrobidlni polymerni smési degradovany na zakladni stavebni jednotky,
které jsou v konecné fazi mikrobialni aktivitou transformovany na rozmanité polyketidy
(PK) z nichzZ jsou syntetizovany HL resp. SOM [27].

Prvni fdze (degradace polymernich smési)

Hlavnimi vstupnimi komponenty vzniku HL jsou rostlinné, Zivocisné a mikrobialni
polymerni smési jako jsou lignin alipidy (n-mastné kyseliny, n-alkylmono- a diestery
avneposledni radé in-alkany). Majoritnimi stavebnimi kameny HL jsou produkty
degradace ligninti (benzen, naftalen, fenanthren, aj.). Naproti tomu, hlavnimi produkty
degradace lipidd, které se ucastni vzniku HL, jsou alkany, které maji sviij ptlivod
v mastnych kyselinach, jeZ jsou v tomto procesu dekarboxylovany. Nasledné mezi témito
latkami muZe vznikat kovalentni vazba, pricemZ se vytvareji alkyl- substituované
aromatické slouceniny. VySe zminéné slouceniny mohou rovnéz vznikat prostou alkylaci
aromatickych struktur, jez je vyhradné indukovana pritomnosti volnych radikali na Ar-
jednotce. Polysacharidy a bilkovinné slouceniny resp. polypeptidy nelze povaZovat za
chemicky ¢i mikrobidlné syntetizované komponenty HL. Obecné jsou tyto stavebni
jednotky fyzikalné anebo elektrostaticky adsorbovany na povrch alkyl- substituovanych
aromatickych jednotek, které vytvareji tzv. alkyl-aromatickou strukturni sit téchto
biokoloidnich latek. Tyto sorbované bio-polymerni latky jsou hlavnimi zdroji uhlikuy,
dusiku a energie pro syntetickou ¢innost mikroorganismi [27, 28].

18 Soil organic matter (angl.)
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Druhad faze (syntéza polyketidii a HL)

VySe zminéné slouceniny jsou prostrednictvim slozitych enzymatickych reakci ftj.
humifikace transformovany na relativné komplexni a rozmanité molekuly polyketidg,
kam zpravidla radime polyfenolické, alkyl- a polyaromatické slouceniny. Obecné lze rici,
Ze pldni PK jsou vyloucené sekundarni metabolity rostlin a plidnich mikroorganismu
tzn. bakterif a prvokd.

O slozitosti této problematiky vypovidda ohromny pocet doposud analyzovanych
sekundarnich metabolitd, ktery pievy$uje 1-105 znamych molekul o M,, <2 500 Da,
z nichz asi 5-10% pripadd mikrobialni aktivité pidni bioty [29]. Polyketidy jsou jednou
z nejvétsich a strukturné nejrozmanitéjsich tiid prirozené se vyskytujicich sloucenin
v mnoha ekosystémech. Tyto slouceniny hraji v prirodnich prostredich nezastupitelnou
roli prostrednictvim svych unikatnich vlastnosti, jako jsou anthelmintickél?,
antibiotické, insekticidni a antienzymatické. Mimo jiné je na tomto misté nutné zminit,
Ze tato chemicka diverzita PK je castecné zplisobena evolu¢nim procesem, kdy
jednotlivé organismy si tak vytvarely strategie v boji proti mikrobialni, entomologické
a animalni predaci.

Velké mnozstvi polyketidii, které jsou syntetizovany rostlinami anebo
mikroorganismy jsou velmi dobfe rozpustné ve vodé, a tudiZ se nachazeji ve vysokych
koncentracich v prislusnych prostredich, kde tyto organismy Ziji. Z chemického hlediska
jsou tyto biomolekuly klasifikovany jako polyaromatické, alkylaromatické a alkylované
slouceniny, které svoji podstatou spadaji mezi polyfenoly, makrolidy?2?, polyeny,
enediyeny a polyethery. Rostliny, Zivocichové azejména pldni mikroorganismy
syntetizuji ve vodé omezené rozpustné polyfenolické latky, které jsou tvoreny péti az
sedmi aromatickymi jednotkami, jeZ mohou byt substituovany pomérné variabilnim
poCtem hydroxylovych funknich skupin, avSak tento pocet byva vzidy > 12. VySe
zminéné sloudeniny jsou obvykle charakterizovany M,,, ktera je dana rozmezim 500-
4000 Da [30, 31]. Makrolidy jsou tvoreny laktonovymi kruhy sjednim anebo vice
jednotkami deoxy-sacharidovych sloucenin (D-kaladinosa). Mimo jiné jsou laktonové
struktury velmi Casto substituovany i desosaminem. DalSimi slouceninami, které jsou
syntetizovany v pidnich ekosystémech jsou tzv. polyeny. Jedna se predevsim o dlouhé
alkylované slouceniny, v jejichz strukturach se navzajem stridaji jednoduché a dvojné
vazby azaroven obsahuji urcity pocCet Ar jednotek. Makrolidy a polyeny jsou bio-
syntetizovany nékolika kmeny Streptomyces jako organické slouCeniny s profylaktickym
uc¢inkem [32, 33]. Posledni zminénou kategorii PK jsou enediyny, které se vyznacuji
obsahem 9-ti a 10-ti ¢lennych kruhi. Tyto struktury jsou zpravidla charakterizovany
pritomnosti dvou trojnych vazeb oddélenych vazbou dvojnou.

Z environmentalniho hlediska miizeme PK definovat jako organické slouceniny, které
poskytuji ochranu plidnim mikroorganismiim a rostlindm v obdobi abiotického stresu.
Klicova uloha téchto regulacnich molekul spociva ve schopnosti se tucastnit dilezitych
procesu spojenych s diferenciaci bunék spojenych se vznikem spor tj. proces sporulace.
Na tomto misté je nutné rici, Ze energeticky obsah uloZeny v podobé chemickych vazeb
v pripadé PK je vysoky ato diky jejich molekularni struktuie. Naproti tomu se

19 Pisobici proti parazitickym helmintiim (hlistice, motolice, tasemnice, atd.).
20 Bakteriostaticka antibiotika.
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z termodynamického hlediska nejevi jako nejlepsi zdroje uhliku aenergie pro
mikrobidlni aktivitu v ptidnich ekosystémech.
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Obrazek 3: Schéma vzniku HL na zakladé abiotickych a biotickych procesti humifikace oxokyselin a na-

slednd jejich transformace v polyketidy; ptevzato upraveno [27].
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Mnoho publikovanych praci naznacuji, Ze molekuly PK jsou velmi rychle asilné
adsorbovany na plidni mineralni koloidy, jakmile jsou uvolnény do piidniho roztoku
mikroorganismy ¢i kofenovym systémem rostlin. Tento abioticky proces spolu
s antimikrobialnimi vlastnostmi biosyntetizovanych PK a v neposledni radé ivysoky
obsah energie akumulovany vjejich strukturach je pravdépodobné pirekazkou
nasledného metabolického vyuziti pidnimi mikroorganismy, prvoky, hlisticemi aj.
Zivocichy. Z pohledu chemika zabyvajiciho se huminovymi latkami by tyto biotické
a abiotické procesy uprednostiiovaly dlouhodobou stabilizaci PK v ptadé. Pyrolytické
produkty SOM poskytuji neprimé dikazy o existenci PK, jakoz to stabilni plidni OM.
Radiouhlikova analyza pyrolyznich produktii SOM naznacuje, Ze vétSina organickych
latek pritomnych v jilovych ¢asticich je stari prevysujiciho 1 000 let [34]. Nedavné studie
naznacuji, ze produkce a akumulace PK v sub-ekosystému ptida-rostlina je nepretrzitym
déjem béhem pedogeneze.

Jak jiZ bylo diskutovano drive, proces humifikace resp. geneze HL se sklada ze dvou
zakladnich krokil tzn. depolymerizace (1. krok) a syntézy (2. krok). Faze syntézy miize
byt rozdélena do tii dil¢ich krokd, z nichz prvni je krokem biokatalytickym a nasledujici
kroky jsou povahy abiotické katalyzy. Biokatalyticka syntéza je klicovym krokem
procesu humifikace resp. vzniku HL. Tento komplexni proces biosyntézy, katalyzovany
pldnimi mikroorganismy je zprostiedkovan nepostradatelnymi molekulami, jako jsou
polyketidové syntazy (typu I, II a III), malonyl-CoA a acetyl-CoA. Produkované PK jsou
rychle a silné adsorbovany na povrch pidnich anorganickych koloidnich ¢astic, a tudiz
dochazi k eliminaci jejich pripadné mikrobiadlni degradaci. Biosyntetizované PK mohou
tedy prispivat k tvorbé centralni strukturni jednotce HL a SOM. Na centralni strukturni
jednotky HL. mohou byt nasledné slabymi disperznimi silami sorbovany polysacharidy,
proteiny adusikaté heterocyklické slouceniny. V disledku tohoto procesu jsou
generovany makromolekularni soustavy HL a SOM. Ve tretim abiotickém kroku jsou
adsorbované PK a makromolekuldrni struktury polymerovany prostiednictvim
katalyticky aktivnich povrchii anorganickych koloidl do jeSté objemnéjSich struktur
humifikované HL a SOM. Podrobnéjsi informace o vzniku HL resp. SOM prinaseji
reference [27, 35-37].

2.1.4 Vazebné mozZnosti HL — organominerdlni komplex

V dnesni dobé je jiz dobfe zndmo, Ze organicka hmota a jeji eminentni ¢ast HL jsou
v pfirodnim prostfedi vazany na minerdlni Castice, se Kkterymi vytvareji tzv.
organominerdIni komplex, a tudiZ jen velmi maly pocet se jich mliZze nachazet ve volné
(neimobilizované) formé. RozliSujeme c¢tyri zakladni typy interakci téchto biokoloidi
s anorganickymi ionty a mineralnimi ¢asticemi. VySe zminéné slouceniny se v prirodnich
ekosystémech mohou vyskytovat jako soli alkalickych kationti (humaty, fulvaty, acetaty,
oxalaty, laktaty atd.) pripadné jako chelatové slouceniny s ionty tézkych kovi. Nicméné
z environmentalniho hlediska jsou nejvyznamnéjSimi interakcemi ty, pii kterych jsou HL
adsorbovany na povrchu mineralnich ¢astic, s kterymi tvori tzv. partikularni organickou
hmotu POM?21,

21 Particulate organic matter (angl.)
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Mechanismus vzniku POM je silné ovlivnén fyzikalné-chemickymi a biologickymi
vlastnostmi obou komponent, ze kterych vySe zminéné organomineralni komplexy
vznikaji. Klicovou tlohu zde hraji slabé disperzni interakce, jako jsou van der Waalsovy
sily, kationové avodikové mistky avneposledni tadé iinterakce, jeZ jsou
zprostiedkovany adsorpcnimi mechanismy [38]. Obecné lze konstatovat, Ze pri adsorpci
organickych sloucenin na povrch jilovych minerali se uplatiiuji hydratované oxidy ci
interlamindrni prostory anorganickych c¢astic. Hypoteticky moZné interakce mezi
organickymi slouceninami a mineralnimi Casticemi jsou schematicky znazornény na
Obrazku 4.
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Obrazek 4: Vazebné moznosti pidni organické hmoty a HL.

Van der Waalsovy pritaZzlivé sily

Tyto slabé disperzni interakce jsou generovany mezi vSemi molekulami
organomineralniho komplexu, avSak vazebna energie téchto pritazlivych sil mezi
jednotlivymi atomy je pomérné nizka tj. ~ 4 kJ-mol-1. Van der Waalsovy pritaZzlivé sily
jsou indukovany fluktuaci hustoty elektrického naboje, zatimco jsou interagujici atomy
k sobé elektrostaticky pritahovany vzniklymi indukovanymi dipdly. Tyto zcela
nespecifické interakce hraji klicovou roli pri stabilizaci struktury HL a SOM.

Vazebné interakce prostrednictvim kationti

V pldnim prostiedi jsou organické anionty odpuzoviany od negativné nabitych
povrchi jilovych minerali. Aby mohlo dojit k adsorpci HL na tyto anorganické povrchy
jako je napt. montmorillonit je zapotiebi pritomnosti polyvalentniho kationu na
vyménném komplexu. Na rozdil od monovalentnich kationt (Na* a K*) jsou vicemocné
kationy schopny udrZovat neutrdlni ndboj na povrchu interagujicich komponent
vdisledku kompenzace naboje jilové castice aorganické hmoty. Hlavnimi
polyvalentnimi kationty, které jsou piimo zodpovédné za vazbu HL a SOM na mineralni
castice jsou Ca%*, Mn?*, Fe3* a Al3*, pricemz Ca2* ionty tvori svySe zminénymi
organickymi slou¢eninami nejméné stabilni komplexy. Naproti tomu, trojmocné ionty
tvori velmi silné koordina¢ni komplexy s témito biokoloidnimi latkami. Na tomto misté
je nutné podotknout, Ze v piipadé organickych sloucenin sdlouhymi Ttetézci
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substituovanymi reaktivnimi funkénimi skupinami je velmi pravdépodobné, Ze vazebny
mechanismus bude zprostfedkovan na nékolika mistech mineralni ¢astice. V porovnani
s ostatnimi interakcemi je vazebna energie téchto ptitazlivych sil pomérné vysoka, jejiz
hodnota miize dosahovat az 80 kJ-mol-1.

Vodikové miistky

Z architektonického usporadani této interakce se jednd ovzijemné plisobeni
pritazlivych sil mezi polarnimi skupinami OM a adsorbovanymi molekulami vody na
povrchu mineralnich castic anebo kyslikem obsazenym v kifemicitanech s prispénim
jediného iontu H*. Vazebna energie jednotlivych vazeb H-mustkl je relativné nizka,
avSak v diasledku aditivniho chovani lze predpokladat, Ze celkova adsorpc¢ni energie
miiZe byt znatelna. Rovnéz Ize predpokladat, Ze odstranéni pirebytecné hydratacni vody
bude mit za nasledek zvyseni tohoto vazebného mechanismu v disledku prostorového
pribliZzeni HL k povrchu mineralni ¢astice.

Vazebné interakce prostiednictvim hydratovanych oxidii

Hydratované oxidy hraji v pidnim prostiedi nezastupitelnou dlohu v mechanismu
sorpce HL a SOM, ato v pripadé, Ze je povrch jilovych castic pokryt vrstvami téchto
hydratovanych sloucenin. Organické aniony jsou ktémto povrchiim pritahovany
coulombickymi silami. Vtomto pripadé by bylo mozZné adsorbované organické
slouceniny snadno odstranit plisobenim roztok soli alkalickych zemin anebo zvySenim
hodnoty pH pldniho roztoku. Skute¢nost je vSak odlisna, jelikoZ vySe zminénymi
postupy Ize z ptidni matrice ziskat jen omezené mnoZstvi organickych sloucenin, a tudiz
je zrejmé, Ze majoritni c¢ast adsorbované OM je vazana ostatnimi vazebnymi
mechanismy. Tato vazebna interakce je realizovana koordinaci anebo vyménou ligandu
v pripadé, kdy anionové skupiny proniknou do sféry iontu kovu a nasledné se tak stanou
soucasti povrchové vrstvy hydratovaného oxidu. Sorpéni mechanismus FK na povrch
hydratovaného oxidu je vZdy doprovazen eliminaci -OH skupin karboxylovymi aniony.

Vazebné interakce prostirednictvim interlameldrnich prostor jilovych minerdli

V tomto pripadé existuji znacné rozpory a nejasnosti ohledné toho, zda jsou HL. a SOM
v pidnim prostiedi vazany prostiednictvim tohoto vazebného mechanismu.

2.1.5 Pidni agregdty

Pidy jakoZ to slozité prirodni matrice lze vobecném pribliZzeni povaZovat za
komplikované trojrozmérné struktury, které jsou vytvoreny nahromadénymi ptidnimi
agregaty svariabilnim stupném poérovitosti. Pldni agregaty jsou tvoreny Klastry
mineralnich ¢astic a organické hmoty, ve kterych jsou pritazlivé sily, jimiz jsou tyto
organomineralni kompozity stabilizovany mnohem silnéjsi, neZli sily plisobici mezi
sousednimi c¢asticemi. Toto usporadani umoZzZiuje pidnim agregatim pretrvavat
i v mistech, které jsou vystaveny smaceni a mechanickému namahani [39]. V plidnim
prostredi jsou tyto agregaty samovolné a hierarchicky formovany do prostorové site,
kterd hraje nezastupitelnou roli vdostupnosti vody azivin pro rostliny
a mikroorganismy. Vtomto ohledu lze konstatovat, Ze architektura konkrétni putdy
ovliviiuje interakce mezi rostlinami, mikroorganismy a ptidni matrici.
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Obrazek 5: Zjednodusené schéma plidniho horizontu, pirevzato upraveno [40]

Pldni agregaty mohou byt klasifikovany na zakladé jejich velikosti na mikro-agregaty
(< 250 um) a makro-agregaty, jejichZ rozmér je dan rozmezim 0,25-2 mm. Plidni ¢astice
se samy organizuji z jilG, uhli¢itand a jinych minerald pochazejicich ze zvétralych hornin,
pri¢emz jsou navzdjem formovany do vétSich shlukl prostrednictvim elektrostatickych
sil [40, 41]. Na tomto misté je nutné fici, Ze tyto struktury jsou rovnéz tvoreny
adsorbovanymi fragmenty POM. Mikro-agregaty se vyznacuji silnou odolnosti vici
mechanickému a fyzikalné-chemickému namahani, coz jim umoznuje pretrvavat v ptidé
cela desetileti. Malé mikro-agregaty jsou postupné formovany do vétSich makro-
agregatli, které jsou stabilizovany organomineralnimi komplexy hub, kofenovym
vlasenim a fragmenty OM. Vyslednd morfologie plidnich agregatd tzn. tvar a velikost
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prutokovych kandalkl prochazejicich skrz né, ale také kolem nich, respektive i obsah OM
spoluvytvareji jednotku strukturné-funkénich vztaha ovliviiujicich fyzikalné-chemické
a biologické vlastnosti vétSiny ptd [42].

Mimo jiné distribuce arelativni hojnost piidnich agregatii ovliviiuje objemové
vlastnosti pldy, obsah organického uhliku, ale i vody a v neposledni radé i mista, jez
mohou byt obsazovana plidnimi mikroorganismy. VySe zminéné faktory jsou urcujicimi
aspekty pro ,zZivotni prostiedi“ mikrobidlnich komunit, které jsou primo ovlivnény
témito abiotickymi vlivy, atudiZ mtze dochazet kjejich riznorodym metabolickym
aktivitam [43]. V pidnim prostiedi jsou asociace s agregovanymi pudnimi ¢asticemi
spiSe pravidlem neZz vyjimkou. VétSina pidnich bakterii se sdruzuje v okoli makro-
agregat(, pricemz jejich nezanedbatelna c¢ast je pfimo deponovana v mikro-agregatech,
kde tyto mikroorganismy ziji. Pldni mikroorganismy maji tendenci se shlukovat
navzadjem tzn. tvorit kolonie, avSak pouze 1% nejsvrchnéjsi vrstvy rhizosféry22 je
kolonizovano pidnimi mikroorganismy [44]. Nékteré bunky se v priibéhu geneze
agregatll zachyti v mineralni matrici, zatimco jiné kolonizuji pldni Castici z vnéjSku
prostirednictvim kapilarni elevace. Vysledna pdrovitost a propojeni ptidnich agregatt je
ovlivnéna pestrosti bakterii a hub, které jsou piitomny v priibéhu jejich formace. Z vyse
zminéného zavéru lze usuzovat, Ze vysledna struktura pldni matrice vytvari zpétnou
vazbu mezi stanoviStém a obyvatelem [45].

Plidni mikro- a makro-agregaty slouzi predevsim jako funkéni jednotky ptlidniho
ekosystému. V tuto chvili je bezesporu jasné, Ze rozlicné mikrobidlni interakce ovliviiuji
nejen prostou geochemii, ale i kolobéh anorganickych a organickych nutrientti v ptidnich
ekosystémech. Jednotlivé interakce mezi mikroorganismy mohou mit neaditivni G¢inek
na geochemické procesy, atudiZz synergické anebo konkurencni interakce mezi
jednotlivymi taxony ovliviiuji metabolické funkce vzhledem k mikroorganismim
jednoho druhu. Napriklad mikrobialni kokultury mohou degradovat lignocelul6zovou
biomasu podstatné efektivnéji neZ by tomu bylo v piipadé stejného druhu. U¢innost
degradace biopolymernich slou¢enin miiZe byt v prostredi mikrobidlni kokultury az 18x
vyssi, v porovnani s monokulturami [46].

Vliv struktury ptidnich agregadtii na mikrobidIni spolecenstvi

Musime mit na paméti, Ze spoleCenstva mikroorganismi se v plUdnim prostiedi
nevyskytuji jako homogenni vzorky ¢i monokulturni izolaty, nybrZz v nich vytvareji
komplikované systémy vazeb, které jsou determinovany jejich vzadjemnou spolupraci
a komunikaci [47]. Tyto interakce mohou vyrazné ovlivnit jejich komunitni
metabolismus a také kolobéh Zivin v dlisledku rozdilného mechanismu pro expresi jejich
genl. Jednotlivé diference v genové expresi jsou vyvolany geochemickymi procesy,
a také vedlejsSimi produkty, které jsou generovany sousednimi mikroorganismy jako
sekundarni metabolity. Na tomto misté je nutné poznamenat, Ze vySe zminéné
metabolity mohou hrat dlohu signalnich molekul vramci jejich kooperace v daném
mikroprostredi. Tuto spolupraci 1ze velmi dobfte ilustrovat na prikladu syntrofie?3 mezi
fermenta¢nimi bakteriemi a methanogennimi archeami, které jsou schopny

22 (Oblast nejblizsiho okoli plidy prostoupend korenovym systémem rostlin resp. zivotni prostiedni
pldnich mikroorganismd.
23 Kooperace dvou nebo vice mikroorganismu v ramci bonifikace svych metabolickych drah.
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katabolizovat biopolymerni makromolekuly OM, ¢imZ prispivaji k optimalni bilanci
organického uhliku v uhlikovém cyklu. Pfedpokladem syntrofické spoluprace piidnich
mikroorganismu je jejich vzajemny kontakt v plidnim prostiredi, pricemz vzdalenost
mezi koexistujicimi mikroorganismy nesmi klesnout pod urcitou mezni hranici [48].

Architektura plidnich agregatli je determinujicim prvkem mechanismu stabilizace
mikrobialni komunity a zaroven je faktorem ovliviiujicim interakce mezi jednotlivymi
Cleny pudni bioty. Jednu z nejvyznamnéjsich funkci ptdnich agregatl zaujimaji jejich
pory, které mohou byt lokalizovany v meziprostorech tzv. inter-agregované pory (10-
30 pum) anebo uvnitf téchto struktur tzv. intra-agregované pory (1-2 pm) [49]. V této
souvislosti je ziejmé, Ze velikost a objemova hustota pdéra bude urcujicim prvkem difuze
plynd a rozpusténych latek v ptidnim prostredi. Efektivni difuzni koeficient plynu je
silné zavisly na velikosti port, pricemz jeho hodnota pomérné rychle klesa se snizujici se
velikosti téchto struktur. Transport rozpusténych latek je obvykle vyssi v nasycenych
ptidach, avSak opacné podminKky tj. sucho, mohou tcinné izolovat ptidni mikroorganismy
v pérech, pricemz se stavaji izolovanymi ,solitéry“ od dostupnych Zivin ¢i mikrobidlnich
signalnich molekul. Toto prostorové omezeni miZe vykondavat duleZitou kontrolu
v mechanismu dostupnosti zivin v pldnich agregatech ataké muze byt nastrojem
k pochopeni rozlicnych metabolickych cest odehravajicich se v ptidnim ekosystému [40].

(a)

makro-
agregat

mikro-

. agregat
’ pudni
Li biota

e voda

Obrazek 6: Vliv vlhkostnich podminek na architekturu osidleni ptidnich agregati mikroorganismy
a (an)organickymi latkami (vyZivové prvky, signalni molekuly, SOM atd.): (a) suché podminky; (b) vihké

podminky, prevzato upraveno [40].

Morfologie plidnich agregati je schopna vyznamné ovlivnit hydrologickou konektivitu
pldy, ktera ma zasadni vliv na mikrobidlni komunitu [50]. Dale lze predpokladat, Ze
vySe zminény faktor hraje klicovou roli v transportu metabolitli, signadlnich molekul,
genetického materialti a v neposledni radé ivirovych c¢astic v mikroprostredich, ve
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kterych se nachazeji intra-agregdtni komunity mikroorganismi. Tyto mikrobialni
komunity se pak mohou chovat jako nezavislé spolecenstva, ve kterych jsou dostupné
vSechny nezbytné nutrienty. Pokud jsou tyto izolované spoleCenstva vystaveny
stresujicim podminkam, obdobi sucha apod., tak kazda agregovana komunita je schopna
nezavislého Zivota na ostatnich. Vtomto ptipadé jsou potiebné Ziviny uvoliiovany
prostiednictvim rezidentnich mikroorganismi a bunék, které se nachazeji ve fazi lyzy
[51]. Rozpustény organicky uhlik je vtomto prostiedi mobilizovan procesem smaceni,
ktery rovnéz umoziuje transport metabolitli a genetického materialu.

Zvyse zminénych zavéra vyplyva, Ze diskontinudlni propojeni mezi nezavislymi
spolecenstvy pldnich agregatli ma nezanedbatelny vliv na ekologii a vyvoj ptidni bioty.
Dale lze predpokladat, Ze timto zplisobem je v plidnim ekosystému udrzovana vyssi
geneticka variabilita, neZ by tomu bylo v pripadé smiSené populace o stejné velikosti
[52]. V ptipadé, kdy jsou plidy naruSeny, tak v nich miZe dochazet k preskupeni celych
plidnich agregat(i, ¢imz je rovnéz usnadnén pienos gent resp. genové variability mezi
riznorodymi komunitami.
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3 METODY IZOLACE A FRAKCIONACE
HUMINOVYCH LATEK

Jak jiz bylo uvedeno v subkapitole 2.1.1, jednotlivé frakce HL mohou byt rozdéleny do
tii zakladnich kategorii na zakladé jejich rozpustnosti resp. nerozpustnosti v alkalickém
i kyselém prostredi. Této fundamentalni vlastnosti je s vyhodou vyuzivano pfi izolaci
a nasledné frakcionaci téchto biokoloidnich sloucenin. V dnesni dobé je publikovana cela
rada izolaCnich metod, které se mohou navzajem lisit, avSak lze v nich vysledovat jistou
podobnost, ktera obecné vytvari patefni schéma vsSech téchto navrZenych postupt.
Zvoleny postup izolace obvykle byva odrazem prirodni matrice, ze které jsou HL
macerovany Ci extrahovany. To znamend, Ze jind metoda je pouZita pro pevné resp.
sypké prirodni matrice (hnédé uhli, raselina, pida, kompost, sediment, alginit, sypké
komer¢ni piipravky na bazi lignohumatu aj.) a jina pro ty, které se nachazeji v kapalném
stavu (sladkovodni a moiské vody, podzemni vody, roztoky ptiidnich kondicionéri atd.).

3.1 Standardni postup izolace HL dle spolecnosti IHSS

Jak nazev této subkapitoly napovida, metoda izolace HL navrZena mezinarodni
asociaci IHSS?* je Sirokou védeckou spole¢nosti brana jako standardni postup,
vdisledku néhoZ mohou byt jednotlivé vzorky HL navzajem kvantifikovany
aporovnavany. Na tomto misté je nutné podotknout, Ze tato metoda izolace
a frakcionace HL byla navrzena jak pro pevné, tak i pro kapalné piirodni matrice [53-
56].

3.1.1 Standardni postup izolace HL z ,solid-state” prirodnich matric

Primarné je tato metoda zaloZena na postupu alkalické macerace HL z ,solid-state”
prirodni matrice, kdy po odstranéni nerozpustného podilu jsou z alkalického roztoku
vysrazeny HK pomoci silné mineralni kyseliny. Detailni schéma tohoto standardniho
postupu je zndzornéno na Obr. 7. V této souvislosti budou diskutovany pouze kritické
body, které hraji kliCovou roli v predloZeném postupu a zaroven jsou schopny vyznamné
ovlivnit kvalitu izolovanych HL. Pfed samotnou alkalickou extrakci je nutné podrobit
piirodni matrici prvnimu purifikacnimu kroku tzv. dekalcinaci?® prostitednictvim 0,1 M
roztoku kyseliny chlorovodikové. V diisledku tohoto purifikacniho kroku maji izolované
HL nizsi obsah anorganickych primési tj. popela. Na tomto misté je nutné podotknout, Ze
tento roztok obsahuje jiZ prvni frakce FK2¢, které mohou byt z ného nasledné izolovany
na hydrofobnich pryskyfticich. Vlastni alkalicka extrakce resp. macerace OM probiha
vinertni atmosféfe dusiku. Plsobenim této atmosféry jsou zabezpeceny takové
podminky, pri kterych nedochazi kautooxidaci nékterych organickych slozek OM

24 Mezinarodni spole¢nost pro vyzkum huminovych latek.
25 Odstraneéni iontt Ca2+, Mg2+, atd.
26 Frakce FK1 s obsahem fulvinovych kyselin a lehce hydrolyzovatelné OM.
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a zaroven jsou tim eliminovany i kondenzacni reakce, které mohou teoreticky probihat
mezi pritomnymi aminokyselinami, redukujicimi sacharidy a chinony, jez jsou
substituovany reaktivnimi C=0 funk¢nimi skupinami.
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Obrazek 7: Schématické znazornéni izolace HK z ,solid-state” ptirodnich matric.
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V priibéhu koagulace HK obvykle dochazi kintra- ainteradsorpci nerozpustnych
frakci tj. humin (HU) ajilovych minerdld prostrednictvim elektrostatickych sil. Tyto
kontaminanty negativné ovliviiuji rozpustnost, obsah popela a kvalitativni sloZeni
izolovanych HK. Tento problém lze vyreSit dvéma zplsoby, ato bud precipitaci jiz
koagulovanych HK v prostredi silného elektrolytu, anebo zfiltrovat alkalicky roztok
obsahujici veskerou OM pies membranovy filtr o primeéru ok 0,22 pm. Timto zplsobem
jsou na membrané zachyceny nerozpustné HU a jilové castice. V obou téchto pripadech
je supernatant zdrojem nizkomolekularnich FK, které jsou vizolacnim schématu
oznacovany jako druhda frakce FK. V poslednim purifika¢nim kroku jsou precipitované
HK precistény pomoci roztoku sobsahem 0,5 obj.% HCl a HF. Plsobenim tohoto
roztoku jsou z HK odstranény adsorbované silikaty aionty tézkych kovu tj. Fe3*, Al3+,
Mn?2* atd. V pripadé HK, které byly precistény pomoci ultrafiltrace (0,22 um) lze tento
purifika¢ni krok vynechat. Timto standardnim postupem izolace HL jsou ziskany
hydrofilni i hydrofobni frakce HK.

Jak je uvedeno vyse, v pribéhu izolace HK jsou ziskany dvé na sobé nezavislé frakce
FK, které je vSak zapotrebi dale izolovat a purifikovat pomoci specifické adsorpce na
hydrofobni pryskyrici DAX-8. Je zfejmé, Ze jednotlivé frakce obsahuji nejen
nizkomolekularni FK, ale irliznorodé organické slouceniny autochtonniho
a alochtonniho pivodu. Jedna se predevSim osnadno hydrolyzovatelné alifatické
a aromatické organické kyseliny. Tyto strukturné jednoduché biomolekuly jsou hlavnimi
komponenty rozpusténé organické hmoty pritomné v piirodni matrici. Standardni
metodu izolace FK miliZzeme rozdélit na dvé ¢asti, ato podle toho, jakych fyzikalné-
chemickych déjii je vtéchto separacnich postupech vyuZivano. Jednd se predevsim
o specifickou adsorpci nizkomolekularnich FK na hydrofobni pryskyrici ajejich
naslednou protonizaci pomoci vhodné zvoleného katexu. Podrobné schéma izolace FK
dle standardniho postupu IHSS je uvedeno na Obr. 8.

Vtuto chvili je nutné zminit, Ze pred samotnym nadavkovanim veskerych FK na
kolonu naplnénou hydrofobni pryskyrici DAX-8 je zapotrebi tento roztok podrobit
ultrafiltraci pfes membranovy filtr o priméru po6rt 0,45 um. Timto zplsobem jsou
odstranény pripadné kontaminace roztoku FK od vysokomolekularnich frakci HL, které
nemusely byt kvantitativné odstranény pii centrifugaci koagulovanych HK. Jedna se
predevSim vzdy o stopové mnoZstvi viadu nékolika mg. Drive nez se pristoupi
k vlastnimu naplnéni sklenéné kolony touto hydrofobni pryskytici je zapotiebi ji
nejdrive precistit organickymi rozpoustédly (Et20, MeOH, aj.) a aktivovat pomoci 0,1 M
roztoki HCl a NaOH.
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Obrazek 8: Schématické znazornéni izolace FK z ,solid-state” prirodnich matric.
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Na takto pripravenou kolonu se nadavkuji veSkeré frakce FK, které byly ziskany
béhem izolace HK. Jakmile je cely objem FK nadavkovan, tak Ize pristoupit k promyti
kolony destilovanou vodou. Touto purifika¢ni procedurou se zajisti, Ze izolované vzorky
FK nebudou kontaminovany nehuminovymi biomolekulami, které milizeme souhrnné
oznacit jako lehce hydrolyzovatelné organické kyseliny. Aby bylo zajiSténo kvalitativnich
podminek tohoto purifikatniho procesu, tak lze svyhodou vyuZit identifikace téchto
biomolekul v odchazejicim eluatu pomoci UV/Vis spektrometrie. Podstatou tohoto
screeningu je méreni absorbance pri vinové délce 350 nm, jelikoz vySe zminéné
organické slouCeniny se pri této vinové délce vyznacuji eminentni absorbanci. Kritériem
k ukonceni tohoto purifika¢niho procesu je zjiSténa hodnota absorbance eluatu, ktera by
neméla byt vyssi nez 0,015. V dalsim kroku se miZe pristoupit kvlastni desorpci
adsorbovanych FK pomoci 0,1 M roztoku NaOH. Jako v predeSlém pripadé je desorpce
FK ukoncena, kdyZ hodnota absorbance eluovaného roztoku klesne pod mezni hodnotu
0,015. Musime mit na paméti, Ze izolované FK se nachazeji ve formé fulvati tj. soli
fulvinovych kyselin. Abychom ziskali FK v kyselé formé, tak je tfeba ziskané vzorky
znovu naprotonovat. Za timto ucelem lze pouZit sklenénou kolonu naplnénou katexem
Amberlite IR 120, pripadné jinou iontové-vyménnou pryskyrici, ktera je schopna
vymény Na* iontli za H*. Roztok se nechava opakované protékat pies napln kolony,
v disledku cehoZ dochazi ke kationové vyméné mezi kyselymi funkénimi skupinami
katexu (-SO3H) a nizkomolekularnimi FK. Zpétna protonace je ukoncena az ve chvili, kdy
hodnota konduktivity vytékajiciho roztoku klesne pod hranici 120 puS-cm-1. Nasledné
miiZe byt vzorek FK vymrazen a lyofilizovan. Takto izolované FK jsou oznacCovany jako
hydrofobni frakce nizkomolekuldrnich HL. JestliZe je u vzorku FK ocekdvan abnormalné
vysoky obsah anorganickych primési tj. popela lze ho purifikovat, jako v pripadé HK tzn.
pomoci smésného roztoku HCI-HF.

Po tomto purifikaCnim postupu je nutné izolované HL dale dialyzovat. K tomuto tcelu
lze svyhodou pouZit dialyza¢ni membrany o velikosti p6ri 1 000 Da. Suspenze HK
aroztoky FK jsou dialyzovany proti destilované vodé, kdy do okolniho roztoku
pirechazeji Cl- a F- ionty. Proces dialyzy je obvykle ukoncen v pripadé negativni zkousky
na pritomnost téchto aniont v dialyza¢nim roztoku. Nejjednodussim provedenim této
zkousky je sledovani pripadné sraZeniny pomoci AgNOs.

3.1.2 Standardni postup izolace HL z ,liquid-state” prirodnich matric

Standardni metoda izolace HL z kapalnych prirodnich matric (sladkovodni a moiské
zdroje, podzemni vody, piipadné roztoky komercnich piadnich arostlinnych
kondicionéri) vychazi z jiz diskutované metody, ktera byla navrZena pro separaci FK.

Jako v pripadé izolace FK z ,solid-state” prirodni matrice je zapotrebi vzorek prirodni
vody?> upravit, neZzli ji je mozné nadavkovat na kolonu naplnénou hydrofobni pryskyrtici
DAX-8. Jedna se predevSim o ultrafiltraci pres membranovy filtr o velikosti poért
0,45 um, kdy jsou ze vzorku ptirodni vody odstranény nerozpustné castice, jako jsou
anorganické ¢astice, rasy, sinice, zooplankton atd. Takto pred upraveny vzorek prirodni
vody je okyselen na hodnotu pH > 2. V tuto chvili se vzorek prirodni vody nadavkuje na
kolonu naplnénou pryskyrici, kdy dochazi kselektivni adsorpci veskerych HL
obsaZenych ve zdrojové matrici. Adsorbované HL jsou z kolony eluovany pomoci 0,1 M
roztoku NaOH. Na tomto misté je nutné rici, Ze bezprostfedné po eluci HL je zapotrebi
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roztok okyselit, aby nedochazelo kautooxidaci ziskanych HK. Koagulované HK se
odstrani od pivodniho roztoku obsahujiciho FKasnadno hydrolyzujici organické
kyseliny centrifugaci. Vtuto chvili lze pristoupit kpurifikaci ziskanych HK
prostrednictvim sekvencniho promyvani adekantace. Purifikacni procedura je
ukoncena v pripadé negativni zkousky na pritomnost Cl- iontd. Nasledné jsou precisténé
HK rozpustény pomoci 0,1 M roztoku NaOH. Takto ziskany roztok soli HK tzn. humati je
podroben zpétné protonaci na ionto-vyménné koloné naplnéné katexem Amberlite IR
120.

Kizolaci FK je vtomto pripadé pristupovano obdobné ne-li stejné, jako by byly
izolovany z ,solid-state prirodnich matric.

Dale se mlZeme v odbornych publikacich setkat s tvrzenim, Ze HL lze z prirodnich
matric extrahovat pomoci smésného roztoku NasP;07 a NaOH [57]. I kdyZ se obecné
uvadi, Ze timto postupem jsme schopni dosdhnout podstatné vyssSich vytézkl
izolovanych HL resp. HK, tak na druhou stranu musime konstatovat, Ze tato procedura
vsobé skryva vice probléml neZ pozitiv. Jednd se predevSim ovyssi obsah
anorganickych primési tj. popela, ktery vSak nelze odstranit vyse zminénymi
purifika¢nimi kroky, aniZ bychom negativné neovlivnili kvalitativni stranku izolovanych
HL. Je to pravdépodobné zpiisobeno tim, Ze pyrofosfat vytvari béhem macerace silné
organomineralni komplexy s HL, a proto ho Ize odstranit jen s velkymi obtiZemi. Mimo
jiné se zda, Ze toto Cinidlo je vice selektivni pro nehuminové biomolekuly pritomné
v OM, atudiZ mohou byt izolované HL lehce kontaminovany témito organickymi
slouceninami.

VySe zminéné izolacni metody jsou ve své podstaté fokusovany na ziskani organické
hmoty, ktera je determinovana snahou o dosazZeni co nejvyssi Cistoty extrahovanych HL
resp. DOM. Obecné lze tici, Ze méritkem k posouzeni vhodnosti zvoleného izola¢niho
postupu je obsah popela tzn. mnoZstvi nespalitelného podilu v izolovanych HL a DOM.
Mimo jiné je i vidét, Ze urcita vaha je kladena na extrakéni d¢innost pouZité metody, tedy
jinymi slovy, snahu o dosaZeni co nejvyssich vytézki izolovanych HL. V tomto kontextu
prichdzi vavahu myslenka, zda témito izolatnimi postupy nedochdazi k faktickému
zkresleni naSi predstavy o HL, jelikoz tyto unikatni biokoloidni slouceniny jsou
prinejmensim v pidnim prostiedi silné vazany na povrchu mineralnich castic. V tuto
chvili miiZze byt vznesena otazka: ,Jaké organické slouceniny jsou extrahovany
z prirodnich matric prostrednictvim roztokd silnych zdsad aodpovidaji svymi
kvalitativnimi vlastnostmi realnym HL a DOM pritomnych v in-situ?“ Jednou z moznych
cest jak se stouto problematikou vyrovnat je studium organickych sloucenin
v pritomnosti organomineralniho komplexu. Jak jiZz bylo diskutovano vyse, v ptidni
matrici je organickd hmota adsorbovana na povrchu minerdlnich c¢astic, s kterymi
vytvari zminény ,kompozitni“ komplex. Jednotlivé shluky jilovych castic
s adsorbovanymi molekulami OM malokdy ptesahuji koloidni rozméry, avsak jejich
typicka velikost se pohybuje vrozmezi 100-200 nm. Pokud jsou tyto ,kompozitni“
¢astice smaceny vodou obvykle se reorganizuji do klastri fraktalni podoby za vzniku tzv.
ptidniho huminového gelu [58], ktery se obecné vyznacuje vysokou mobilitou v pidnim
profilu. Této vlastnosti lze svyhodou vyuZit kizolaci neporuseného ptdniho gelu
z prirodni matrice. Pidni huminovy gel je obvykle izolovan principem vzlinani vody pres
vrstvu plidni matrice. Po prevrstveni celého objemu pidni matrice stoupajici vodou je
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na jeji hladiné pritomna vrstva ptidniho gelu ve formé tenké opalescentni vrstvy. At uz si
to ovédomujeme nebo ne, tak s timto fenoménem se mizeme bézné setkat v piirodé,
kdy po vydatnéjsich destovych srazkach a vhodnych podminek je tento film pritomen na
vétsiné hladin doposud ptidou nevsaklé vody.

Jak jiZ bylo diskutovdno drive, tak adsorbované supramolekuly HL resp. jejich
konstitu¢ni jednotky jsou ztermodynamického hlediska usporadany do hydrofilnich
a hydrofobnich podoblasti, které se od sebe lisi svym stupném lokalni hydrofility,
a proto Casto mluvime o jejich amfifilnich?? vlastnostech. Z této prostorové reorganizace
HL vypliva, Ze jejich povrchové oblasti obsahuiji silné polarni karboxylové skupiny, které
jsou obklopeny iontovou atmosférou, jejiz prekryv je ztermodynamického hlediska
nevyhodny. Naproti tomu se predpoklada, Ze hydrofobni oblasti HL budou mit tendenci
k prostorové reorganizaci, tak aby se sniZil jejich kontakt s vodou. Tyto konformacni
zmény v supramolekuldrnim uspoiadani jsou doprovazeny zvySenim translacni entropie
molekul vody avneposledni Fadé icelého koexistujictho systému. V disledku vyse
zminénych intra- aintermolekularnich interakci doprovazenych pulzovanim iontové
atmosféry kolem hydrofilnich domén jsou supramolekularni struktury HL vzajemné
formovany do klastrl fraktalni podoby. Tento proces je doprovazen lokdlnim zvySenim
koncentrace fraktalnich shluk, v diisledku ¢ehoz se tyto shluky navzajem pronikaji, a to
kvili nizkému stupni naplnéni jejich objemi ¢asticemi HL. Mimo jiné, tyto piekryvajici
se fraktalni shluky na sebe vzajemné ptlisobi prostirednictvim hydrofobnich domén, které
jsou orientovany z vnéjsi strany, a proto je tento proces z termodynamického hlediska
priznivy. Na tomto misté mizeme bez zjevného zavahani konstatovat, ze pldni
huminovy gel hraje klicovou roli v kontrole vlhkostniho hospodareni ve vlhkych ci
aridnich?® pitdach vdisledku hydrofobnich ahydrofilnich interakci mezi jilovymi
¢asticemi a supramolekulami HL [59-63].

3.2 Metody frakcionace HL

V avodni ¢asti této subkapitoly je dobré zminit, Ze snaha o objasnéni molekularniho
sloZeni HL byla v Sirsim méfitku iniciovdna aZ v dobé, kdy se na tyto biokoloidni latky
zacalo nahliZet jako na supramolekularni struktury skladajici se zrelativné malych
molekul stabilizovanych slabymi vazebnymi interakcemi, jako jsou van der Waalsovy
sily aj. Toto pojeti motivovalo urcitou ¢ast védecké spolecnosti zabyvajici se chemii HL
resp. DOM, zda by nebylo mozné tyto supramolekuly destabilizovat a ziskat tak jejich
jednotlivé stavebni kameny, které by bylo mozné nasledné identifikovat a kvantifikovat.
Je ziejmé, Ze tento vyzkumny smér byl do znacné miry determinovan okamzikem, kdy
na rozdil od tradi¢niho makro-polymerniho modelu skytajiciho nepreberné mnozstvi
hypotetickych struktur bylo vtomto pripadé dosahnuto jisté, avSak do posud ,kirehké“
shody, ato napri¢ Sirokou védeckou komunitou. Dale je na tomto misté nutné
podotknout, Ze této konzistence v chdpani struktury HL bylo dosaZeno predevsSim
faktem, kterého nebylo mozné doposud snadno rozporovat, ato zejména, Ze
supramolekuly HL jsou ve vodé schopny vytvaret meta-stabilni konformace, které

27 Obojaké, molekuly ¢i strukturni itvary majici hydrofilni a hydrofobni vlastnosti.
28 Velmi suché klima s nedostate¢nymi sezénnimi destovymi srazkami.
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mohou byt naruSeny interakcemi samfifilickymi organickymi Kkyselinami. Této
vlastnosti destabilizace supramolekularni struktury HL bylo svyhodou vyuzito pri
separaci anasledné kvantifikaci jednotlivych stavebnich bloki pomoci velikostné
vylucovaci chromatografie a jeji sofistikované metody SEC-MALLS.

Drivéjsi snahy o ziskani jednotlivych fragmentli spoluvytvarejicich molekuldrni
strukturu HL v sobé skryvaly pomérné tvrdé frakcionacni postupy, jako jsou oxidacni
aredukcni degradace jednoduchych vazeb uhlik-uhlik, které vsak vyvolavaji nezadouci
molekularni modifikaci ¢i aromatizaci ziskanych organickych molekul. Pouziti téchto
»drastickych“ metod jde vprimé souvislosti sdrive akceptovanym strukturnim
modelem, ktery vylucné predpokladal pritomnost pouze kovalentnich vazeb mezi
jednotlivymi stavebnimi jednotkami HL. Naproti tomu, byly vyvinuty frakcionac¢ni
postupy, které zohlednovaly mirné Stépeni intra- aintermolekularnich interakci,
kterymi jsou stabilizovany supramolekuly HL. V soucasnosti je tato frakciona¢ni metoda
dobre znama jako tzv. humeomika [64]. Tato frakcionac¢ni procedura je tvorena
sekventnim Stépenim mezimolekuldrnich vazeb a interakci, jako jsou slabé vazebné
interakce, perzistentni aslabé esterové vazby avneposledni radé ivazby etherové
a glykosidické [65-67]. Obecné lze konstatovat, Ze sekvencni frakcionace HL na tzv.
humeomika vede k ziskani jednotlivych fragment organickych sloucenin, které jsou
uvolnény ze supramolekuldrnich asociaci, atim bezesporu dochazi k vyznamnému
sniZeni stupné polydisperzity resp. heterogenity analyzovanych HL. V této souvislosti je
dobré poznamenat, Ze v pribéhu destabilizace supramolekularni struktury HL jsou
pripadné chemické resp. strukturni zmény timto postupem eliminovany, a tudiz ziskané
fragmenty primo odpovidaji jednotlivym stavebnim blokim vytvatejicich tyto asociace.
Neni divu, Ze tato frakcionacni metoda vyznamné prispiva k detailnéjSimu popisu
chemické variability huminové OM, v disledku ¢ehoZ miizeme predikovat jejich vyznam
a ulohu pri stabilizaci huminovych supramolekularnich struktur.

Je ziejmé, Ze vySe diskutovany postup frakcionace OM je determinovan povahou
analyzovaného vzorku. Jinymi slovy, sekven¢ni frakcionaci OM na tzv. humeomika lze
pouzit pouze v piipadé, kdy béhem frakcionacniho postupu resp. vjednotlivych
sekvencnich krocich nedochazi k celkovému rozpusténi residualni matrice. V disledku
to znamena, Ze jsme ve vybéru vzorku omezeni bud na HK anebo na tzv. neporusené
prirodni matrice, kam zpravidla fadime vzorky, které prirozené obsahuji OM resp. HL.
Lze tedy uvaZovat o prirodnich matricich, jako jsou kaustobiolity, raselina, pudy,
sedimenty, komposty aantropogenni piidni kondicionéry (biouhly). Vtuto chvili je
ocividné, Ze tuto frakciona¢ni metodu nelze pouZit v pripadé takovych frakci OM, ktera
je rozpustna ve vodé anebo v Sirokém rozmezi hodnot relativnich polarit pouZzitych
organickych rozpoustédel. Do této kategorie obecné spadaji FK, DOM a plidni pomocné
latky, jako jsou lignohumaty.

3.2.1 Chromatografie na tenké vrstvé (TLC)

Jednou z moznych cest, jak se pokusit o sniZeni molekularni heterogenity HL a pritom
nebyt omezeni, jejich fyzikalné-chemickymi vlastnostmi se zdd byt jako vhodnou
a experimentalné jednoduchou metodou chromatografie na tenké vrstvé (TLC) [68, 69].
Tato principidlné jednoducha separacni technika v sobé skryva mnoho pozitivnich
aspektli, jenz ji ddva pomérné Sirokou experimentalni robustnost. Na tomto misté je
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nutné rici, Ze ostatni a do jisté miry i experimentalné sofistikovanéjsi separacni resp.
frakcionacni techniky, jako je chromatografie HPLC sreversni (prevracenou) fazi,
velikostné vylucovaci chromatografie (SEC), ultrafiltrace, frakcionace tokem ve
fokusujicich polich (FFF), kapilarni elektroforéza a techniky hmotnostni spektrometrie
(CE/MS a LC/MS) jsou schopny vyznamného sniZeni polydisperzity studovanych HL,
avSak obvykle poskytuji Sirokopasmovou separaci jednotlivych frakci. Tato ocividna
nevyhoda je zplsobena predevSsim silnou afinitou separujicich se sloZek
k chromatografické koloné anebo stacionarni fazi, v disledku cehoZz je vyznamné
potlacena separacni ucinnost, kterd se projevi jako kontinuadlni chromatogram bez
pritomnosti separovanych piki. Jednotlivé frakce se pak v téchto zdznamech jevi jako
méné vyraznad ramena. Mimo jiné to vyplyva izfaktu, Ze vpripadé téchto
instrumentalnich technik jsme limitovani druhem resp. chemismem pouZité mobilni
faze.

Pouziti chromatografie na tenké vrstvé k frakcionaci HL v sobé skryva mnoho vyhod.
Navzdory tomu je tato separacni technika vdnesni dobé vyuzivdna stidle méné,
a to proto, Ze je zde kladen jisty poZadavek na experimentalni dovednost a v neposledni
fadé doposud nebyla vyvinuta automatizace nékterych experimentalnich krokd, jako je
napi. automatické naneseni vzorku ¢i kontrolovany elu¢ni gradient. Asi jednou
z nejvyznamnéjSich vyhod této frakcionacni metody je moZnost pouZiti co
nejvariabilnéjsich druhi mobilnich fazi, za UcCelem efektivni separace organickych
sloucenin spoluvytvarejicich supramolekularni asociace HL. V této souvislosti je zfejmé,
Ze sloZeni mobilni faize mlZe byt takika ,usito na miru“ pozadavkiim analyzovanych
vzorkii HL resp. DOM, které jsou dany jejich zakladnimi fyzikalné-chemickymi
vlastnostmi, jako jsou hydrofobicita vs. hydrofilita, obsah kyselych ¢i nepolarnich
funkénich skupin, rozpustnost aj. Jako mobilni faze je obvykle zvolena smés navzajem
misitelnych organickych rozpoustédel ve snaze o co nejSirsi pokryti polarity. V pripadé
frakcionace HL je prvnim krokem pouZiti mobilni faze smés ethylacetatu a methanolu
v objemovém zastoupeni 1:2 obj. % [68]. Je zfejmé, Ze po prvotnich experimentech lze
sloZzeni mobilni faze dale upravit, ato zhlediska jednotlivych obsahi organickych
rozpoustédel ¢i jejich objemovych pomért. Je dobfe znamo, Ze ke zvySeni rozpustnosti
nékterych HK, ato zejména téch, které byly izolovany z kaustobiolitickych prirodnich
matric vyznamné prispiva pridavek aprotického rozpoustédla napt. acetonu. Mezi dalsi
nesporné vyhody chromatografie na tenké vrstvé oproti modernim instrumentalnim
technikam patri velka vzorkovaci robustnost, moZnost kvalitativni analyzy jednotlivych
zOn resp. organickych frakci pred vlastni desorpci z povrchu TLC desticky, kvalitativni
zhodnoceni z6n pomoci CIELAB barevného prostoru, jednoduché vybaveni, snadna
experimentalni proveditelnost ataké iekonomickda nenaroc¢nost. Z divodi auto-
fluorescence HL a DOM je bezvyhradné nutné pro frakcionaci pouzivat TLC desticky bez
fluorescenc¢nich indikatord. V opacném piipadé by mohlo dojit k neZadouci interferenci
mezi emitujicimi fluorofory OM a fluorescentnim indikatorem. Kvlastni desorpci
organickych frakci, které jsou reprezentovany prisluSnymi zénami piitomnymi na TLC
desticce l1ze s vyhodou pouZit stfedné az silné polarnich organickych rozpoustédel anebo
1-103M roztoku NaOH. Sohledem na dalsi experimentalni cinnost ma volba
prislusného extrakéniho cinidla primou souvislost. Vtéto chvili je treba zminit, Ze
k vizualizaci c¢irych resp. barvy nemajicich frakci lze vyuzit pozorovacich boxi s UVB
a UVA lampami. Nespornou vyhodou, kdy jsou jednotlivé frakce OM z povrchu silikagelu
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(SiO2 - xH20) anebo aluminy (Al203 - xH20) desorbovany pomoci roztoku NaOH spociva
predevsSim v tom, Ze takto ziskané vzorky lze velmi rychle upravit k dalSim analyzam,
jako jsou napft. spektrometrické metody. Obecné se vsak jedna o dpravu koncentrace
a vysledné hodnoty pH, pri kterych jsou ziskané vzorky dale analyzovany. Tyto korekce
vyplyvaji hlavné zobecné znamych pravidel, které musi byt pii spektrometrickém
stanoveni zohlednény. V této souvislosti mame predevsim na mysli vliv pH na absorp¢ni
resp. fluorescencni koeficienty, které jsou vypocteny z piislusSnych UV/Vis a emisnich
spekter. Nelze vSak ani opomenout tzv. vnitini filtracni efekt, ktery zplisobuje vyrazné
odchylky od linearity mezi intenzitou fluorescence (Ir) a koncentraci vzorku. Obvykle se
nam nabizeji dvé cesty, jak se stimto problémem vyporadat, atobud sniZenim
koncentrace analyzovaného vzorku, kdy optickd hustota (0. D.) vesvé maximalni
hodnoté by méla byt < 0,05 anebo pouZit néjakého matematického korekéniho vztahu.

Jednotlivé frakce OM jsou rozdéleny na zakladé jejich afinity k povrchu adsorbentu
resp. stacionarni fazi. Klicovou tulohu zde hraje velikost intermolekularnich sil mezi
povrchovymi silanolovymi skupinami (Si-OH) silikagelu arozlicnymi funkénimi
skupinami, kterymi jsou substituovany frakcionované fragmenty OM. Jinymi slovy, to po
jakou dobu setrva organicka sloucenina v objemu mobilni faze, je pfednostné urceno jeji
afinitou k povrchu adsorbentu, atudiZ se vice polarni slouceniny vyznacuji obvykle
niz§imi hodnotami retenc¢nich faktor R Obecné lze rici, Ze jednotlivé konstitu¢ni
jednotky spoluvytvarejici supramolekularni asociace HL jsou frakcionovany na zakladé
obsahu polarnich funk¢énich skupin, jako jsou karboxylové, hydroxylové a amidové.
Bezpochyby je zjevné, Ze tyto reaktivni funkcéni skupiny jsou schopny s povrchem
stacionarni faze vytvaret ¢etné vodikové vazby resp. mistky. Naproti tomu, fragmenty
o priblizné stejné velikosti, avSak svySSim obsahem nepolarnich funk¢nich skupin,
budou pii interakci se stacionarni fazi uplatiiovat tzv. Londonovy disperzni sily. Je tedy
velmi pravdépodobné, Ze tyto organické slouceniny se budou vykazovat podstatné vyssi
mobilitou resp. elu¢ni rychlosti reprezentovanou hodnotami Rs. Na tomto misté je nutné
fici, Ze vysledné hodnoty retencnich faktort separujicich se molekul lze ovlivnit volbou
polarity mobiln{ faze. PovSechné je v platnosti, Ze v pripadé zvysSeni polarity mobilni faze
se zvySi ihodnoty Rf separovanych molekul. Této vlastnosti lze svyhodou vyuZit
ke zvySeni efektivity separace jednotlivych sloZek majicich bud’ nizké, anebo prilis blizké
hodnoty Rr.

3.2.2 Sekvencni frakcionace HL na zdkladé rozdilné polarity

Jednou z mozZnych cest jak vyznamné snizit molekularni slozitost HL resp. OM je
vyuziti tzv. sekvencni frakcionace na zakladé rozdilné polarity pouZitych organickych
rozpous$tédel. Drive neZ se budeme zabyvat vySe zminénou metodou frakcionace, je
tfeba poznamenat, Ze tento originalni postup vzesSel v podstaté z ndhodné myslenky, kdy
prvotné byla pouzita Soxhletova extrakce k izolaci bitumenti z hnédého uhli, které bylo
determinovano predevsim svym geologickym ptivodem tzn. rozlicnymi typy uhelnych
panvi, které se vyskytuji v riiznych ¢astech evropského kontinentu (Ceska republika,
Bulharsko, Srbsko aPolsko) [70]. Hydrofobni frakce odpovidajici lipidickym
slouceninam byly z hnédého uhli extrahovany pomoci silné nepolarniho rozpoustédla
tzn. chloroformu, jehoZ relativni polaritni index je ptiblizné 0,26.
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Na tomto misté je nutné rici, Ze tato frakciona¢ni metoda v sobé skryva mnoho vyhod
v porovnani s ostatnimi navrZenymi postupy, at uz se jedna o sekvenc¢ni frakcionaci OM
na tzv. humeomika [65] anebo postupy vyuZzivajici rozdilné rozpustnosti HK pri
definovanych hodnotach pH [71]. Na zakladé celé fady odbornych publikaci mizeme
konstatovat, Ze frakciona¢ni postup OM na tzv. humeomika je schopen vyznamné snizit
molekuldrni heterogenitu analyzovanych vzorkil, avsak v priibéhu tohoto postupu
dochazi k destrukci esterovych a etherovych vazeb mezi jednotlivymi konstituenty, jez
jsou organizovany do supramolekularnich struktur akonformaci. Tato metoda se
v podstaté skldda ze c¢tyr hlavnich frakcionacnich kroki, které miZeme rozdélit na
extrakci nevazanych slozek OM tzn. unbounded a na izolaci vazanych slozek, pri které
dochazi k rozvolnéni esterovych a etherovych vazeb v nasledujicim poradi. Ve druhém
kroku tohoto postupu jsou plisobenim 12% roztoku BF3 rozvoliiovany slabé esterové
vazby, kdy dochazi k tzv. transesterifikaci. Nasleduje krok, pti kterém jsou eliminovany
silné esterové vazby, ato plisobenim tzv. methanolové alkalické hydrolyzy
reprezentované 1M roztokem KOH v MeOH. V poslednim extrakénim kroku jsou
rozvoliiovany etherové vazby pripadajici alkyl/aryl-oxy konstituentim a rovnéz
nesmime zapomenout na glykosidické vazby piitomné v polysacharidovych residuich.
V tomto kontextu prichazi do uvahy otazka, zda tyto frakciona¢ni kroky spliuji prvotni
ideu, Ze HL jsou SUPRAMOLEKULY tzn. asociaty relativné malych organickych molekul,
které jsou stabilizovany pouze slabymi disperznimi silami, jako jsou van der Waalsovy
sily, CH-mt vazby atd.

V pripadé frakcionace HK na zakladé jejich rozpustnosti pri urcitych hodnotach pH
musime mit zvlaSté na paméti, Ze pri krajnich hodnotach pH nejsme schopni vyloucit
nezadouci vliv kyselé ¢i bazické hydrolyzy. Naproti tomu, pripadnou oxidaci
frakcionovanych fragmenti v priibéhu tohoto postupu jsme schopni snadno vyresit, a to
tak, Ze cela procedura bude realizovana v atmosfére netoxického inertniho plynu tzn. N3,
He atd.

V tuto chvili je nadevSe jasné, Ze navrzeny postup sekvencni frakcionace dle polarity
pouzitého organického rozpoustédla bude mit za nasledek sniZeni molekuldrni sloZitosti
analyzovanych HL resp. OM, aniZ by dochazelo k neZadouci eliminaci jakéhokoliv typu
chemické vazby [72]. Na tomto misté je nutné podotknout, Ze Fada vybranych
organickych rozpousStédel je zvolena nejen na zakladé hodnot jejich relativnich
polaritnich index(i, ale soucasné musime brat v potaz iostatni fyzikalné-chemické
vlastnosti, jako je teplota varu, dielektricka konstanta, dipélovy moment aj. Jinymi slovy,
nasi snahou je vybrat takova organickd rozpoustédla, kterd se budou co nejvice
navzajem lisit ve vySe zminénych vlastnostech. Z tohoto diivodu se zda byt jako vhodna
eluotropni rada nasledujici série organickych rozpoustédel: trichlormethan, ethyl acetat,
aceton, acetonitril, n-propanol a methanol. Z vySe zminéného vyctu organickych latek
vyplyvd, Ze v nasledujicim postupu sekvencni frakcionace jsme schopni ziskat celkem
Sest organickych frakci, které lze nasledné kvalitativné a kvantitativné analyzovat.
Bezesporu, jedna z hlavnich vyhod této metody spociva vtom, Ze ziskané organické
frakce lze analyzovat takika hned bez jakéhokoliv dalsiho experimentalniho zasahu, jako
je napft. purifikace, zpétna protonace atd. Je nadmiru jasné, Ze celkovd doba extrakce
jednotlivych organickych frakci bude prioritné svazana s jejich obsahem v plivodnim
organickém materialu. Celkovy obsah prvnich dvou frakci (hm. %) byva v piripadé HK
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oproti ostatnim aZ 20x nizsi. Tento problém lze snadno vytesSit odpovidajicim zvySenim
navazky pavodni HK, avSak za cenu podstatného prodlouzeni Casové narocCnosti
extrakéni procedury. Velkou experimentalni vyhodou tohoto postupu je, Ze jsme schopni
snadno detekovat konec extrakce anasledné tak pristoupit k dalSimu extrakénimu
kroku ve schématu sekven¢ni macerace HL resp. OM. Pokud mame pochybnosti, zda
miiZeme pristoupit k dalSimu extrakénimu kroku, je vhodné ¢iry extrakt podrobit rychlé
analyze na ATR-FTIR spektrometrii.

Obecné miizeme rici, Ze zvoleny experimentalni pristup sekvencni frakcionace HL je
vhodnym aparatem ke sniZeni jejich molekuldrni sloZitosti resp. heterogenity. Timto
postupem jsme schopni ziskat takové organické frakce, které se spolupodileji na
supramolekularni strukture téchto unikatnich biokoloidnich sloucenin. Jedna se
predevSim o slouceniny, které mizeme z kvalitativniho hlediska klasifikovat jako
derivaty lipidickych sloucenin (mastné Kyseliny, estery mastnych kyselin, vosky atd.),
fragmenty polypeptidii, polysacharidd, ligninu a v neposledni radé i derivaty steroidi
arostlinnych pigmentl (feofytin aj.). Za zminku stoji i fakt, Ze polarni organické frakce
se svymi kvalitativnimi vlastnostmi bliZi pivodnimu organickému materialu, s vyjimkou
vzorku extrahovaného acetonitrilem. Tato organicka frakce se vyznacCuje ryze
bilkovinnym charakterem, a tudiz ji 1ze pokladat za indikator autochtonniho ptvodu OM.
Jinymi slovy, tato frakce vsobé odrazi vliv mikroorganisml v pribéhu geneze HL.
Zavérem, pritomnost zbytkové resp. residualni HK ndm obecné otevira dvé hypotetické
myslenky, z nichZ prvni by se tykala otazky, zda by bylo mozné ziskat dals$i organické
frakce opétovnou sekvencni extrakci. To by v disledku mohlo znamenat, Ze vétSina
organickych sloucenin je ve strukture HK poutdna pouze slabymi disperznimi silami.
Naproti tomu, v pripadé, kdy by jiZ nedochazelo k vyznamnému sniZenti jeji heterogenity,
mohlo by to Cisté hypoteticky znamenat, Ze tyto biokoloidni slouceniny jsou tvoreny
makromolekularnim jadrem, které je schopno interagovat s ostatnimi stavebnimi
jednotkami. Vtomto kontextu bychom mohli mluvit o spojeni makromolekuldrniho
a supramolekularniho strukturniho modelu HL.

34/88



Intermezzd UFSCH FCH VUT v Brné

4 INTERMEZZO 1

Z_ vodem bych rad podotknul, Ze jednotlivé mezihry, které jsou vloZeny do této
U habilita¢ni prace, budou kratkou reflexi vyplyvajici z experimentalni a publika¢ni
Cinnosti, jeZ je vyhradné fokusovana na problematiku studia HL a prirodni
organické hmoty. Jsem zcela presvédcen, Ze zde je to pravé misto k vyi¢eni nékterych
myslenek, které by mohly vést k dalSimu rozvoji tohoto Sirokého, a svym zplisobem
i stdle neutéSeného tématu. Tato véta nabyva dogmatického rozméru, pokud si
uvédomime, Ze ani dnes nepanuje nazorovy konsensus, tak v marginalnich oblastech,
jako je geneze ¢i ,molekularni“ struktura.

V soucasnosti je nejen mnohymi védeckymi tymy, ale i mezinarodni spolecnosti pro
vyzkum huminovych latek IHSS kladen stale vétsi diiraz na unifikaci izola¢niho postupu.
Z pohledu védce zabyvajiciho se strukturou HL je to logickym vyusténim, které
prednostné vede kjednotné kvalitativni charakterizaci, ato bez neZadoucich vlivl
spojenych s rozlicnymi zpuisoby jejich izolace. V této souvislosti mame predevsSim na
mysli dopady ovliviiujici heterogenitu, chemickou neménnost v priibéhu izola¢niho
postupu, kontaminaci ne-huminovymi frakcemi OM apod. Na druhou stranu se
v nékterych specifickych ptipadech zda byt vyhodné pouZzit ty metody, které jsou
urcitym zplisobem modifikovany, nicméné je unich stile patrny otisk ptvodné
navrzeného postupu IHSS. Jak bylo uvedeno vySe (viz. subkapitola 3.1), pouziti
smésného roztoku NaOH a NasP;07-xH20 vede obvykle k podstatné vys$si maceracni
ucinnosti, avsak za cenu nizsi Cistoty izolovanych HK, ve smyslu vy$Siho obsahu
anorganickych primési tj. popela. Naproti tomu, pouZiti tohoto €inidla se zda byt vhodné,
ato zejména v pripadech, pokud je o¢ekavany obsah popelovin a HL v substratu nizky.
Tyto podminky obvykle spliuji takové prirodni matrice, které miizeme klasifikovat jako
substraty semiantropogenniho ptivodu. Do této skupiny bychom mohli zaradit statkové
a primyslové komposty, vermikomposty, ptripadné pldni kondicionéry na bazi
lignohumati atd. Vtuto chvili se pokusme o relevantni zhodnoceni vyse zminéného
postupu, ktery byl pouzit k maceraci HK pochazejicich z riznych druhii kompostG2? 30,
Jak jiz bylo diskutovano drive, kritika tohoto modifikovaného postupu spociva
predevSim v moZnosti kontaminace izolovanych HL seskvioxidy (Mez03), které jsou
schopny vytvaret stémito biokoloidnimi slouceninami velmi silné organomineralni
komplexy. Mimo jiné se uvadi, Ze pyrofosfat vytvari s reaktivnimi skupinami HL silné
chelatové vazby, které znesnadnuji jeho nasledné odstranéni pfti jejich purifikaci. Obavy,
které jsou spojeny sjistou moZnosti kontaminace izolovanych HL seskvioxidy Cci
samotnym extrakénim Cinidlem se z naseho pohledu zdaji byt neopodstatnéné. Jinymi
slovy, standardni purifikacni kroky, které jsou navrZzeny mezinarodni spole¢nosti IHSS
se zdaji byt plné dostacujici k ziskani ,¢istych“ HK s obvyklymi obsahy anorganickych
primési. Pro lepsi ilustraci lze uvést, Ze obsah nespalitelného podilu neprevysil
uizolovanych HK limitni hodnotu 3,1hm.%. V porovndni se standardy HK

29 Enev, V.; Dosko¢il, L.; Kubikov3, L.; Klu¢akova, M. The medium-term effect of natural compost on the
spectroscopic properties of humic acids of Czech soils. J. Agric. Sci. 2018, 156, 877-887.

30 Hanc, A.; Enev, V.; Hrebeckova, T.; Klucakova, M.; Pekar, M. Characterization of humic acids in a
continuous-feeding vermicomposting system with horse manure. Waste Manag. 2019, 99, 1-11.
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produkovanych spolec¢nosti IHSS jde o srovnatelné hodnoty, které jsou vymezeny
rozpétim 0,4-4,6 hm. %. Avsak, co shledavame jako determinujici, je skutecnost, Ze tento
postup se vyznacuje nebyvale dobrou selektivitou a ticinnosti macerace huminovych
latek resp. HK. Tyto postulaty by mohly byt shrnuty do nasledujicich kategorii, a to: (i)
mimoradnd extrakcni ticinnost; (ii) velmi dobra extrakcni specificita.

Ukazalo se, Ze tento modifikovany postup izolace vynika svoji extrakéni ucinnosti,
a proto ho Ize s vyhodou pouZzit k maceraci HL z takovych prirodnich matric, ve kterych
je jejich obsah ponékud nizky. Jedna se predevSim o komposty nizké zralosti, u nichz
dekompozice andasledna transformace OM neni doposud ukoncena. Tento fakt je
doloZen extrak¢nimi vytézky HK izolovanych ze surového a kompostovaného konského
hnoje za pouziti kalifornskych ZiZal (Eisenia andrei)3°.

Na tomto misté je nutné rici, Ze pouZiti tohoto postupu vede nejen kizolaci jizZ dobre
znamych stavebnich jednotek HK, jako jsou fluorofory A (&) - fulvic-like, ale také téch,
jejichz pritomnost se v priibéhu vermikompostovani dynamicky ménila, tzn. T (§) -
tryptofan-like a C; 2 (a1; 2) - humic-like. Naproti tomu mlZeme fici, Ze izolované HK
nebyly nikterak kontaminovany NE-huminovymi slouCeninami, které by odpovidaly
pouze organickym sloucenindm vzniklych pri dekompozici plvodni OM. V této
souvislosti by prichazely v uvahu makrobiopolymerni latky ajejich produkty prosté
dekompozice tzn. celuléza, hemi-celuléza, bilirubin3! atd. JelikoZ hranice mezi
organickymi slouCeninami, které jsou produkty prosté dekompozice atéch, které jiz
miiZeme povazovat za stabilni frakce HL, neni vzdy Uplné jasna, tak jsme v odbornych
publikacich pomérné casto konfrontovani s neprili§ konzistentni terminologii, kterou
autofi nevoli pokazdé stejné. Nicméné, v poslednich par letech se zda, Ze v komunité
védeckych tyml panuje jisty konsensus o zavedeni jednotné nomenklatury. Pokud
mame na mysli organické slouceniny, které doposud nebyly transformovany
v humifika¢nim procesu, avSak mohou byt soucasti supramolekularnich asociaci HL,
mluvime o nich jako o residuich ptivodni organické hmoty. Aby byla splnéna podminka
této Kklasifikace, je zapotrebi fici, Ze tato sloucenina si musi zachovavat takové
kvalitativni vlastnosti, diky kterym, by ji bylo mozZné spojit s plivodnim druhem
biopolymeru. Jedna se predevsSim o residua ligninu, celulézy, hemi-celulézy, kutinu,
polypeptidi atd. Naproti tomu, v pribéhu geneze HL dochazi k vyznamnym strukturnim
zménam pivodnich prekurzord, a proto o jejich ptivodu miiZe byt usuzovano pouze na
zakladé nepiimych indicii. Tyto heterogenni slouceniny nepiimo vypovidajici o svém
ptivodu jsou oznacovany piidomkem “like“. Jako vhodny ptiklad, miizeme na tomto
misté uvést absorpcni pas, ktery je v infracerveném spektru bez vyjimky lokalizovan pri
1040 =5 cm™! a primo tak odkazuje na stavebni jednotky pochazejici z celul6zy, hemi-
celulé6zy atd. Tento absorpcni pas je marker tzv. “polysaccharide-like” stavebnich
jednotek.

[ kdyZ by se na prvni pohled mohlo zdat, Ze se v tuto chvili dopustime odboceni od jiz
diskutovaného tématu, v nasledujicim odstavci uvidime, Ze to nebude aZ takova pravda.

31 Rodriguez, F.J.; Schlenger, P.; Garcia-Valverde, M. A comprehensive structural evaluation of humic
substances using several fluorescence techniques before and after ozonation. Part I: Structural
characterization of humic substances. Sci. Total Environ. 2014, 476-477,718-730.
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Asi kaZzdy z nas se jiz setkal s negativnimi vlivy klimatickych zmén, jejichZ dopady jsou
stale patrnéjsi i v Ceské republice. Na tomto misté mame predevsim na mysli situace,
kdy se nam v jarnich aletnich mésicich nedostava potrebné vlahy v podobé destovych
srazek. To ma za nasledek vyznamné disbalance ve stavech sladkovodnich a podzemnich
vod. O hodnotach trvalého nasyceni plidy vodou ani nemluvé. JiZ dnes, miZeme z Ust
ceskych klimatologl a pedologti slyset, o ¢im dal vice se rozsitujicich oblastech, které
jsou postizeny semiaridnim podnebim. PredevSim se jednd o oblasti jizni Moravy
a Polabské niziny. Neni divu, Ze ptlida, jeZ je vystavena témto nepriznivym vlivim casto
trpi erozi a desertifikaci. K dobré kondici ji ani neprida tlak, ktery je na ni vyvijen
prostrednictvim zemédélské vyroby. Tak jak trpi na povrchu rostliny, to samé zaziva
pldni biota, jeZ je neoddélitelné spjata s plidni organickou hmotou. K odraZeni téchto
negativnich vlivii by mohla prispét aplikace lignitu ¢i oxyhumolitu, jakoZto vhodného
ptdniho kondicionéru3? 33 34, Vtuto chvili se miZeme vratit k chemii HL a pidni
organické hmoty.

Predstavitelem geologicky nejmladsiho ataké nejméné karbonizovaného hnédého
uhli je lignit. Tento kaustobiolit je vyhradné vyuZivan jako palivo, avSak pro vysoky
obsah jaloviny a vody je jeho vyhievnost pomérné nizka. Hodnota jeho spalného tepla se
pohybuje v rozmezi 6000-7000 M]-kg-1. Z tohoto hlediska se jevi spalovani lignitu jako
energeticky nevyhodné, pricemZ rizika spojend semisemi sklenikovych plynii
mnohondasobné prevysuji jeho primyslové pouZziti. Nicméné, pro vysoky obsah HK, které
mohou byt v této piirodni matrici zastoupeny az z 80 hm. % (vztaZeno na obsah celkové
OM) se zda byt jako vhodnéjsi jeho neenergetické vyuziti, a to predevsim, jako vhodného
ptidniho kondicionéru. Na tomto misté je nutné tici, Ze lignit obsahuje nejen HK, ale také
organické slouceniny, které mohou byt snadno vyluhovatelné vodou. Pravdépodobné se
jedna o takové organické slouceniny, které lze podle jejich fluorescenéniho chovani
klasifikovat jako fulvic-like. Mimo jiné, 1ze v EEM spektrech vodnych vyluhti JML34 spatftit
i fluorescencni domény, které jsou terminologicky oznacovany jako humic-like. Na
zakladé provedené termochemolyzy3*4 jsme schopni nepfimé identifikace
potenciondlnich strukturnich jednotek danych fluoroforti. Nejvice zastoupenymi
organickymi slouceninami byly derivaty benzoové kyseliny (4-methoxybenzoova
kyselina, 3-hydroxymandlovd Kkyselina, 3,4-dimethoxybenzoova Kkyselina, apod.),
alifatické karboxylové kyseliny, aromatické polyalkoholy atd. VySe zminéné organické
slouceniny lze povaZovat za prekurzory ligninu, polysacharidd a tanin(i. Naproti tomu,
alifatické dikarboxylové kyseliny maji sviij ptivod v huminovych latkach, kde plni alohu
vzajemnych vazeb mezi aromatickymi jednotkami. Symetrické dikarboxylové kyseliny
tzn. kyselina jantarovd, glutarovd, adipovd atd. jsou obvykle povaZovany za produkty
mikrobidlni degradace.

32 Salas, P.; Vymyslicky, T.; Losak, M.; Pekar, M.; Burgova, J.; Chovancikova, E.; Enev, V.; Knotovg, D.;
Roznovsky, J.; Frydrych, J.; Kalina, M.; Pelikan, J. Vyuziti pidnich pomocnych latek pro zlepSeni
vitality extenzivné vyuzivanych ploch v suchem ohrozenych oblastech CR: Certifikovana metodika.
Brno, Mendelova univerzita v Brné¢, 2020, 1-78. ISBN: 978-80-7509-768-2.

33 Salas, P.; Losak, M., Vymyslicky, T.; Pekaf, M.; Roznovsky, J.; Raab, S.; Enev, V.; Knotova, D., VIk, R;
Sevéikova, B.; Kalina, M.; Pelikan, J. VyuZiti obalovaného osiva pro zakladani porosti trav a jetelovin:
Certifikovani metodika. Brno, Mendelova univerzita v Brné, 2020, 1-53. ISBN: 978-80-7509-752-1.

34 Doskocil, L.; Grasset, L.; Enev, V.; Kalina, L.; Pekal, M. Study of water - extractable fractions from
South Moravian lignite. Environ. Earth Sci. 2015, 73, 3873-3885.
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Vétsinu téchto organickych sloucenin se podarilo identifikovat v chloroformovych
extraktech lyofilizovanych vyluhi. Za timto ucelem byla pouzita plynova chromatografie
s hmotnostni spektrometrii. Je pomérné zajimavé, Ze z celkového poctu identifikovanych
molekul jich 72 9% pripadalo vyhradné aromatickym slouCeninam s minoritnim
prispénim strukturné jednoduchych alifatickych sloucenin. Pritomnost Kkyseliny
benzoové (nikterak nesubstituované) pravdépodobné souvisi s mikrobialni degradaci
ligninu. Takto vzniklé produkty jednosytnych aryl-karboxylovych kyselin jsou obvykle
adsorbovany na povrchu lignitu, jenZ je primarné vystaven mikrobialnimu napadeni.
Identifikované derivaty aromatickych slou¢enin miZeme rozdélit do tfech zakladnich
kategorii: (i) koniferylové (guaiacylové) monomerni jednotky (isovanilova kyselina, 3-
vanilpropanol); (i) p-kumarylové (p-hydroxyfenylové) monomerni jednotky (4-
hydroxybenzoova kyselina); (iii) sinapylové (syringylové) monomerni jednotky (4-
hydroxy-3,5-dimethoxybenzoova Kkyselina). Kvantitativni prevaha Kkoniferylovych
jednotek naznacuje, Ze lignit je tvoren drevni hmotou nahosemennych rostlin tzn.
Gymnospermae.

Zbylych 28 % analyzovanych molekul odpovida alifatickym slou€eninam, jako jsou
estery vysSich mastnych kyselin a vicesytné alkoholy, z nichZ majoritni podil zaujimal
glycerol. Nejvice zastoupenymi hydrofobnimi slouCeninami byly kyselina pelargonova,
kaprinovd, laurova, myristova, palmitova a v neposledni radé i stearova.

Na tomto misté je nutné rici, Ze cela rada téchto organickych sloucenin hraje v pidnim
prostiedi nezastupitelnou roli, a to zejména v podobé signdlnich molekul. Jinymi slovy,
tyto slouceniny jsou podivuhodnym jazykem komunikace vSech zucastnénych
organismi ptidniho ekosystému, at' uzZ mame na mysli ptidni biotu ¢i rostlinou tisi. Mimo
jiné, jak z polyketidové teorie vzniku HL vyplyva, tak vySe zminéné organické slouceniny
maji potencidl stat se bud’ prekurzory téchto unikatnich biokoloidni sloucenin, anebo
mohou byt uchovany jako palivo resp. potrava, k pozd€jSimu metabolickému pouZiti.

Jednou zmoZnosti, jak vyznamné sniZzit molekuldrni sloZitost HK je pouZiti
frakcionacniho postupu, jehoZ predpokladem se stalo progresivni, avSak mirné Stépeni
inter- a intramolekuldrnich interakci, jimiZ jsou HK stabilizovany v supramolekularni
struktury. Je ocividné, Ze tato frakciona¢ni metoda je determinovana
supramolekularnim pojetim vzniku a struktury téchto unikatnich sloucenin. Tato
frakcionac¢ni metoda byla autory pojmenovana jako humeomika. Sekvencni frakcionace
HK na tzv. humeomika zahrnuje postupné Stépeni nasledujicich mezimolekularnich
vazeb: (i) nekovalentnich interakci; (ii) slabych esterovych vazeb; (iii) perzistentnich
esterovych vazeb; (iv) etherovych a glykosidickych vazeb. Dozajista, co o této metodé
miliZeme Kkonstatovat, je nevyvratitelny fakt, Ze v pribéhu tohoto postupu dochazi
kvyznamnému ataké ucinnému sniZzeni molekularni sloZitosti HK. Jinymi slovy,
identifikované slouceniny jsou pifimym voditkem ke kvalitativni analyze ptivodnich
stavebnich jednotek, jako jsou residua ligninu, polysacharidd, bilkovin, lipid{i, terpent,
steroidli atd. Nicméné, jistou kontroverzi tohoto postupu lze spatfit pravé
v experimentalni potiebé Stépeni rozlicnych vazeb. Pokud odhlédneme od toho, zda
jsme ptiznivci polymerni ¢i supramolekuldrni teorie, tak ndm na mysli miize vytanout
provokativni mysSlenka, a to: ,MiiZeme si i dnes byt stoprocentné jisti, zda strukturni
teorie, které zriliznych divodi nejsme naklonéni, nenese nakonec néjaké zrnko
opravdového poznani?“ Pokud ne, tak bychom méli ke studiu HL pristupovat, jako by
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byly v platnosti obé zminéné teorie. V pripadé platného biopolymerniho modelu by bylo
toto pravidlo poruseno, a to z divodu vyse zminéného Stépeni esterovych a etherovych
vazeb.

Jednim z moZnych reSeni, jak pristoupit k problematice sniZeni molekularni slozitosti
HL, a to bez neZadouciho $tépeni jakychkoliv vazeb je pouziti sekvencni frakcionace na
zdkladé rozdilné polarity organického rozpoustédla3s. Na tomto misté je nutné ¥ici, Ze
tento postup byl inspirovan extrakéni procedurou, kterad byla pouzita k izolaci bitument
resp. lipidickych sloucenin zligniti pochazejicich zrozlicnych evropskych nalezist3¢
resp. uhelnych panvi tzn. Jizni Maritza (Bulharsko), Krepoljin a Kostolac (Srbsko), Konin
(Polsko) avneposledni fadé iJihomoravsky revir videfiské panve, Mikuléice (Ceska
republika).

Na tomto misté je nutné rici, Ze eluotropni rada organickych rozpoustédel by méla byt
volena ve snaze o co nejSirsStho pokryti polarity, kdy tento vybér lze 1épe urcit na zakladé
jejich hodnot relativniho polaritniho indexu, dielektrické konstanty a dipélového
momentu. Nicméné, dalSim determinujicim faktorem vybéru je iteplota varu
organického rozpoustédla, kdy pri vysSSich teplotach varu by mohlo dochazet
k negativnim kvalitativnim zméndm organickych frakci HL. Postupem sekvencni
frakcionace bylo celkové extrahovano priblizné 57 hm. % z ptivodni organické hmoty
raSelinistni HK. Jinymi slovy, asi 43 hm. % ptipadalo residudlni HK, kterd ziistala
v extrakeni patroné Soxhletova pristroje. Otazkou zlstava, zda by doslo k vyznamnému
sniZzeni hmotnosti residudlni HK, pokud bychom ji vystavili opétovné polaritni
frakcionaci. Pokud by opétovna frakcionace residualni resp. zbytkové HK nevedla
k ziskani dalSich organickych frakci, tak by to do jisté miry mohlo znamenat, Ze HK jsou
tvoreny jadrem biopolymerniho charakteru, které je obklopeno strukturné
jednodussimi organickymi slou¢eninami spoluvytvarejicimi supramolekularni obal vyse
zminéného jadra. Vopacném pripadé by se dozajista jednalo o potvrzeni
supramolekularni teorie geneze HL. Na zakladé téchto vysledki bychom mohli mluvit
o tzv. kvazi- anebo semisupramolekuldrni teorii HL.

Polaritni (sekvencni) frakcionace predstavuje jednoduchou, avSak d¢innou metodu ke
kvalitativni analyze, tak slozitych a heterogennich systémi, jakymi jsou HL resp. HK.
Nicméné je zapotrebi ikritického nazoru, ato, Ze pro zobecnéni nékterych prekurziv
vyplyvajicich z tohoto frakciona¢niho postupu je nutné podrobit tuto metodu dalSimu
systematickému zhodnoceni. Aby bylo moZné kriticky vyhodnotit néktera uskali spojena
s timto postupem, tak je zapotrebi nasledné experimenty zamérit nejen na HK, ale i na
ostatni frakce HL, které mohou byt izolovany z rliznych prirodnich zdrojti, jako jsou
kaustobiolity, piidy, sladkovodni zdroje apod. Budouci naméty vychazejici z této metody
lze spatfit vexperimentdlni cinnosti, kterou miizeme rozdélit do dvou oblasti: (i)
kvalitativni analyza residualni HK; (ii) tzv. syntetickd perspektiva, ktera by vedla
k ziskani kompozi¢nich a strukturnich parametrii sohledem na relevantni obsah

35 Enev, V.; Sedlacek, P.; Kubikova, L.; Sovova, S.; Doskodil, L.; Klu¢idkova, M.; Peka¥, M. Polarity-Based
Sequential Extraction as a Simple Tool to Reveal the Structural Complexity of Humic Acids. Agronomy
2021,11,1-19.

36 Doskocil, L.; Enev, V.; Pekal, M.; Wasserbauer, J. The spectrometric characterization of lipids
extracted from lignite samples from various coal basins. Org. Geochem. 2016, 95, 34-40.
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jednotlivych extrahovanych frakci, vdisledku cehoz by tyto znovu sestavené
charakteristiky mohly byt porovnany s ,rodicovskou“ HK.
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Obrazek I[-1: Schématické znazornéni extrakce organickych frakci HK na

zakladé rozdilné polarity
eluotropni fady pouZitych organickych rozpoustédel.
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5 EXPERIMENTALNI METODY PRO
VYZKUM HUMINOVYCH LATEK A DOM

5.1 Termické metody pro vyzkum HL a DOM

5.1.1 Elementdrni analyza (CHNS/0)

JiZ obecna definice3” predurcuje tyto biokoloidni slou¢eniny k tomu, aby je bylo mozné
studovat z hlediska obsahu biogennich prvka tzn. uhliku, vodiku, kysliku, dusiku
a v neposledni fadé i siry, vzhledem k tomu, Ze tyto atomy tvoii majoritni ¢ast skeletu
téchto unikatnich sloucenin, at uZ na né pohliZime jako na biomakromolekuly anebo
supramolekularni asociace. 1 kdyZ by se na prvni pohled mohlo zdat, Ze elementarni
analyza nam poskytuje pouze informace o hmotnostnim zastoupeni jednotlivych prvkd,
tak by to z velké Casti nebyla pravda. Na tomto misté je nutné fici, Ze tato instrumentalni
technika nam neptrimo poskytuje informace o stupni humifikace, podilu aromatickych
resp. alifatickych strukturnich jednotek, miry (de)hydrogenace, oxidace a v neposledni
radé idekarboxylace. K predikci téchto vlastnosti lze svyhodou pouzit atomovych
pomérd H/C a O/C, které jsou hlavnimi proménnymi v tzv. van Kreveleneho diagramu.
V nedavné dobé, kdy jeSté prevazovala polymerni teorie nad dnes jiZ vSeobecné
prijimanym pohledem, Ze HL jsou predevsim supramolekularni asociaty, byla pravé
elementarni analyza nastrojem k rychlému a pomérné presnému stanoveni sumarniho
vzorce téchto biokoloidnich sloucenin.

V kratkosti lze tuto kvantitativni instrumentalni techniku popsat nasledujicim
zplsobem. Tato metoda je principidlné zaloZena na katalytickém spalovani vzorku
v nastriku omezeného objemu velmi ¢istého kysliku, ktery se zde uplatiiuje jako silné
oxidac¢ni Cinidlo. JiZ tuto chvili se ocitame v diilezitém bodé instrumentace, a to zejména
proto, Ze zbytkovy obsah oxida¢niho média, ktery nebyl spotifebovan v priibéhu
spalovani analyzovaného vzorku, obvykle reaguje snaplni spalovaciho reaktoru,
v disledku ¢ehoZ se vyznamné zkracuje jeho Zivotnost. Obvykle miiZeme tento problém
vyreSit bud’ dpravou hmotnosti navaZovaného vzorku, kterd je determinovana
odhadovanym obsahem spalitelnych latek, anebo sniZenim nastfikovaného mnozstvi
oxida¢niho média. Po spaleni vzorku jsou plynné produkty plisobenim oxida¢né-
redukénich déji prevedeny na detekovatelné plyny tzn. CO2, H20, NOx a SO2. Nasledné
jsou tyto produkty vchromatografické koloné od sebe separovany avpomérné
presnych retencnich c¢asech jsou kvantitativné analyzovany pomoci teplotné-
vodivostniho detektoru. Na tomto misté je nutné podotknout, Ze celkova analyza
probihda v prostredi inertniho plynu napf.helia. PrisluSné hmotnostni zlomky
jednotlivych prvki jsou vyhodnoceny na zakladé jejich ploSnych integralii v naméreném
chromatogramu. Obsah kysliku je zpravidla stanoven v odliSném instrumentalnim

37 Huminové latky a DOM jsou prirodni organické slouceniny, které vznikaji chemickym a biologickym
rozkladem OM (tj. odumielych Casti rostlinnych azivocisSnych tél) asyntetickou cinnosti
mikroorganism.
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uspoiadani vyzadujicim specidlni naplii reaktoru. Je oCividné, Ze toto oddéleni na dvé
nezavisla stanoveni znacné prodluZuje dobou celkové kvantitativni analyzy. Tato
nevyhoda miiZe byt reSena pomoci tzv. nepfimého stanoveni, kdy po velmi presném
urceni obsahu nespalitelného podilu tj. popela a sorbované vlhkosti lze hmotnostni
zlomek kysliku dopocitat podle rovnice:

W02 =100 — (WC + WH2 + WN2 + Wg + WHZO + Wpopel) (2)

kde, w, je hmotnostni zlomek uhliku, Wy, je hmotnostni zlomek vodikuy, Wy, je
hmotnostni zlomek dusiku, wg je hmotnostni zlomek siry, wy,, je hmotnostni zlomek
sorbované vlhkosti odpovidajici volné vazané vodé awp,, je hmotnostni zlomek
popela tzn. anorganické primési ve vzorku.

Hmotnostni podil resp. obsah sorbované vlhkosti a popela lze urcit na zakladé
termogravimetrické analyzy. V této souvislosti je nutné podotknout, Ze vySe zminéné
hm. podily je zapotiebi velmi peclivé a uvazlivé odecist nejlépe s ucasti derivovaného
prabéhu TG krivky.

Prvkové sloZeni HL resp. jakékoliv OM je vhodné uvadét v atomovych procentech
(atom. %), a to predevsim v disledku toho, Ze v piipadé procent hmotnostnich (hm. %)
je silné podhodnocen obsah vodiku, v dlisledku jeho nizké atomové hmotnosti. Jinymi
slovy, hmotnostni podil vodiku a z néj vypoctené indexy ¢i koeficienty se pak stavaji
ocividné méné senzitivni. Tento fakt je zvlasté patrny v pripadé, kdyZ jsou témito
parametry navzajem porovnavany jednotlivé analyzované vzorky téchto biokoloidnich
latek.

Jednou z mozZnosti, jak nazorné ilustrovat pomérné Sirokou variabilitu v obsahu
biogennich prvkl HL ve snaze o zapojeni co nejvétsiho souboru dat determinovaného
fundamentalni Kklasifikaci a pvodem tzn. druhem prirodni matrice, je pouziti grafického
znazornéni pomoci tzv. boxplot. Na Obr. 9 jsou sumarizovany krabicové grafy obsahu
jednotlivych biogennich prvki HL, které byly izolovany z rozli¢nych prirodnich matric,
jako jsou kaustobiolity, plidy, sladkovodni zdroje (feky ajezera), komposty (nativni
a vermikompostované38) a v neposledni radé iz rostlinnych pletiv hnédé morské rasy
Ascophyllum nodosum. Na tomto misté je nutné rici, Ze do vySe zminéného souboru dat
byly zarazeny i HL antropogenniho ptvodu tzn. humaty a lignohumaty. Jednotlivé frakce
antropogennich HK a FK byly ziskany standardnim postupem izolace a frakcionace
navrzenym mezinarodni spole¢nosti pro vyzkum HL.

V této Casti habilitactni prace bych se rad vénoval spiSe komplexnéjSimu pohledu na
prezentované vysledky s ohledem na vSeobecnéjsi raz edukace. AniZ bychom se zamérili
na podrobnou interpretaci jednotlivych rozdil{, tak si v uvedenych krabicovych grafech
nelze nepovsimnout dvou zajimavych diferenci. Z porovnani krabicovych graft vyplyva,
Ze HK se vyznacuji pomérné SirSimi hodnotami mezikvartilového rozpéti3? oproti FK,
avSak tento hodnotici parametr byl v pripadé obsahu siry srovnatelny pro obé dvé
frakce HL.

38 Kompostovani OM za Ucasti zizal rodu Eisenia andrei.
39 Mezikvartilové rozpéti (mezikvartilova Site) predstavuje rozdil mezi tietim a prvnim kvartilem resp.
mezi 75. a 25. percentilem.
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Obrazek 9: Obsah jednotlivych biogennich prvkid HL v projekci krabicovych grafii (boxplot).

Tento trend je vice patrny v pripadé, kdy je sledovano tzv. variacni rozpéti, které je
definovano jako rozdil mezi nejvyssi anejnizZ$i hodnotou daného souboru dat (viz.
modré usecky v krabicovych grafech). Zhlediska obsahu vodiku asiry bylo toto
hodnotici kritérium ponékud vyssi pro FK. V krabicovych grafech si nelze nepovSimnout
skutecnosti, Ze HL maji velmi blizké hodnoty mediani pripadajicich uhliku a vodiku.
Naproti tomu, v piipadé ostatnich elementli (vyjma organické siry) se jednotlivé frakce
vyznacCovaly signifikantné odliSnymi hodnotami vySe zminéného statistického
parametru. Na tomto misté se nabizi otdzka, jak by vypadala distribuce biogennich
prvki HL v ptipadé, pokud bychom se na tyto biokoloidni slouceniny divali pouze
makromolekularnim resp. polymernim pohledem. Jak jiz bylo uvedeno v subkapitole
2.1.2, tento koncept popisuje HL jako biomakromolekuly, jejichZ struktura je prevazné
tvorena fenylpropanovymi jednotkami pochazejicimi z degradace ligninu. Dale si je
vhodné pripomenout, Ze makromolekulu HL mohou castecné spoluvytvaret iresidua
polysacharidii a bilkovin. Pokud bychom méli moZnost tyto slouceniny studovat pomoci
prvkové analyzy, tak by se na zdkladé vySe popsaného konceptu dalo usuzovat, Ze se
jejich elementarni sloZeni bude vyznacovat pomérné nizsi distribucni variabilitou, nez
tomu bylo vpripadé analyzovanych HL viz. Obr.9. Naproti tomu, projekce
elementarniho sloZeni v krabicovych grafech spiSe dava tusit, Ze distribuce prvkového
sloZzeni HL mliZe nabyvat rozmanitéjSich hodnot. V tomto kontextu miiZeme spatfit otisk
tzv. supramolekuldrniho modelu, pokud si uvédomime, jakym zplsobem je
polydisperzita HL svazana stimto strukturnim konceptem. JiZ zobecné definice
supramolekularni struktury FK vyplyva, Ze tyto biokoloidni slouceniny budou
determinovany urcitou Skalou variability prvkového sloZeni, aniZ bychom bliZe
specifikovali jejich piirodni piivod, tzn. prirodni matrici, ze které jsou izolovany. UZ jen
piredpoklad, Ze se jedna o asociaty malych hydrofilnich molekul, je predurcuje k tomu, Ze
jsou charakterizovany nizsimi stupni disperzity elementarniho sloZeni. Naproti tomu,
jsou HK dle supramolekularni teorie definovany jako kompilat prevazné hydrofobnich
sloucenin (polymethylenovych retézcli, mastnych kyselin, steroidnich latek, residui
ligninu, proteinli a polysacharidii), které jsou vzdjemné stabilizovany slabymi
hydrofobnimi interakcemi, jako jsou van der Waalsovy sily a CH-t interakce.
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Na Obr. 10 jsou uvedeny krabicové grafy atomovych poméri H/C a O/C ilustrujicich
strukturni odliSnosti mezi jednotlivymi frakcemi HL. Z vizualniho porovnani atomového
poméru H/C vyplyva, Ze HL maji velmi podobnou $kalu variability tohoto strukturniho
parametru, ktery je obecné pokladan za dobry ukazatel stupné aromaticity €i miry
(de)hydrogenace.
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Obrazek 10: Atomové poméry H/C a O/C huminovych latek v projekci krabicovych graft.

V krabicovém grafu si mliZeme povSimnout skutecnosti, Ze FK se vyznacuji niZsim
stupném aromaticity resp. vyssi mirou hydrogenace, avSak musime mit na paméti, Ze
vyslednd hodnota je zavisla ina pritomnosti ostatnich sloucenin spoluvytvarejicich
supramolekularni asociace. Jak jiz bylo diskutovano drive, kyslik je v HL prednostné
spjat s pritomnosti riznorodych funk¢énich skupin, jako jsou karboxylové, fenolické,
alko- resp. aryloxylové, amidové, alkoholové, esterové atd. Vtéto souvislosti lze
predpokladat, Ze prislusnd hodnota atomového pomeéru O/C vypovida o relativnim
obsahu vySe zminénych funk¢nich skupin. Mimo jiné je na tomto misté nutné rici, Ze
atomovy pomér O/C obvykle byva v dobré korelaci s hodnotami celkové kyselosti,
aproto ho lze s vyhodou vyuzit k predikci této skutecnosti. Z uvedenych vysledk lze
jednoznacné odvodit, Ze distribu¢ni variabilita kyslik obsahujicich funk¢nich skupin se
v pripadé FK naléza vdosti uzkém rozmezi. Pokud uvedeme tento aspekt v Sirsi
souvislost, tak 1ze z ného vyvodit dvé zajimavé skutecnosti, z nichZ prvni je potvrzenim
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supramolekuldrni hypotézy a druhd prednostné vypovida o jisté strukturni stabilité
izolovanych FK. Jinymi slovy, vpripadé, kdybychom izolovali FK v rGzném stupni
humifikace, tak by se dalo ocekavat, Ze atomovy pomér O/C bude nabyvat podstatné
SirSich hodnot. Diskrétni rozdéleni atomového poméru O/C spiSe poukazuje na fakt, Ze
sizolované FK“ odpovidaji OM, ktera jiZ nepodléhd vyznamnym strukturnim zménam
v prisluSném misté a ¢ase humifikacniho procesu, atudiZ je lze povazovat za stabilni
frakce HL. Jista uniformita FK, jeZ je reprezentovana timto atomovym pomérem, obecné
podporuje hypotézu, Ze se jedna oaglomerace malych hydrofilnich molekul
vychazejicich ze supramolekularniho pojeti struktury HL.

5.1.2 Termogravimetrickd analyza TGA a DTG

Jak jiz bylo diskutovano v subkapitole 4.1.1, termogravimetrickd analyza TGA resp.
DTG nam poskytuje nejen informace o hmotnostnim podilu sorbované vlhkosti Cci
popela, ale predevSim je schopna reflektovat strukturni odliSnosti analyzovanych HL,
které jsou v primé souvislosti s jejich termalni stabilitou. Pokud si uvédomime, jakou
robustnosti se tato technika vyznacuje, tak neni prekvapivé, Ze jsme schopni pomoci této
metody predikovat nékteré fyzikalné-chemické vlastnosti, které jsou, pfimym odrazem
strukturni slozZitosti téchto biokoloidnich slouc¢enin. Ukazalo se, Ze tato instrumentalni
technika hraje nezastupitelnou roli v rozmanitych oblastech studia HL a taktéz OM, kam
z pravidla radime otazky tykajici se jejich geneze, humifikace, struktury, stability,
vazebnych a komplexacnich interakci atd. Obvykle se nam nabizeji dvé mozZnosti, jakymi
lze realizovat termogravimetrické meéteni, ato zda je vzorek spalovan v oxidativni
atmosfére anebo v proudu inertniho plynu, jako je dusik ¢i argon. Je nutné si uvédomit,
Ze v priibéhu pyrolyzniho procesu nedochazi k oxidativnim zménam analyzovanych HL,
a tudiz jednotlivé poklesy v TGA krivkach resp. piky ¢i méné vyrazna ramena v DTG
projekci odpovidaji degrada¢nim produktiim prislusSnych komponent HL resp. OM.
Kone¢nym produktem tohoto procesu je karbonizovana organickd hmota. Mimo jiné lze
z pribéhu TGA resp. DTG krivek vypozorovat jisty vliv rychlosti ohifevu na pozici
prislusnych vrcholl ¢i ramen, které ve svém diisledku odpovidaji tzv. piku na piku.
Zpravidla se zvysujici se rychlosti ohfevu dochazi k posunu vrcholli anebo ramen na
vyssi teploty pyrolyzy. Tento posun je obvykle zplsoben nerovnomérnou termalni
degradaci jednotlivych molekul, které spoluvytvareji slozité struktury, a prostorové
konformace HL. V této souvislosti je nutné rici, Ze aby nedochazelo k urcité desinformaci
vyplyvajici z vySe zminéného faktu, tak je zapotiebi jakoukoliv sadu vzorkl striktné
mérit pri stejnych rychlostech ohfevu resp. experimentalnich podminek.

AZ na nékteré vyjimky, které jsou obecné dany povahou a sloZenim vzorku OM, tak
miiZzeme rozdélit TG/DTG krivky na ¢tyri oblasti, které jsou vytyCeny ndasledujicimi
teplotnimi intervaly tzn. stupeii [ (~25-200 °C), stuperi II (200-300 °C), stupen III (300-
375 °C) astupen IV (375-800 °C) [73-75]. Je zfejmé, Ze kazdy teplotni interval bude
odpovidat odliSnym strukturnim jednotkdm HL, které podléhaji v prislusnych
intervalech pyrolyzniho procesu degradaci. Hmotnostni ubytek v prvnim stupni
pyrolyzniho procesu tzn. ~25-200 °C je zpravidla zptisoben dehydrataci vzorku HL, kdy
nejprve odchazi volna a nasledné adsorbovana ¢i krystalova voda. Rovnéz prichazeji
vavahu itzv. tékavé organické latky, které jsou postupné uvolovany zporovité
struktury HL. Druhy stupen pyrolyzniho procesu je obecné spjat s tepelnou degradaci
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polysacharidli, ztratou hydroxylovych funkénich skupin alifatickych sloucenin
a v neposledni radé i dekarboxylaci organickych kyselin. V teplotnim intervalu III, ktery
je determinovan rozsahem 300-375 °C podléhaji teplotni degradaci zejména C-C vazby
alifatickych struktur. Dale miizeme tento hmotnostni Ubytek pripsat tzv. krakovani
polyaromatickych strukturnich jednotek, které se vyznacuji vyssi stiedni molekulovou
hmotnosti M,, vanalyzovanych HL. Posledni hmotnostni tbytek je zpravidla vazan na
probihajici polykondenzacni reakce s jistym prispévkem degradace a Stépeni dlouhych
uhlovodikovych retézcl ¢i dusikatych slouCenin. Priblizné od teploty 400-500 °C lze
hmotnostni ubytek pripsat poCinajicimu rozpadu aromatickych struktur, kdy degradace
téchto strukturnich jednotek je ukoncena pri dosaZeni teploty pyrolyzy okolo 700 °C.
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Obrazek 11: Dekonvoluce DTG kiivky vzorku plidni HK (Elliott Soil standardu IHSS) s prislusnymi

teplotnimi intervaly.

Pokud by naSim zamérem bylo semi-kvantitativni stanoveni jednotlivych
hmotnostnich Ubytkli determinovanych v prisluSnych teplotnich intervalech Ize
s vyhodou pouzit, avsak s jistou davkou obezretnosti metodu dekonvoluce DTG krivek.

Jako vhodny nastroj ksofistikovanéjsimu popisu vznikajicich produkti béhem
pyrolyzy HL lze s vyhodou vyuzit tzv. tandemovych metod, jako jsou TG-FTIR anebo Py-
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FIMS. Jak mnohé studie naznacuji, tak jednotlivé produkty pyrolyzy HL resp. OM jsou
silné zavislé na pouZité teploté ohrevu.

Obecné vzdy lze v TG-FTIR spektrech HL pozorovat absorpc¢ni pasy odpovidajicich
plynnym produktiim, které vznikaji v priibéhu pyrolyzniho procesu, jejichz zastoupeni
se vyrazné méni s teplotou ohtevu, atudiZ jsou primymi ukazateli poukazujicimi na
jednotlivé strukturni komponenty HL [73, 76-79]. Co se tyce jednotlivych plynnych
produkti, které jsou infra¢ervenou spektrometrii detekovany jedna se o molekuly H>O,
CH4, CO a CO2. Absorp¢ni pas lokalizovany v oblasti vinoc¢tli 4000-3500 cm~! odpovida
uvoliovani volné a absorbované tj. vazané akrystalické vody. RovnéZz lze v TG-FTIR
spektrech nalézt absorpcni pasy pri 2500-2250cm-1 a 700-580 cm-1, které jsou
pripisovany valen¢nim a deformac¢nim vibracim C=0 vazeb v molekuldch CO;. Vznik
tohoto produktu v pribéhu pyrolyzniho procesu je prednostné svazan s mechanismy
degradace odpovidajicich stépeni karbonylovych skupin v ligno-celulézovych
strukturach, jako rovnéz imechanismu dekarboxylace organickych kyselin. Lehké
plynné uhlovodiky, jako jsou predevsim CHs4 pripadné C:He se vyznacuji specifickou
hodnotou absorpce v oblasti vino¢tli 3000-2800 cm-1. Tyto plynné produkty maji sviij
ptivod v latkach, jako jsou dlouhé alifatické slou¢eniny anebo aromaty substituované -
OCHj3 funkénimi skupinami. Pfitomnost absorpcéniho pasu odpovidajiciho molekulam CO
lze povaZovat za indikator degradace polysacharidi a ligninovych struktur. Vyjma vyse
uvedenych molekul Ize v TG-FTIR spektrech HL identifikovat absorp¢ni pasy
odpovidajici aromatiim, aldehydiim a ketonlim, a to zejména v oblasti vinoc¢ti 1700-
1500 cm-1.

5.2 Spektrometrické metody pro vyzkum HL a DOM

5.2.1 UV/Vis spektrometrie

Molekulova  absorpéni  spektrometrie v ultrafialové  aviditelné  oblasti
elektromagnetického zareni (UV/Vis) je doposud nejpouzivanéjsi instrumentalni
technikou v oblasti studia HL a rozpus$téné organické hmoty (DOM). Vyjimecnost této
spektrometrické metody spociva predevSim vtom, Ze je nam schopna poskytnout
mnoho zajimavych informaci ostudovanych HL, zatimco poZadavky na jeji
instrumentalni narocnost jsou zpravidla minimalni.

UV/Vis spektra HL resp. DOM maji obvykle kvazi-exponencidlni priibéh s vyraznym
maximem absorbance v ultrafialové oblasti UVC, jejichZ vinova délka je dana rozmezim
200-280 nm. Co se tyce pritomnosti lokalnich absorpfnich maxim, tak je nutné si
uvédomit, Ze HL a DOM se obvykle témito spektralnimi charakteristikami nevyznacuji.
Avsak si vpripadé nékterych FK anebo DOM miiZeme povSimnout méné vyraznych
ramének, které jsou obvykle lokalizovany pravé v UVC oblasti elektromagnetického
zareni. Tato monoténnost ¢ini UV /Vis spektra HL a DOM k primému posouzeni jejich
kvality prakticky nepouZitelnd. Naproti tomu, veskeré informace o téchto unikatnich
biokoloidnich latkach jsou pravé ukryty v jejich kvazi-exponencidlnich pribézich UV/Vis
spekter. Za ucelem ziskdni relevantnich informaci o povaze HL a DOM lze s vyhodou
pouzit celou fadu tzv. absorpc¢nich koeficientli, které jsou definovany jako poméry
absorbanci pfi vhodné zvolenych vinovych délkach. Obecné miiZeme fici, Ze tyto
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koeficienty jsou dobrymi indikatory kodhadu stfedni molekulové hmotnosti M,,,
aromaticity, stupné humifikace, miry substituce aromatickych jader kyslik obsahujicimi
funkénimi skupinami atd.

Na prvnim misté Ize uvést absorpcni koeficient, ktery je vSeobecné znam jako tzv.
humifikacni index (E,/Eg resp. E4/6) [80] Ci pedology zavedeny barevny koeficient Q46
[81]. Tento absorp¢ni index je definovan jako pomér absorbance pri 465 a 665 nm.
Humifika¢ni index je ve velmi dobré inverzni (negativni) korelaci se stanovenymi
hodnotami M,,, a tudiZ ho lze s vyhodou pouzit k odhadu stfedni molekulové hmotnosti
anebo molekulové velikosti HL anékterych frakci DOM. Mimo jiné byla nalezena
signifikantni zavislost mezi timto absorpcnim koeficientem a hmotnostnim podilem
kysliku, ktery je predevSim ve spojitosti s obsahem karboxylovych funkénich skupin
resp. celkovou kyselosti HL. Naproti tomu, vySe zminéné kvalitativni parametry jsou
v pozitivni korelaci s absorpénim koeficientem E,/E;. Pokud uvedeme vesSkeré
informace v Sirsi souvislost, tak lze bezpochyby konstatovat, Ze vysSi hodnoty tohoto
koeficientu jsou indikatorem niz$i M,,, aviak vy$siho obsahu celkového kysliku anebo
karboxylovych funk¢énich skupin. V tuto chvili je nadmiru jasné, Ze humifikacni index je
schopen velmi dobre reflektovat vySe zminéné diference mezi jednotlivymi frakcemi HL.
Na druhou stranu je potieba Fici, Ze tento absorpcni koeficient je velmi silné zavisli na
hodnoté pH roztoku, atudiZ je zapotifebi HL resp. DOM, jeZ se vyznacuji rozdilnymi
hodnotami pKa pufrovat pomoci tlumivych roztokl. V piipadé, kdy je hodnota
absorbance pri 665 nm prili§ nizka, tak se humifikacni index stava do znacné miry malo
senzitivnim. Tento problém lze s vyhodou vyresit pouZitim ekvivalentniho koeficientu
E,/E,, ktery je definovan jako pomér absorbance pii 265 a465nm [82]. Tento
absorp¢ni koeficient se stal jistou alternativou pro vzorky OM, které se vyznacuji velmi
nizkymi hodnotami absorbance pti A > 500 nm. Do této skupiny OM jsou razeny nékteré
FK a znacnd ¢ast rozpusténé organické hmoty ¢i frakcionované HL.

Neméné vyznamny absorpcni Koeficient E,/E;, ktery je definovan jako pomér
absorbanci pii 250 a 365 nm ndm poskytuje informace o stifedni molekulové hmotnosti
a stupni aromaticity HL a DOM [83]. Robustnost tohoto absorpcniho koeficientu je
predevSim dana jeho vSestrannou pouzitelnosti napii¢ rozmanitymi prirodnimi
matricemi a ekosystémy. Tento index vynika velmi dobou spolehlivosti i v pripadé, kdy
je studovana nikterak upravena DOM, jako jsou vzorky sladkovodnich a moftskych
zdroji méfenych v in-situ. Jista vyjimecCnost absorpcniho koeficientu E,/E; vyplyva
z obecné znamého faktu, Ze voblasti vlnovych délek 240-280 nm dochazi k m—m"
elektronovému prechodu, ktery je priznacny pro organické slouceniny, jako jsou
derivaty mono- a polyaromatickych kyselin s vyznamnou substituci aromatického jadra
hydroxylovymi anebo alkoxylovymi funk¢nimi skupinami, anilinu, polyent aj. Tyto orga-
nické slouceniny tvoii nejen supramolekuldrni asociace HL, ale jsou ihlavnimi
komponenty DOM vodnich zdroju tzn. fek, jezer, podzemnich vod, mo¥i atd. Mimo jiné je
na tomto misté nutné tici, ze absorpcni koeficient E,/E; neni az tak zavisli na povaze
pouzitého rozpoustédla, ktera je predevSim determinovana hodnotou pH. KvySe
zminénému Koeficientu Ize zatadit absorpcni index A,g,/A350, Ktery byl prvotné pouzit
k odhadu Sirky absorp¢niho pasma odpovidajiciho elektronovému prechodu AET [84].
Tento absorpcni koeficient se vyznacuje velmi dobrou hodnotou korelace se
strukturnimi parametry, jako jsou M,, a aromaticita. Néktef{ autoii uvadéji, Ze tento
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absorp¢ni koeficient je v piipadé odhadu stiedni molekulové hmotnosti a aromaticity HL
senzitivnéj$im, nez je tomu u indexu E, /E5.

Asi jeden z nejrozporuplnéjsich absorpcnich koeficienti je index A,s4/A410, ktery je
definovan jako pomér absorbanci pri 254 a410 nm. Jedna cast védecké spolecCnosti
povaZuje tento absorp¢ni koeficient za dobry ukazatel aromaticity a stfedni molekulové
hmotnosti HL a DOM [85]. Na druhou stranu zaznivaji ihlasy, Ze tento absorp¢ni
koeficient neni schopen reflexe vySe zminénych kvalitativnich parametrt. Kritici tohoto
absorp¢niho koeficientu uvadéji, Ze doposud neni experimentalné podloZena uspokojiva
korelace mezi timto indexem a aromaticitou resp. hodnotou M,, nap¥¢ studovanymi HL
a DOM. Tato nazorova nestejnorodost je pravdépodobné zplisobena jiZ definici resp.
navrhem tohoto indexu, kde problematickym mistem je pravé pouZita vinova délka
410 nm. JelikoZ se jedna o vinovou délku ve viditelné casti spektra, tak prihazi v ivahu,
Ze hodnota tohoto absorpcniho koeficientu je silné zavisla na fenomén tzv.
fotobleachingu.

Na tomto misté miiZeme uvést absorp¢ni koeficient Egr/Ejg,, ktery je definovan jako
pomér absorbanci pti 253 a 203 nm [86]. Hodnota absorbance pfi vinové délce 253 nm
odpovida tzv. pasu prenosu naboje, jehoZ intenzita je silné zavisld na pritomnost
polarnich funkénich skupin, kterymi jsou aromatickd jadra substituovana. Jedna se
predevSim o funkéni skupiny, jako jsou hydroxylové, karbonylové resp. chinonové,
karboxylové avneposledni radé iesterové. Pokud jsou benzenova jadra témito
funkénimi skupinami substituovana, tak vyrazné stoupa hodnota molarniho extink¢niho
koeficientu tohoto absorp¢niho pasu. Pro dokresleni celkové predstavy lze uvést, Ze
hodnota & nesubstituovaného benzenového jadra se pohybuje vrozmezi 100-
200 cm2'mol-1. Naproti tomu, v pripadé substituce aromatickych jader polarnimi
funkénimi skupinami se tato hodnota zvysi aZz na hodnotu nékolika tisic. Musime mit na
paméti, Ze substituce aromatickych jader nepolarnimi resp. alifatickymi funkénimi
skupinami nikterak neovliviiuji intenzitu tohoto pasu prenosu naboje. Pokud uvedeme
vySe zminéné skuteCnosti v Sirsi souvislost, tak to znamend, Ze v piipadé, kdy jsou
aromaticka jadra HL a DOM bohaté substituovana polarnimi funkénimi skupinami, 1ze
bezpochyby ocekavat izvySeni vypocCtenych hodnot Eg;/Eg,. Jinymi slovy, tento
absorp¢ni koeficient je ve velmi dobré korelaci s mirou substituce aromatickych
struktur polarnimi funkénimi skupinami. V neposledni radé je na tomto misté nutné fici,
Ze hodnota absorbance benzoidniho pasu (Ep,) miiZze byt nepriznivé ovlivnéna
pritomnosti NO3 iontli, aproto byly definovany dalSi absorpcni koeficienty jako
Ass0/Ass3 adAgsg/Ayss, Které jsou vsak ve velmi dobré korelaci svySe zminénym
parametrem Eg;/Eg,.

Aromaticita a M,, HL a DOM mtiZe byt odhadnuta na zakladé tzv. specifickych hodnot
absorbance. Obecné se jedna o absorbance pfi vhodné zvolenych vinovych délkach,
které jsou vSak prepocitany na hodnoty obsahu celkového organického uhliku TOC. Tyto
specifické hodnoty absorbance jsou v odborné literatuie oznacovany jako SUVA,s, [87],
SUVA,g, [88] a SUVA,yo [89], pricemZ uvedené dolni indexy znaci, pri jakych vinovych
délkach jsou odecteny prislusné hodnoty absorbanci. Specifickd hodnota absorbance
SUVA,s, je obecné ve velmi dobré pozitivni korelaci saromaticitou resp. stupném
aromaticity HL a DOM. V ptipadé odhadu stfedni molekulové hmotnosti HL tento
parametr vynika nebyvalou senzitivitou, a proto ho lze s vyhodou pouZit k determinaci
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této kvalitativni vlastnosti. Naproti tomu, specifickd hodnota absorbance SUVA,g, spisSe
vypovida o stfedni molekulové hmotnosti M,, neZli oaromaticité. Jednim z moznych
diivodli muiize byt pravé vybrana vinova délka, ktera ve své podstaté zohlediiuje nejen
Cisté elektronové prechody aromatickych jader, ale i substituenti o rizné strukturni
morfologii.

5.2.2 Infracervend spektrometrie a jeji techniky

InfraCervena spektrometrie patii do skupiny tzv. nedestruktivnich instrumentalnich
technik, pricemZ analyzovany vzorek pri interakci sinfracervenym zarenim neni
nikterak poskozen, a presto nam je schopen poskytnout kvalitativni, ale i kvantitativni
informace o svém sloZeni. Tato instrumentalni technika je doposud Sirokou védeckou
spole¢nosti povaZovana za jednu z nejzakladnéjSich analytickych metod kvalitativniho
hodnoceni HL a DOM resp. OM. Na tomto misté je nutné fici, Ze s dynamickym rozvojem
jednotlivych technik infracervené spektrometrie roste ivédecky zajem o vyuziti této
metody v ramci studia a charakterizace téchto biokoloidnich latek. Jedna se predevsim
o FTIR techniky, které vyuzivaji optickych jevii, jako je spekuldrni a difuzni reflexe,
pricemZ zde ma svoji nezastupitelnou roli i nebyvaly pokrok v oblasti softwarového
zpracovani meéricich a vyhodnocovacich programii. V této souvislosti je dobré zminit, Ze
tak jako u fluorescen¢ni spektrometrie jsme dnes schopni zméfit Casové-rozliSena
infracervena spektra, ktera do nedavné doby nebyla moZna jednoduSe namérit
a experimentalné vyhodnotit.

Vramci studia HL a DOM je od tzv. klasickych (transmisnich) metod, kam zpravidla
fadime techniku lisovani tablet a nujolu upousténo, a to z nékolika divodi, které budou
podrobnéji diskutovany niZe. V pripadé nujolové techniky se zejména jedna
o znemoZnéni interpretace FTIR spektra v oblastech specifické adsorpce alifatickych
uhlovodikd tzn. 3000-2800 cm-!, 1470-1450 cm-! a1390-1300 cm-!, kde nastava
vyznamna adsorpce nosné matrice tzn. minerdlniho oleje Nujolu [90]. Jistou
problematikou se vyznacuje i metoda lisovani tablet, i kdyZ se jedna o explicitné odliSny
nedostatek vychdazejici z kvalitativniho ovlivnéni struktury HL a DOM. Mnoho autorti
poukazuje na fakt, Ze v pribéhu lisovani KBr tablet miiZze dochazet plisobenim vysokych
tlaki (~ 80 kN-cm~2) kiontové vyméné resp. de-protonaci kyselych funkcnich skupin,
jako jsou karboxylové a — OH fenolické. V pripadé HL se tento fenomén projevi zjevnymi
zménami v jejich FTIR spektrech, atozejména sniZenim intenzity absorpcniho pasu
odpovidajictho valen¢ni symetrické vibraci C=0 vazeb a pritomnosti ¢i zvySenim
intenzity absorpCnich pasli pripisovanym valenénim a deformacnim vibracim
karboxylatového anionu COO- [91].

Jako nejvhodnéjsi technika infraCervené spektrometrie se pro vyzkum HL a DOM jevi
metoda difuzni reflektance resp. reflexe DRIFT - Diffuse Reflectance Infrared Fourier
Transform Spectroscopy [92]. Jak jiz bylo feCeno vySe, v pripadé této instrumentalni
techniky nedochazi kiontové vyméné mezi substratem aanalyzovanym vzorkem,
a proto nedochazi ke zkresleni kvalitativni informace mérenych vzorkl. Na tomto misté
je nutné rici, Ze difuzné reflexni spektra jsou vyjadiena v tzv. Kubelka-Munk jednotkach,
které odpovidaji jednotkdm absorbance jako by byly vzorky méreny pomoci
transmisnich technik [93]. Jedna z dalSich neopomenutelnych vyhod je, Ze tato technika
se vporovnani sostatnimi metodami vyznaCuje pritomnosti velmi intenzivnich
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absorpc¢nich past pii zachovani velice dobrych hodnot spektralniho rozliseni. P¥i pouZiti
této techniky obvykle nedochazi knegativnimu ovlivnéni zakladni spektralni linie,
a tudiz Ize nékteré vzorky mérit tzv. diferencni metodou, kdy jako background je pouzita
smés KBr a substratu.

V pripadé méreni roztoki HL a DOM, at uZ mdame, na mysli vodné ¢i roztoky
organickych rozpoustédel, tak je instrumentalné vyhodné tyto vzorky analyzovat
pomoci jedné ze dvou metod spekularni reflexe tzn. za pouZiti jedno ¢i vice odrazového
ATR krystalu [94]. Tyto vySe zminéné techniky se predevsSim vyznacuji velmi rychlou
instrumentaci, ktera je predevSim dana mozZnosti pfimého méteni, kdy vzorek nemusi
byt nikterak upravovan. Je nadevse jasné, Ze ATR metoda je nedocenitelna v pripade,
kdy potrebujeme analyzovat roztoky HL resp. DOM, aniZ bychom museli volit tzv.
diferen¢ni méreni, kdy jako background slouzi spektrum cistého rozpoustédla. Pokud je
zvolen vyse zminény diferencni postup, tak se obvykle mliZeme setkat s problémem,
ktery prednostné vychazi znekvantitativniho odecteni pozadi, jehoZ projevem jsou
pritomné absorpcni pasy v ATR spektru vzorku. Tento problém lze s vyhodou vyftesit
postupem, kdy po naneseni malého objemu vzorku (0,5-2 pl) nechame rozpoustédlo
odparit avzorek je tudiZ deponovan na ATR Kkrystalu v podobé tenké a homogenni
vrstvy. Pokud jsou dodrZeny jisté instrumentalni zasady, jako jsou shodné objemy
a stejnorodé pokryti ATR krystalu, tak obycejné jsme schopni ziskat velmi kvalitni
kalibra¢ni krivky, jejichZ hodnoty koeficientu determinace R? se bliZi k jedné. Mimo jiné,
o vhodnosti této metody ke kvantitativnimu stanoveni daného analytu svédci
i residualni analyza, jejichZ stfedni hodnota chybové slozky je rovna nule a prislusné
slozky spliiuji podminku tzv. homoskedasticity. Silné absorbujici vzorky, jako jsou HK
pripadné nékteré frakce OM by mély byt méreny na germaniovém ATR krystaluy,
atozejména zdlvodu, Ze mald penetracni hloubka evanescentni viny zdaleka tak
neovliviiuje relativni intenzitu absorp¢nich past v oblasti vyssich vinoctt [95, 96]. Tento
jev je vice patrny v piipadé, kdy jsou vySe zminéné vzorky méreny na diamantovém ATR
krystalu. Tento fenomén lze sjistou experimentalni opatrnosti reSit pomoci tzv. ATR
korekce, avsak je v této souvislosti nutné tici, Ze kompenzovat tento jev mliZeme pouze
v pripadé, kdy je nam znam presny index lomu vzorku.

Je nutné si uvédomit, Ze z divodu rozsahlé strukturni slozitosti téchto biokoloidnich
latek se jejich infraCervena spektra vyznacuji nebyvale Sirokymi absorpcnimi pasy,
jejichZ interpretace vyZaduje jistou experimentalni zkuSenost aurcitou davku
obezretnosti. Naprosta vétSina HL. a DOM je charakterizovana nasledujicimi absorpénimi
pasy nehledé na jejich prirodni ptivod ¢i zvolenou metodu méreni [97-100].

Siroky a pomérné intenzivni absorpéni pas lokalizovany v oblasti 3600-3100 cm-1 je
zpravidla pripisovan valen¢ni symetrické vibraci O-H vazeb vrozlicnych funkcnich
skupinach jako jsou karboxylové, -OH fenolické, amidové, alkoholové aj. Mimo jiné je
zapotiebi zminit ijisty prispévek molekul H20 sorbované vlhkosti. Prakticky vzdy lze
v infraCervenych spektrech HL a DOM nalézt absorp¢ni pasy pri 2970 cm~1 a 2940 cm-1.
VySe zminéné absorp¢ni pasy maji sviij ptivod v asymetrickych vibracich C-H vazeb
pripadajicich -CH3z a -CHz- skupinam. Tyto alifatické funkcéni skupiny mohou byt
identifikovany iv oblasti tzv.fingerprintu, kde nastavaji jejich deformacni vibrace.
Specifickd absorpce téchto pasii nastava pii 1465 + 5 cm-! a 1380 cm~1. Méné vyrazny
absorpéni pdas lokalizovany pii 3070+ 10 cm-! je zpravidla pripisovan valencni
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symetrické vibraci C-H vazeb na aromdtech. V diisledku bohaté substituce aromatického
jadra HL a DOM funk¢énimi skupinami, jako jsou -COOH, -OH fenolické, -OCH3z, -O- atd.
se tento pas obvykle vyznacuje nizkou relativni intenzitou. Naproti tomu, intenzivni
absorp¢ni pasy lokalizované pri 1610 + 10 cm™1 a 1510 cm~1 jsou obvykle pripisovany
valentni symetrické vibraci C=C vazeb varomdatech. Na tomto misté je nutné
podotknout, Ze druhy vradé zminény absorpini pas je povazovan za indikator
aromatickych sloucenin odvozenych zligninu tzn. pas tzv. ligninovych residui. AZ na
nékteré vyjimky jsou vinfracervenych spektrech HL nejintenzivnéjsimi absorpénimi
pasy ty, které miZeme bez jakéhokoliv zavahani pripsat valenénim symetrickym
vibracim C=0 vazeb v karboxylovych skupinach. Specifickd adsorpce téchto past
nastava vyhradné pri 1710+ 10cm-l. Pritomnost karboxylovych skupin je
vinfracervenych spektrech HL anékterych vzorki DOM doprovazena Sirokym
absorp¢nim pasem lokalizovanym v oblasti 2700-2400 cm-1. Tento absorpcni pas je
zpravidla pripisovan vy$$im harmonickym prechodim tzv. overtoniim, které jsou
indukovany prostfednictvim kombinacnich vibraci karboxylovych skupin vytvarejicich
dimery R-C-OH---0=C-R. Zpravidla si vinfracervenych spektrech HL nelze
nepovsSimnout pomérné intenzivniho a Sirokého absorp¢niho pdasu, jehoZ specificka
absorpce nastava pri 1400 + 10 cm~1. Kvalitativni prifazeni tohoto pasu byva ponékud
problematické, a to predevsim z diivodu jeho méné selektivni hodnoty vinoctu, ktery se
nachdzi na pomezi dvou forem karboxylovych skupin. Obecné miZeme tento pas
priradit rovinné deformacni vibraci C-O-H a symetrické valenc¢ni vibraci C-0 vazeb v -
COOH resp. COO- skupinach. Tato hypotéza miize byt v dobré platnosti, pokud si
uvédomime, Ze urcita ¢ast populace karboxylovych skupin se bude nachazet ve formé
anionu, jelikoZ témito reaktivnimi skupinami jsou vazany nékteré kationy, jako jsou Ca2+,
Mg?2+, Fe2*, A3+ aj. O pritomnosti téchto anorganickych primési v HL a DOM svédci
stanovené obsahy nespalitelného podilu tj. popela. Obdobné slozitou interpretaci se
vyznacuje absorpéni pas, ktery miizeme nalézt pii 1225 + 10 cm-1. Cisté z hypotetického
hlediska miiZe byt tento pas pripsan valenc¢ni symetrické vibraci C-0 vazeb ve fenolech
a karboxylovych funk¢énich skupindch. Mimo jiné, prichazeji vuavahu ivalen¢ni
asymetrické vibrace C-0-C vazeb v aryl-etherech. Naproti tomu, k absorpénimu pasu
lokalizovanému pti 1080 cm~1 Ize jednoznacné priradit specificky vibra¢ni méd, ktery je
v pfimé souvislosti svalen¢ni asymetrickou vibraci C-O-C vazeb v alkyl-etherech.
Absorpcni pas s proménnou relativni intenzitou, ktery je obvykle lokalizovan pri
1035 + 5 cm~! odpovida valen¢ni symetrické vibraci C-0 vazeb v primarnich alkoholech.
Jinymi slovy lze tento absorp¢ni pas povaZovat za indikdtor residudlnich fragmenti
polysacharidii.

Jak jiZ bylo nastinéno vyse, nékteré absorp¢ni pasy maji povahu prekryvajicich se
pikl, které ve své podstaté odpovidaji celé radé vibra¢nich mddi pripadajicich
rozliécnym funkénim skupindm resp. strukturnim jednotkdm. Tento kvalitativni problém
lze s jistou davkou obezretnosti vyresSit pomoci dekonvolucnich postupti, kam zpravidla
fadime Lorentzovu a Gaussovu profilovou funkci, pripadné jejich kombinaci [101-103].
Nicméné, v dnesni dobé je stale vice pouzivana tzv. Fourierova autodekonvoluce, avSak
je nutné rici, Ze tato inverzni FT-funkce ve své podstaté postrada informace tykajici se
kvantitativniho zhodnoceni nalezenych pasi. Jinymi slovy, tuto chemometrickou metodu
nelze pouZit ke kvantitativnimu zhodnoceni dekonvoluvovanych absorp¢nich past, jak
je tomu v pripadé vySe zminénych profilovych funkci.
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Na Obr. 12 jsou uvedeny dekonvoluce absorpc¢nich pasiti vzorku hnédouhelné HK,
které jsou obecné pripisovany valenénim symetrickym vibracim C=0 a C=C vazeb
v karboxylovych  skupindch aaromatickych strukturnich jednotek. V pripadé
dekonvoluce kondenzovanych systéma tzn. kapalnych apevnych vzorki je
nevyhnutelné nutné pouzit Gauss-Lorentzovu profilovou funkci. Jak z Obr. 12 vyplyva,
mnoho zajimavych kvalitativnich informaci je zpravidla ztraceno v konvoluci
jednotlivych vibra¢nich médi, kterymi se vyznacuji ponékud Siroké absorpcni pasy HL
a DOM. Jak je vidét z Obr. 12a, tak pomoci dekonvoluce lze v ptivodné Sirokém pasu
s maximem specifické adsorpce pti 1710 + 10 cm~1 rozliSit celou Fadu lokalnich maxim,
které prednostné odpovidaji valen¢ni symetrické vibraci C=0 vazeb vrozli¢cnych
funkénich skupinach, jako jsou laktonové, esterové, karboxylové aj. skupiny. Lokalni
maxima lokalizovana pri 1758 cm~! a 1744 cm! Ize jednoznacné pripsat valencnim
symetrickym vibracim C=0 vazeb v saturovanych resp. alkyl-esterech. Naproti tomu je
pritomnost aryl-esteri odhalena nejintenzivnéjSim signdlem, jehoZ pozice je
v dekonvoluovaném spektru pii 1729 cm-1. Pas lokalizovany pti 1714 cm™1 je zpravidla
pripisovan valenc¢ni symetrické vibraci C=0 vazeb v karboxylovych skupinach
alifatickych organickych kyselin. Méné intenzivni maximum s hodnotou specifické
adsorpce pri 1689 cm1 Ize bez jakéhokoliv zavahani pripsat vg vibraci karbonylu v -
COOH skupinach, kterymi jsou substituovany Ar jednotky. V piipadé signalu
vystredéného pri 1702 cm™! nejsme schopni jednozna¢né urcit, zda se jedna
o karboxylové skupiny alifatickych ¢i aromatickych kyselin. Z hlediska strukturniho
sloZzeni HL jsou velmi zajimavé pasy lokalizované pri nejvysSich hodnotach vlnoctuy,
které maji sviij plivod v latkach, jako jsou 8- a y-laktony.
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Obrazek 12: Dekonvoluce absorpcnich pasi vzorku standardu hnédouhelné HK (Leonardite IHSS).
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Signaly pritomné v dekonvoluovaném spektru viz. Obr. 12b lze rozdélit do ti{ skupin
tzn. aromatickych strukturnich jednotek, sekundarnich amidt a sorbovanych molekul
H20. Pasy, které jsou lokalizovany v oblasti 1650-1630 cm~1 Ize vyslovné identifikovat
jako signaly pripadajici valenénim a deformacnim vibracim O-H vazeb v molekulach
H20. Aromatickym strukturnim jednotkam nalezZi triplet pasi pii 1613 cm-1, 1598 cm~1
a 1582 cm1, které odpovidaji valencni symetrické resp. dychaci vibraci C=C vazeb
v téchto vyse zminénych strukturach. Naproti tomu dublet piki, jejichZ pozice jsou
vystredény pri 1565 cm1 a 1547 cm™1 Ize bez jakéhokoliv zavahani pripsat deformacni
rovinné vibraci N-H vazeb v sekundarnich amidech. Tyto strukturni jednotky jsou
v pfimé souvislosti s pritomnosti bilkovinnych residui v analyzovanych vzorcich OM.

Jako u ostatnich instrumentdlnich technik lze pfi analyze téchto biokoloidnich
slouc¢enin vyuzit tzv. specifickych strukturnich koeficientt, které jsou obecné definovany
jako poméry intenzit ¢i integrovanych ploch dvou unikatnich absorpcnich past. Tato
semikvantitativni metoda ndm umoziuje rychlé zhodnoceni strukturnich odliSnosti,
které jsou predevSim determinovany obsahem rozlicnych funkcénich skupin resp.
strukturnich jednotek, které mohou byt pripsany jednotlivym stavebnim kamenim
spoluvytvarejicich supramolekuly HL potazmo DOM.

O mire substituce aromatickych strukturnich jednotek karboxylovymi ¢i fenolickymi
funkénimi skupinami vypovidaji dva specifické strukturni Kkoeficienty I5./Icoon
alar/Iaron- V prvnim pripadé se jedna o pomér intenzit absorpcnich past pri 1620 cm-?
a 1710 cm-1, které Cisté odpovidaji valencnim vibracim C=C a C=0 vazeb v aromatickych
strukturnich jednotkach akarboxylovych funkcénich skupinach. Naproti tomu je ve
druhém pripadé totoZnd hodnota cCitatele podélena intenzitou absorpc¢nich pasu pii
1220 cm™1, ktery je spjat s valen¢nimi vibracemi C-O vazeb koexistence aromatického
uhliku s kyslikem hydroxylové skupiny. Na zakladé téchto strukturnich parametr(
miiZzeme odhadovat aromaticitu resp. alifaticitu studovanych HL. Za timto ucelem byl
definovéan specificky koeficient Ia;/I_cy,_(5) anebo Inr/I_cy, (,s), ktery zohlediiuje bud
symetrickou anebo asymetrickou vibraci C-H vazeb v methylenovych skupinach. Na
tomto misté je nutné zminit i dalsi specificky strukturni koeficient, ktery je v literatute
béZné oznaCovan jako Iy/Iz, na jehoz zakladé miiZzeme velmi dobfe predikovat
reaktivitu HL, kterd je predevSim vazana na obsah karboxylovych a -OH fenolickych
skupin. Tento koeficient je definovan jako pomér intenzit vSech absorpcnich pasi
odpovidajicich kyslikatym funkénim skupindm a past, které jsou cCisté povazovany za
indikatory hydrofobicity HL. Za nositele hydrofobicity HL aDOM jsou obecné
povaZzovany alifatické aaromatické strukturni jednotky. Rozvétveni alifatickych
strukturnich jednotek muze byt predikovano na zakladé specifického strukturniho

koeficientu I_CHs/(I_CH3 + I_CHZ_), ktery je definovan jako pomér intenzity absorp¢niho

pasu methylovych funkénich skupin a veSkerych alifatickych jednotek.
5.2.3 Steady-state fluorescencni spektrometrie

Jak jiZz bylo uvedeno v subkapitole 4.2.1, roztoky HL resp. OM jsou schopny vyznamné
absorbovat elektromagnetické zareni, ato predevSim v kratkovinné UVC oblasti.
Nicméné pravdépodobnost elektronovych prechodii nelinearné klesa se sniZujici se
energii dopadajicich fotonli, atudiZz maji vysledna UV/Vis spektra typicky
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kvaziexponencidlni pribeéh. V tuto chvili se nachazime jen nepatrny krok od pozorovani
fluorescence téchto unikatnich biokoloidnich sloucenin. Aby byla splnéna podminka
fluorescence, tak musi excitovany elektron pozbyt ¢ast své energie prostiednictvim
nezarivého prechodu nasnadé oznaCovanym jako vibrac¢ni relaxace. Pri vibracni relaxaci
je Cast prebytecné energie disipovana ve formé tepla, vdlsledku cehoz miiZe ze
zakladniho excitovaného stavu S; dojit k zarivému prechodu elektronu na nékterou ze
zakladnich hladin stavu So tj. princip fluorescence resp. emise elektromagnetického
zareni.

Fluorescen¢ni spektrometrii v ustdleném stavu miliZeme povazZovat za vysoce
selektivni instrumentalni techniku, jelikoZ pozorovana fluorescence je indukovana
pouze takovymi organickymi slouceninami, které se vyznacuji konjugovanym systémem
dvojnych vazeb. Vpripadé HL aDOM jsou tyto konjugované systémy spjaty
s pritomnosti aromatickych a heterocyklickych sloucenin, zatimco nelze opomenout
i takové organické slouceniny, které se vyznacuji pomérné dlouhymi retézci s vyse
zminénou konjugaci. V prvni fadé nam fluorescenc¢ni spektrometrie poskytuje informace
o chemické povaze HL aDOM, které jsou determinovany polohou a intenzitou
fluorescencnich domén. Tyto fluorescencni maxima jsou obecné velmi dobrymi markery
vypovidajicimi o piivodu HL a DOM, a proto jsou rovnéz vyuzivany jako potencionalni
»otisky prsti“, na jejichz zakladé mohou byt tyto biokoloidni slouceniny klasifikovany
a tfidény do prisluSnych skupin. Mimo jiné je na tomto misté nutné zminit, Ze poloha
aintenzita fluorescen¢nich maxim nese v sobé informace io mife substituce danych
fluoroforti elektron-donornimi ¢i elektron-akceptornimi skupinami. Jako u ostatnich
instrumentalnich technik, tak i vtomto piipadé jsme schopni predikce nékteré z dalSich
vlastnosti, kterymi se tyto biokoloidni slouceniny vyznacuji. Jedna se predevSim
o aromaticitu, heterogenitu, sttedni molekulovou hmotnost M,, a dynamické vlastnosti
souvisejici s jejich intermolekuldrnimi a intramolekularnimi interakcemi.

Celkova luminiscencni spektrometrie#? (TLS), ktera je v dneSni dobé spiSe znama jako
excitacné-emisni matice (EEM) je mnohymi autory povazZovdna za jednu
z nejkomplexnéjSich metod studia HL a DOM, a to predevSim proto, Ze tato fluorescen¢ni
technika vynikd nebyvalou senzitivitou stanoveni jednotlivych sloucenin ve
fluorescenéni smési. V disledku supramolekularniho pohledu je nadevsSe jasné, Ze
jednotlivé stavebni kameny spoluvytvarejici tyto obdivuhodné asociace budou mit
nezanedbatelny vliv na fluorescenc¢ni chovani, ale i tak miizeme popsat néktera obecna
pravidla, ktera jsou povSechné v platnosti. Pokud jsou aromatické strukturni jednotky
bohaté substituovany elektron-donornimi funkénimi skupinami tzn. -OH, -NH», -OCH3
atd. lze utéchto fluorescencnich domén pozorovat vyznamné zvySeni intenzity
fluorescence. Naproti tomu, pokud prevlada substituce aromatického jadra elektron-
akceptornimi funkénimi skupinami tzn. -COOH, -COH atd. je pozorovany efekt opacny
[104, 105]. V této souvislosti je nutné rici, Ze urcita variabilita v substituci aromatického
jadra ma nejen vliv na intenzitu fluorescence, ale také vyznamné ovlivituje pozici
piislusSnych domén v EEM spektrech. Obecné muzeme konstatovat, Ze substituenty

40 EEM spektra vznikaji spojenim excitacnich a emisnich spekter do dvojrozmérného (konturovd mapa)
anebo trojrozmérného (3D EEM mapa) obrazu, kde na jedné ose je vynesena excitac¢ni vinova délka,
na druhé ose je vynesena vinova délka emise ana svislé ose je vynesena intenzita fluorescence Ir
(CPS).
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obsahujici karbonyl, hydroxyl, alkoxyl ¢i aminoskupiny maji tendenci posouvat
fluorescenéni maximum do oblasti vySSich vinovych délek, to znamena, Ze dochazi
k tzv. red-shift (Cerveny posun). Na druhé strané, je posun fluorescené¢niho maxima ke
krat$im vinovym délkam prevazné spjat s poklesem poctu aromatickych kruht anebo
sniZzenim konjugovaného systému dvojnych vazeb ve struktuie dlouhych linedrnich
Fetézcl. Jinymi slovy, tzv. blue-shift resp. modry posun fluorescen¢niho maxima je vzdy
doprovazen vyznamnym sniZzenim poctu 1 elektronii v daném fluoroforu. Aby byla nase
predstava o fluorescenci HL a DOM v uplnosti, tak je treba zminit, Ze fluorescencni
domény, které jsou lokalizovany v oblasti vysokych vinovych délek excitace i emise se
obvykle vyznacuji systémem linearné kondenzovanych aromatickych struktur anebo
systémy vysokého stupné konjugace nenasycenych vazeb. V obou téchto pripadech se
prislusné domény vykazuji pomérné nizkymi hodnotami fluorescen¢ni intenzity.
Nicméné, jak zvySe uvedeného faktu vyplyva, tak intenzita fluorescence miiZe byt
pouzita k predikci molekularni velikosti daného fluoroforu [106].

Rozdéleni HL a DOM dle fluorescencnich domén pritomnych v EEM

Jak jiz bylo receno vySe, celkova fluorescencni spektra resp. excitacné-emisni matice
HL a DOM maji povahu tzv. fingerprintu, a proto je lze s vyhodou vyuZit ke klasifikaci
téchto unikatnich biokoloidnich sloucenin do jednotlivych trid ¢i skupin. Jinymi slovy,
kazdy vzorek HL aDOM se vyznacuje vEEM spektrech specifickym poctem
fluorescencnich domén, zatimco jejich presna pozice a intenzita fluorescence (Ir) jsou
obecné nositelkami typickych vlastnosti, kterymi se tyto organické slouc¢eniny vyznacuiji.
Jedna se predeviim o jejich aromaticitu, stfedni molekulovou hmotnost M,,, miru
kondenzace a substituce aromatickych strukturnich jednotek elektron-donornimi ci
elektron-akceptornimi funkénimi skupinami avneposledni radé iefekty spojené
s intramolekularnimi stavy prenosu naboje v literature oznacované jako charge-transfer
states.

Fluorescencni domény resp. fluorofory jsou tradicné rozdéleny do dvou zakladnich
skupin, ato na huminové (fulvic/humic-like) a ne-huminové (tyrosin/tryptofan-like)
[107-117]. AZ na nékteré vyjimky, jako jsou bud HK izolované zhnédouhelnych
prirodnich matric anebo vzorky DOM, jeZ se nachdazeji v prvnich fazich humifika¢niho
procesu, se zpravidla tyto biokoloidni slouceniny vyznacuji dvéma fluorescenc¢nimi
doménami, které jsou v odbornych pramenech oznacovany symboly A a C, pripadné &
a a. Fluorescen¢ni doména A resp. & je v excitacné-emisnim spektru (EEM) lokalizovana
v oblasti vinovych délek 240-280/400-500 nm (Aox/Acp), Na druhé strané, fluorofor C
resp. a se zpravidla nachazi v oblasti vysSich vinovych délek excitace i emise tzn. pri
300-360/400-500 nm (Agx/Aem). Mimo jiné se vodborné literatufe miZeme setkat
s oznaCenim vySe zminénych fluoroforti jako UVC a UVA, jeZ je vprimé souvislosti
s pouzitou vilnovou délkou excitace resp. budiciho zareni. Fluorescen¢ni domény C resp.
a, které jsou vodbornych publikacich oznacovany jako humic-like fluorofory lze
jednoznacné pripsat aromatickym slouc¢eninam, které maji svilij ptivod v latkach, jako
jsou polyhydroxybenzoové kyseliny, derivaty kyseliny skoricové a kumarinu. Mimo jiné
prichazeji v ivahu islouceniny, jeZ jsou odvozeny od polyaromatickych fytohormont,
kam zpravidla radime kumasteny, z nichZ nejvyznamnéjSimi predstaviteli jsou derivaty
kumasterolu. Obecné jsou tyto organické slouceniny produkovany béhem dekompozice
rostlinnych tél. Na tomto misté je nutné rici, Ze do této skupiny jsou rovnéz razeny
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takové organické slouceniny, které jsou v piimé souvislosti s latkami, jako jsou derivaty
rizné substituovanych fenolickych jednotek pochazejicich zligninu, Schiffovy baze ¢i
derivaty xanthonu anebo chinolinu. Naproti tomu, fluorescen¢ni domény A resp. &
(fulvic-like) jsou prevazné spjaty s mono- anebo di-aromatickymi kyselinami s variabilni
mirou substituce Ar jednotek hydroxylovymi skupinami. Kromé toho, mohou byt do této
kategorie razeny i derivaty chinoni, jako jsou benzochinony a naftochinony. Posledni
typickou fluorescen¢ni doménou, kterou se vyznacuji HL je fluorofor, ktery je
vodbornych pramenech oznacovan jako marine humic-like. Jak nazev tohoto
fluorescen¢niho maxima napovid3, tak tato doména je typickym fluoroforem HL a DOM
izolovanych z pobteZznich sedimentii a morskych vod. Nicméné toto fluorescencni
maximum se nachazi ive vzorcich terestridlnich HL avtéto souvislosti je obvykle
povaZzovano za prekurzor fluorescencni domény C resp. a. V tuto chvili je patrné, Ze
pojmenovani této fluorescenéni domény je spjato s okamzikem, kdy a v jakém vzorku
OM byla prvotné nalezena. Pozice tohoto fluoroforu M resp. 3 je determinovana oblasti
vinovych délek 290-310/370-410 nm (Agyx/Aerm)-
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Obrazek 13: EEM konturova mapa vzorku standardu FK (Elliott Soil IHSS) s vyznacenymi fluorescen¢nimi

doménami (fluorofory) a fluorescencnimi koeficienty; prevzato upraveno [114].
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Na tomto misté je nutné podotknout, Ze v pripadé terestridlnich HK, a to zejména téch,
které byly izolovany z kaustobiolitickych prirodnich matric se v jejich EEM spektrech
miizeme setkat sfluorescencnim maximem, které je lokalizovdno v oblasti velmi
vysokych vinovych délek excitace a emise, nejcastéji vSak pri 450-470/500-520 nm
Aex/Aem) [72, 111, 113]. Tato fluorescen¢ni doména V ma pravdépodobné sviij ptivod
v latkach jako je fytochlorin. Tyto slouceniny jsou degradacnimi produkty chlorofylu,
které se svoji strukturou podobaji ZluCovému barvivu bilirubinu, ato predevsim
v diisledku toho, Ze obé tyto slouceniny jsou tvoreny centralnimi porfyrinovymi kruhy.

Jak jiz bylo zminéno vyse, v EEM spektrech HL a DOM miZeme nalézt i fluorescencni
domény tzv. ne-huminového typu, které jsou obvykle povaZovany za indikatory
biologické aktivity mikroorganismi pldni avodni fléry. Jedna se predevSim o 2,3-
benzopyrrol tj. indol, ktery je prekurzorem mnoha organickych sloucenin, jako je
tryptofan ¢i rizné alkaloidy a biomolekuly. Tyto organické slouCeniny miiZzeme obecné
vlnovych délek emise je oznaCovan jako tyrosin-like. Tato fluorescencni doména B resp.
Y je vexcitacné-emisnich spektrech lokalizovana v oblasti vinovych délek 270-
280/300-315 nm (Aex/Aer)- Naproti tomu, fluorescentni doména, které je vSeobecné
znama jako tryptofan-like (T resp. 6) se nachazi v oblasti vyssich vinovych délek emise
tzn. 270-280/345-360 nm (Agx/Aem)- VySe zminéné fluorescenéni domény jsou
produkovany na zakladé aktivity mikrobidlni biomasy, a to zejména v podobé exsudati,
které se nachazeji v jejich blizkosti [114-117].

Steady-state fluorescencni spektra lze s vyhodou pouZit k vypoctu tzv. fluorescencnich
koeficientli, které jsou definovany jako poméry intenzit fluorescence (Ir), anebo jako
plochy pod krivkou pri vhodné zvolenych vinovych délkach emise. Fluorescen¢ni
koeficienty nam poskytuji nejen informace o kvalitativnich vlastnostech HL resp. DOM,
kam zpravidla fadime aromaticitu, stfedni molekulovou hmotnost M,, aj., ale také
vypovidaji o urcitych biologickych mechanismech, které jsou neoddélitelnou soucasti
jejich geneze v rozlicnych prirodnich ekosystémech. V této souvislosti mame piredevsim
na mysli mikrobiadlni aktivitu, dostupnost organického uhliku, ktery miize byt bud’
autochtonniho anebo alochtonniho ptvodu, vliv slune¢niho zareni atd.

Historicky, jeden z prvnich navrzZenych koeficientl je tzv. fluorescen¢ni index (FI),
ktery je definovan jako pomeér intenzit fluorescence pii emisnich vinovych délkach 450
a 500 nm, zatimco vlnova délka budiciho zareni je 370 nm [109]. Vypoctené hodnoty
tohoto fluorescen¢niho koeficientu jsou predevsim zavislé na pritomnosti a intenzité
fluorescencnich domén C (o) a M (). Na tomto misté je nutné podotknout, Ze v ivahu
prichazeji i doposud neidentifikované fluorofory, které se vyznacuji pomérné velkymi
Stokesovymi posunu (> 80 nm), pricemz jejich emise nastava v modrozelené oblasti Vis
spektra. VySe zminény index velmi dobie reflektuje rozdily mezi terestridlnimi
a mikrobiadlné derivatizovanymi HL a DOM. Hranice k urceni specifického ptivodu HL
aDOM je vtomto pripadé ddna rozmezim hodnot: FI (terestridlni OM) < 1,4-1,9 > FI
(mikrobialni OM). Mimo jiné, stupen aromaticity HL a DOM je ve velmi dobré inverzni
korelaci s timto fluorescen¢nim koeficientem, a proto ho lze s vyhodou pouZit k odhadu
aromaticity & M,,. Také lze vysledovat, Ze hodnota fluorescen¢niho indexu FI se zvy$uje
s klesajicim atomovym pomérem C/N.
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Za komplementarni fluorescencni koeficient k navrzenému parametru FI miizeme
povaZovat tzv. biologicky/autochtonni index BIX, ktery je definovan jako pomeér intenzit
fluorescence pti kratSich vilnovych délkadch emise a excitace. Jak z ilustrativniho EEM
spektra vyplyva (viz. Obr.13), tak tento fluorescencni koeficient 1épe zohlednuje
prispévek fluorescencni domény M (), jeZ je spjata s autochtonni resp. mikrobialni
produkci OM v prirodnich ekosystémech [118]. VySe zminény koeficient je definovan
jako pomér intenzit fluorescence pri emisnich vinovych délkach 380 a 430 nm, pticemz
vlnova délka excitace je 310 nm. Biologicky/autochtonni index BIX je ve své podstaté
formulovan tak, aby co nejcitlivéji odpovidal na kvantitativni zmény v relativnim
zastoupeni obou fluorescencnich domén, které jsou pripisovany DOM terestrialniho
a mikrobidlniho plvodu. Fluorescenéni doména M (), jenZ je lokalizovana v oblasti
kratSich vlnovych délek emise se vyhradné priCitd autochtonnim DOM, které jsou
vysledkem  mikrobidlni Cinnosti rozlicnych  spoleCenstev, nejcastéji  vsak
oligokarbofilnich bakterii. Fluorofor C (a) resp. UVA fluorescen¢ni doména je vyhradné
pripisovana alochtonnim OM anebo diageneticky pozménénym doméndm marine
humic-like. Vypoctené hodnoty BIX, které se nachazeji vrozmezi 0,8-1,0 odpovidaji
nové resp. ,Cerstvé” syntetizovanym DOM biologického ¢i mikrobidlniho ptvodu.
Naproti tomu, vzorky, které se vyznacuji hodnotami BIX < 0,6 jsou povazovany za OM
pirevazné alochtonniho pivodu.

Snaha o predikci stupné humifikace vedla odbornou spolecnost zabyvajici se
fluorescencni spektrometrii HL a DOM k navrzeni tzv. humifika¢niho indexu HIX, ktery
je definovan, jako pomér dvou integralnich ploch pod emisnim spektrem tzn. A,/A;
[119]. Za timto ucelem byly pouzity dvé oblasti oznaCované jako Ai a A4, které jsou
vypocteny jako plos$né integraly vrozmezi vinovych délek emise 300-345 nm (A1)
a435-480 nm (A4). VInova délka budiciho zareni (254 nm) byla zvolena tak, aby byly
zohlednény nejen fluorescentni domény A (&), ale také ifluorofory ne-huminového
charakteru, jako jsou tyrosin- a tryptofan-like. Na tomto misté je nutné fici, Ze stupen
humifikace reprezentovany vypoCtenymi hodnotami koeficientu HIX je obecné
indikatorem ,véku“ (material’s age) ajeho odolnosti vici kvalitativnim zménam
v probihajicim procesu humifikace. Napr. obecné se predpoklada, Ze vysoce humifiko-
vané organické slouceniny, které jsou typickymi predstaviteli HL a DOM terestridlnich
ekosystémi jsou pomérné dost perzistentni vici degradaci apredpokladd se, Ze
v takovych to prirodnich prostrednich pretrvavaji v nepozménéné podobé déle nez ty
s nizkym stupném humifikace. Hodnota humifika¢niho indexu HIX je vSeobecné velmi
nizka (HIX<5) pro vzorky HL aDOM pochazejicich zrostlinné biomasy a hnoje
hospodarskych zvirat, zatimco se zvySuje v pribéhu jejich rozkladu a humifikace ¢i
sorpce na mineralni podil pidy. Naproti tomu, HL a DOM pochazejici z terestrialnich
piirodnich matric, jako jsou kaustobiolity aplidy se vyznacCuji ocividné vysSimi
hodnotami tohoto parametru, avSak nejcastéji jsou determinovany rozmezim 10-30.
Mimo jiné, nelze ani opomenout, Ze tento fluorescencni index je v silné pozitivni korelaci
s aromaticitou resp. stupném aromaticity. Nicméné bylo i dokazano, Ze tento index je
pomérné v dobré inverzni korelaci s obsahem polysacharidii, a proto ho Ize sjistou
opatrnosti pouzit k predikci téchto biopolymernich residui v analyzovanych vzorcich HL
a DOM.
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Poslednim fluorescenénim parametrem, ktery je definovan jako ploSny integral pres
celé emisni fluorescenc¢ni spektrum je tzv. Milori index, ktery je v odbornych publikacich
oznacovan jako As4o [120]. Tento fluorescencni index je formulovan jako totalni integral
pod emisnim spektrem v rozmezi vinovych délek 460-650 nm, které prakticky pokryva
celé viditelné spektrum Vis. VInova délka excitacniho zareni byla pro tento kvalitativni
parametr zvolena na 440 nm, jeZ ve své podstaté odpovida prechodu mezi fialovym
amodrym svétlem. Fluorescenc¢ni index As40 vynikd vybornymi hodnotami koeficientu
determinace svySe zminénym parametrem HIX, atudiZz ho Ize svyhodou pouZit
k odhadu stupné aromaticity a humifikace HL. a DOM.

Vnitrni filtracni efekt prvniho a druhého druhu HL a DOM

Jak jiZ bylo zminéno v dvodni ¢asti této subkapitoly, vodné anebo organické roztoky
HL a DOM se vyznacuji velmi silnou absorpci v tzv. kratkovinné oblasti UVC, od které
postupné klesa s charakteristickym kvaziexponencialnim priibéhem. VysSe zminény
prudky pokles absorbance je zpravidla ukoncen v oblasti zeleného svétla, ktera je
limitovdna rozsahem vlnovych délek 500-565 nm. Od této hranice miizeme pribéh Vis
spektra povaZovat za linearni s pomérné nizkou hodnotou smérnice kx.

Obecné miliZeme fici, Ze zdanliva intenzita fluorescence Ir zavisi prednostné na optické
hustoté vzorku ana pouzité geometrii mezi excitatnim aemisnim zarenim, kdy
nejbéznéjsim usporadanim mezi témito paprsky je pravy uhel ak emisi zareni, tak
dochazi v centralni casti kyvety. Je dilezité si uvédomit, Ze intenzita fluorescence je
umérna koncentraci analyzovaného vzorku pouze v omezené mire rozsahu optickych
hustot. V pripadé pravouhlého usporadani tak dochazi ktzv. vnitinimu filtracnimu
efektu resp. efektu vnitfnimu filtru. Vnitini filtra¢ni efekt miZeme rozdélit na dva
zaroven pusobici fenomény, z nichZ prvni je dan sniZzenim intenzity budiciho zateni
v centralni c¢asti kyvety, a naproti tomu druhy je spjat se sniZenim intenzity fluorescence
re-absorpci emitovaného zareni. Je tedy zfejmé, Ze relativni vliv kazdého tohoto efektu
zavisi na optickych hustotach analyzovaného vzorku pii konkrétnich vinovych délkach
excitace a emise. Uvadi se, Ze namérena intenzita fluorescence je pfimo imérna optické
hustoté, jejiZz velikost pri konkrétnich vinovych délkach excitacniho a emisniho zareni
nepresahne hodnotu 0,05. Vopatném pripadé je nevyhnutelné nutné tyto vnitini
filtracni efekty prvniho adruhého druhu korigovat pomoci néjakého vhodného
matematického aparatu. Asi nejjednodusSim korekénim modelem je matematicky vztah
navrzeny Lakowiczem [121]. Empiricky miZeme definovat nasledujici korekéni vztah
nasledujici rovnici:

ODeX+ODem)

Ig(corr.) = Iz(obs.) X 10( 2 (3)

kde Ig(corr.) je korigovand intenzita fluorescence, Ir(obs.) je naméfena intenzita
fluorescence, ODex a ODem jsou optické hustoty pri prisluSnych vinovych délkach excitace
a emise.
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Obrazek 14: Porovnani nekorigovaného a korigovaného EEM spektra vzorku pidni FK.

Na tomto misté si dovolim ilustrovat (viz.Obr. 14), jakych zavaZnych pochybeni
bychom se dopustili v pripadé opomijeni tohoto efektu v pripadé studia HL a DOM
pomoci fluorescencni spektrometrie. Je ziejmé, Ze v pripadé nekorigovanych EEM
spekter bychom se dopustili jiz zavazného pochybeni z hlediska interpretace a lokalizace
fluorescenc¢nich domén, které vypovidaji nejen o ptivodu vzorku, ale jsou predevsim
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nositelkami dal$ich zajimavych informaci, jako je mira substituce aromatickych struktur
elektron-donornimi ¢i elektron-akceptornimi funk¢nimi skupinami, heterogenita,
aromaticita, stiedni molekulovd hmotnost M,,, dynamické vlastnosti souvisejici s jejich
intermolekularnimi a intramolekularnimi interakcemi atd.

V pripadé vysSe zminénych fluorescenc¢nich koeficientli by se predevSim jednalo
o potlaceni piispévku tzv. ne-huminovych fluorofori, jejichZz specificka fluorescence
nastava v oblastech velmi kratkych vinovych délek excitace a emise, kde je pozorovany
vnitini filtracni efekt nejmarkantnéjsi. Jinymi slovy by dochazelo k nadhodnoceni stupné
aromaticity, stiedni molekulové hmotnosti M,, avneposledni tadé ipiispévku
alochtonnich konstituentt, které se spolupodileji na celkové fluorescenci HL a DOM.

5.2.4 13C NMR spektrometrie

Nevidany rozmach vyuziti 13C NMR spektrometrie v oblasti studia HL resp. DOM byl
iniciovan pocatkem 80. let minulého stoleti, kdy se do popredi dostavaji instrumentalni
techniky s Fourierovou transformaci (FT) [122]. VdneSni dobé je 13C NMR
spektrometrie povaZovana za jisty standard v oblasti kvalitativniho, ale i do jisté miry
kvantitativniho zhodnoceni téchto unikatnich biokoloidnich latek. V piipadé 13C NMR
spektrometrie se nam nabizeji dvé cesty, jakymi lze tyto prirodni slouCeniny analyzovat,
a obvykle vychazeji ze skupenského stavu pouzitého vzorku. Je nadmiru jasné, Ze pouZziti
solid-state anebo liquid-state 13C NMR spektrometrie ma své prednosti, ale i nevyhody,
které jsou prevazné determinovany povahou vzorku a do jisté miry i nasi predstavou, co
od namérenych spekter ocekavame za relevantni informace. PouZziti 13C NMR
spektrometrie v tzv. pevném stavu (solid-state) je preferovano v pripadé, kdy povaha
analyzovaného vzorku nam neumoZnuje jeho kvantitativni prevedeni do roztoku.
Omezena rozpustnost HL je obvykle zplisobena vy$$im obsahem anorganickych pirimési,
ktery lze definovat jako nespalitelny podil, jenZ je ve struktute HL adsorbovan prevazné
reaktivnimi funk¢nimi skupinami, kam zpravidla fadime -COOH a fenolické -OH
skupiny. Mimo jiné je tato metoda spiSe pouZitelna pro rychlou a rutinni analyzu, jelikoZ
namérend 13C NMR data maji obvykle povahu pasového spektra bez zjevnych lokalnich
maxim, které bychom mohli ptiradit prisluSnym typtim uhliku. Avsak jednou z hlavnich
vyhod této techniky je minimalizace pripadnych kvalitativnich zmén, ke kterym by
mohlo dochazet v priibéhu rozpousténi vzorku. V této souvislosti mame predevsim na
mysli hydrolyzu ¢i do jisté miry pravdépodobnou oxidaci, v pripadé, kdy je rozpustény
vzorek HL pred vlastnim mérenim skladovan po delSi dobu. Rovnéz ani nelze vyloucit
ptripadnou mikrobidlni degradaci anaerobnimi bakteriemi, jako jsou napft. Clostridium
sporogenes. Tyto gram-positivni bakterie se bézné vyskytuji v terestrialnich prirodnich
matricich, atudiZ mohou byt sorbovany HL aDOM, které jsou dobrymi zdroji
organického uhliku pro jejich metabolismus. Naproti tomu, liquid-state 13C NMR
spektrometrie je podstatné naro¢néjsi na pristrojovy ¢as, nicméné co se tyce senzitivity
a spektralniho rozliSeni, tak tato instrumentalni technika mnohonasobné prevysuje
NMR spektrometrii v pevném stavu. Na tomto misté je nutné tici, Ze pravé liquid-state
(LS) BBCNMR spektrometrii lze svyhodou vyuzit kvelmi podrobnym kvalitativnim
analyzam, a to predevsim z diivodu hyper-jemného rozliSeni signaldi, které mohou byt
nasledné pripsany jednotlivym typtim atomu uhliku 13C.
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Obvykle miiZeme rozdélit 13C NMR spektra na Ctyfri zakladni oblasti, ve kterych
nastava specifickd absorpce jednotlivych stavebnich jednotek HL a DOM, jako jsou
alifatické rtetézce, fragmenty polypeptidli, polysacharidi avneposledni tadé
i aromatickych sloucenin prevazné odvozenych zligninu. Specifickd absorpce vysSe
zminénych konstituentii nastava v nasledujicich oblastech chemickych posuni: (i) oblast
alifatickych uhlikd (0-45 ppm); (ii) oblast O-alkylovych a peptidovych atomii uhliku
(45-106 ppm); (iii) oblast veSkerych aromatickych atom uhliku (106-165 ppm) a (iv)
oblast karbonylovych atomt uhliku (165-210/220 ppm) [123]. Na tomto misté je nutné
fici, Ze oblasti chemickych posunti, které jsou pripisovany veSkerym aromatickym
a karbonylovym uhlikiim, Ize sjistou davkou experimentdlni obeziretnosti blize
specifikovat. Oblast chemického posunu aromatickych uhliki miZeme rozdélit na
specifickou absorpci prevazné alkoxy-substituovanych aromati (106-145 ppm)
a fenolickych atomi uhliku (145-165 ppm). Obdobnym zptlisobem lze bliZe specifikovat
oblast karbonylovych atomi uhlik{, a to tak, Ze v oblasti chemickych posunii pti 165-
190 ppm nastava absorpce karboxylovych funkcnich skupin, zatimco oblast pii 190-
210/220 ppm je vyhradné spjata s absorpci karbonylu [9].

Velmi casto lze v 13C NMR spektrech HL. a DOM pozorovat specifické signdaly pri 27, 31
a 40 ppm, které odpovidaji absorpci methylenovych funkénich skupin (-CH:z-) [124,
125]. Bohuzel, v pripadé téchto funkc¢nich skupin nejsme schopni rozeznat, zda prislusné
signaly odpovidaji cisté alifatickym strukturnim jednotkdm anebo aromatickym
sloucenindm, které jsou témito skupinami substituovany. Naproti tomu, signal
lokalizovany pri 20 ppm je bez vyjimky vZdy pripisovan specifické absorpci
methylovych funk¢nich skupin (-CHz).

Pokud budeme bliZe diferencovat oblast pripadajici O-alkylovym a peptidovym
atomim uhliku miiZeme v ni najit zény, které lze vylucné pripsat bud residudlnim
slozkdm polysacharidii, jako je celuléza ¢i hemi-celuléza, anebo polypeptidiim, jez se
mohou nachazet v riizném stupni dekompozice. Jedna se predevsim o oblast 60-90 ppm,
ve které se nachazeji signdly pripadajici ~-OCH3 substituovanym sacharidim v hemi-
celuléze [126]. V této souvislosti prichazeji vuvahu iC-2, C-3 a C-5 atomy celulézy,
pripadné -CHz- skupiny vazané na aromatickych jednotkach ligninu. RovnéZ nelze ani
opomenout prispévek alifatickych alkohold, jejichZ specifickd absorpce nastava pfi
hodnotach chemického posunu 62 a 80 ppm. Aminokyseliny resp. residua polypeptidi
prispivaji v této oblasti specifickymi signaly pti 60, 61, 72 a 73 ppm.

Asi nejintenzivnéj$i aco se tyCe do poctu signali nejbohatSi oblasti, je zobna
odpovidajici specifické absorpci aromatickych a fenolickych atomt uhliku. Vtéto
spektralni oblasti 1ze az na nékteré vyjimky nalézt pomérné intenzivni signaly pri
hodnotach chemickych posunt 115, 130 a 145-150 ppm. Signal lokalizovany pfri
130 ppm odpovida specifické absorpci kvarternich C-1 a aromatickych CH uhliki, pokud
se nachazeji v ortho anebo para poloze vii¢i O-substituovanym aromatickym uhlikiim
v 4-hydroxycinnamylové jednotce. Pokud jsou ve strukture HL a DOM pritomny (-0-4
sinapylalkoholové a koniferylalkoholové resp. vanilylové jednotky, tak v jejich 13C NMR
spektrech lze pozorovat vyrazné signaly pri 145 a 148 ppm. Az s jistym dogmatickym
aspektem je v13C NMR spektrech HL anékterych vzorki DOM piitomen variabilné
intenzivni signal pri 150 ppm, ktery je vylu¢né pripisovan specifické absorpci O-
substituovanym aromatickym uhlikiim, jez ve své podstaté odpovidaji fenolickym C-
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atomim. Pokud jsou analyzovany HL resp. DOM vylu¢né pochazejici z dekompozice
dievni hmoty listnatych stromt, tak vjejich NMR spektrech nalézame signal pfi
105 ppm, ktery lze pripsat C-2 a C-6 atomim pochazejicich z sinapylovych jednotek
ligninu [127]. V tuto chvili je nadmiru jasné, Ze tyto signaly lze s jistou vyhodou pouZzit
jako markery OM, jeZ v priibéhu geneze téchto biokoloidnich latek prevladala.

Jak jiz bylo v této praci nékolikrat zminéno, tak za mimoradnou reaktivitu HL resp.
DOM jsou primarné zodpovédné karboxylové funkéni skupiny, které se mohou ve
strukturach téchto biokoloidnich latek nachazet jako alifatické ¢i aromatické
karboxylové kyseliny. Tyto funkéni skupiny se v 13C NMR spektrech vyskytuji v podobé
intenzitné variabilnich signalg, a to v celé prislusné oblasti tzn. 165-190 ppm. Nicméné,
lze vypozorovat, Ze maximum absorpce nastava voblasti chemickych posunii 170-
175 ppm [128]. Na tomto misté je nutné podotknout, Ze urcita Cast karboxylovych
funkénich skupin je vazdna na pritomnost uronové kyseliny pochazejici z hemi-celulézy
anebo aminokyselin.

V oblasti chemickych posunti 190-210/220 se nachazeji méné intenzivni signaly
karbonylu, jeZ je soucasti rozlicnych funkcnich skupin a strukturnich jednotek. V této
souvislosti prichazeji v ivahu napft. estery, ketony, chinony atd.

Ke studiu kvalitativnich vlastnosti HL a DOM lze s vyhodou pouZzit tzv. strukturni
parametry, které jsou obvykle definovany jako poméry prislusnych integralnich oblasti
pii vhodné zvolenych rozmezich chemickych posunti. Bezesporu, jednou z hlavnich
vyhod této instrumentdlni techniky je jeji vysoka selektivita, kdy jsme schopni
jednoznacné priradit jednotlivé funkcni skupiny anebo stavebni jednotky k prisluSnym
absorp¢nim signallim. Jinymi slovy, v pripadé 13C NMR spektrometrie nepozorujeme
nékteré negativni vlivy, které by nasledné ztéZovaly interpretaci namérenych spekter,
jako jsou napf. Siroké a prekryvajici se absorp¢ni signaly, méné vyrazna ramena atd.

VsoucCasnosti je asi nejpouzivanéjSim strukturnim parametrem odraZejicim
kvalitativni vlastnosti HL a DOM tzv. aromaticita resp. stupenni aromaticity. Obecné
miiZeme tento strukturni parametr definovat jako pomér aromatickych uhliki, jejichz
specificka absorpce nastava v oblasti chemického posunu pii 106-165 ppm ke vSem
atomlm uhliku, které jsou pritomny vcelém rozsahu 13C NMR spektra tzn. 0-
210/220 ppm. Avsak je na tomto misté nutné zminit, Ze v definici tohoto strukturniho
parametru panuje cela rada modifikaci a variant. Napriklad, nékteri autori [129-132]
definuji aromaticitu (fa) jako podil souctu aromatickych a fenolickych atomi uhliku ke
vSem atomulim, vyjma karboxylovych a karbonylovych funk¢nich skupiny. Nepritomnost
karboxylovych a karbonylovych atomi uhliku ve vzorci je odiivodnéna tim, Ze v tomto
pripadé nejsme schopni presné rozhodnout, zda absorp¢ni signaly pochazeji z aromatic-
kych anebo alifatickych struktur. Do znacné miry jsou dalSi modifikace tohoto
kvalitativniho parametru zptisobeny nejednotnosti v rozsahu integra¢nich mezi, kterymi
jsou determinovany prislusné typy atomi uhliku.

Obecné jsou HL resp. HK povaZovany za velmi reaktivni biokoloidni slouceniny, které
hraji nezastupitelnou dlohu v rozli¢nych prirodnich ekosystémech. V této souvislosti byl
definovan tzv. index biologické aktivity BiA, jenz lze vyjadrit jako pomér obsahu
biologicky ucinnych atomt uhliku (tzn. aromatickych a -COOH) k atomiim biologicky
inaktivnim (tzn. alifatickym a O-alkylovym). Z hlediska studia konformacnich zmén
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v roztoku HL a DOM byl navrZen tzv. index hydrofobnosti resp. hydrofilnosti (Hg/Hj,).
Vtomto kontextu je ocividné, Ze alifatické (0-45 ppm) a aromatické (106-165 ppm)
atomy uhliku tvori tzv. hydrofobni ¢ast supramolekularni struktury HL, zatimco O-/N-
alkylové (45-106 ppm) spolu s karboxylovymi akarbonylovymi atomy (165-230)
spoluvytvareji tzv. hydrofilni ¢ast, jeZ ma snahu se orientovat vné vodného roztoku. Vyse
zminény strukturni parametr se obecné vyjadiuje v procentech a ve své podstaté odrazi
prevazujici hydrofobnost ¢i hydrofilnost analyzovanych HL.

5.2.5 Analyza hlavnich komponent (PCA) vs. shlukova analyza (CA)

V nékterych situacich studia HL a DOM se miliZeme ocitnout pted jistym dilematem,
jak co nejpresnéji analyzovat a diskutovat pomérné rozsahlé soubory dat, které jsou
generovany bud' rozsahlym poctem analyzovanych vzorkd anebo pouZitim celé rady
instrumentalnich technik. Jinymi slovy, pouZitim kvalitativnich instrumentalnich technik
je v zdsadé spojeno se ziskem tzv. multidimenziondlnich dat, v diisledku ¢ehoZ je vyuziti
jednorozmérné statistiky z velké Casti omezeno. V této souvislosti prichazeji v uvahu
pouze testy statistickych hypotéz, jez se tykaji predikce vyznamnosti mezi dvéma
skupinami vzorkl. Za timto ucelem lze vyuzit tzv. (ne)-parametrické testy, jako jsou
analyza rozptylu (t-test) nebo testy pochazejici z normalniho rozdéleni (H-test resp.
jednofaktorova neparametricka ANOVA) [133].

Jak jiz bylo zminéno vySe, pro tak rozsahlé datové soubory, které jsou nositeli
komplexnich informaci tykajicich se plivodu, heterogenity, stupné humifikace resp.
aromaticity, obsahu jednotlivych strukturnich komponent, typickych funkénich skupin
atd. jsou predevSim vyuZitelné tzv. multidimenzionalni statistické postupy. Jejich
aplika¢ni potencial vyplyva z Ulohy systematizace dat, nalezeni piipadnych trendl ci
vysSich struktur, a v neposledni radé patricnych souvislosti. Jak je patrné z nazvu této
subkapitoly, tak vySe zminéné statistické postupy lze rozdélit na dvé skupiny, a to na tzv.
nekontrolované, kam zpravidla radime analyzu hlavnich komponent a metody shlukové
analyzy. Naproti tomu, do skupiny tzv. kontrolovanych resp. ,supervised procedures”
radime predevSim takové statistické postupy, které berou vpotaz jak X matici
(naméfena data), tak Y matici tzv. prediktor(i, jeZ jsou v podstaté predem znamé
informace.

Prvni skupinu multidimenzionalnich statistickych postupl lze co nejjednoduseji
popsat, tak Ze, jednou z hlavnich tloh je tzv. redukce dimenzi dat anebo snaha o nalezeni
jistych podobnosti pti zachovani predem definované vzdalenosti v multidimenzionalnim
prostoru. V této souvislosti je typickym statistickym aparatem, ktery redukuje dimenze
dat tzv. analyza hlavnich komponent (Principal Component Analysis, PCA). V podstaté se
jedna o transformaci ptvodnich resp. experimentdlnich dat do nové dvojrozmérné
anebo trojrozmérné soustavy s vyznamné malym poctem proménnych. Tyto proménné
jsou v podstaté pravé vySe zminénymi hlavnimi komponenty PC1, PC2 atd. V této
souvislosti musime mit na paméti, Ze hlavni komponenty jsou dale nositeli rozsahlého
mnoZzstvi ptivodni variability, avsak bez vzajemné korelace, a proto poskytuji nezavislé
informace o analyzovaném souboru dat. Grafickou projekci pro analyzu PCA jsou tzv.
rozptylové diagramy komponentnich skoére, které zobrazuji primét analyzovanych
vzorkid do roviny zvolenych hlavnich komponent. Dale byvaji tyto diagramy doplnény
oinformace tzv. komponentnich zatézi, jez jsou nositelkami vztahli ptvodnich
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proménnych k novym hlavnim komponentiim. AvSak obvykle se setkdvdme s grafickym
znazornénim obou statistickych kritérii vjednom diagramu (viz.Obr. 15a), ktery je
vSeobecné zndm jako bi-plot. Jako vhodny priklad vyuziti analyzy hlavnich komponent je
na Obr. 15a uveden bi-plot diagram, ktery ilustruje strukturni diference mezi HL
pochazejicimi z rozlicnych prirodnich matric a ekosystémi. K vizualizaci bi-plotu byly
pouzity experimentdlni data de-konvoluce FTIR absorpcnich past pii ~ 1720 cm-1
a~ 1620 cm1, které nesou mnoho zajimavych informaci, jenZ jsou v nativnich FTIR
spektrech ztraceny v podobé Sirokych a prekryvajicich se absorpcnich pasu. Jak vyplyva
z uvedeného Obr. 15a, tak pocatecni pocet proménnych byl PC analyzou sniZen na dvé
hlavni komponenty, jejichz hodnoty byly vétsi jak jedna. VySe zminéné komponenty
tvorily priblizné 60 % variability ptivodniho souboru dat, pricemz 32,8 % pripada na
prvni slozku (PC1), zatimco druha komponenta (PC2) se vyznacuje zbylymi 26,7 %.
Nejvyssi pozitivni zatiZeni na sledovaném parametru PC1 bylo zjisSténo v pripadé obsahu
karboxylovych funkénich skupin, jimiZ jsou substituovany aromatické jednotky
analyzovanych HL. Naproti tomu si nelze nepovSimnout skutecnosti, Ze v ptipadé
alifatickych karboxylovych kyselin byl pozorovany trend opacny. Jinymi slovy, tyto
funkéni skupiny se v prislusném diagramu vyznacovaly nejvyS$si hodnotou negativniho
zatizeni PC1. Vlevych kvadrantech jsou projektovany parametry, které jsou v primé
souvislosti s obsahem &-laktonti tj. cyklickych esterli (ne)-nasycenych karboxylovych
kyselin, alifatickych kyselin a bilkovinnych ¢i peptidovych residui. Pravostranné
kvadranty prevazné odpovidaji obsahu aromatickych konstitu¢nich jednotek a veSkerym
estertim, jako jsou alkyl- a aryl-estery. Obecné miizeme ¥ici, Ze hlavni slozka PC1 nam
poskytuje jasnou separaci mezi HL autochtonniho ¢i alochtonniho ptlivodu, avsak
v pripadé nékterych vzorki je ocCividné jasné, Ze v pribéhu jejich geneze se uplatnovaly
oba dva mechanismy, a to s variabilni mirou jednotlivych prispévki z nich vyplyvajicich.
Je nadmiru jasné, Ze autochtonni HL se vyznacuji predevsim méné typickymi stavebnimi
jednotkami, jako jsou bilkovinné ¢i peptidické residualni slouceniny, cyklické estery tj.
zakladni bloky tzv. polyketidli a strukturné jednoduchymi alifatickymi kyselinami. Na
druhé strané, alochtonni HL jsou tvoreny typickymi stavebnimi kameny, jeZ jsou
odvozeny od biopolymernich sloucenin, jako je napf. lignin, celul6za, detrity atd. Druha
hlavni slozka (PC2) poskytuje dals$i separaci HL, ato zejména podle kvantitativniho
zastoupenti aryl-estert, §-laktoni a bilkovinnych residui pritomnych v jejich strukturach.
Z uvedeného diagramu je vidét, Ze nékteré HL napr. FK pochdazejici zleonarditu se
promitaji témér na nulovou hodnotu PC2. Naproti tomu se nékteré vzorky HK vyznamné
oddéli od ostatnich, a to diky podstatné vyssimu obsahu residualnich polypeptidii
(A55HK) anebo specifickou methylaci reaktivnich funkénich skupin -COOH
a fenolickych -OH (mLEOHK).

Jak jiZ bylo zminéno vySe, dalsim vhodnym postupem analyzy multidimenzionalnich
dat je statisticka metoda, jeZ je vSeobecné zndma jako tzv. shlukova analyza (Cluster
Analysis, CA). JednoduSe receno, touto statistickou metodou jsou vyhledavany
podobnosti mezi jednotlivymi subjekty anebo proménnymi na zakladé jejich definované
vzdalenosti v multidimenziondlnim prostoru, ktery si pro zjednoduseni miiZeme
predstavit jako PCA diagram se zakreslenymi analyzovanymi objekty resp. vzorky.
Obecné na podobu azakresleni jednotlivych klastrd v PCA diagramu anebo jejich
vizualizaci v podobé tzv. dendrogrami maji predevsim zdsadni vliv dva parametry, a to
metrika vzdalenosti ametoda shlukovani. Parametr oznacovany jako metrika
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vzdalenosti ve své podstaté interpretuje, jak jsou jednotlivé klastry resp. shluky od sebe
vzdaleny. Naproti tomu, metoda shlukovani udava, jaké dva klastry lze povaZovat za
jeden, vdisledku cehoZz se vyuZivaji ndasledujici metody, atozejména centroidni,
medidnova, tzv. metoda nejbliZzSiho souseda atd. Grafickym zobrazenim shlukové
analyzy je tzv. dendrogram, ktery ma v podstaté podobu vyvojového diagramu, v jehoZ
disledku lze jednoznac¢né usuzovat na pribéh shlukovani jednotlivych proménnych.
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Obrazek 15: Bi-plot diagram a shlukova analyza (dendrogram) vzorki HL.

Na Obr. 15b je uveden dendrogram resp. shlukova analyza vzorkti HL pochdazejicich
z rozlitnych prirodnich matric. Za ucelem vizualizace tzv. dendrogramu byly pouzity
totoZzné experimentalni data jako v predchazejicim pripadé PC analyzy. Jak vyplyva
z uvedeného Obr. 15b, tak pomoci shlukové analyzy bylo ziskano celkem sedm grup,
které se navziajem liSily poctem shlukujicich se Clend, a vzdalenosti pripojeni daného
objektu resp. vzorku HL. V piipadé shluku tvoreného nejpocetnéjSim zastoupenim
jednotlivych vzorkl HL si nelze nepovSimnout zajimavé skutecnosti, Ze v tomto klastru
dochazi k seskupeni HL na zdkladé jejich pivodu napi. HL pochazejici z floridské teky
Suwannee River. Jinymi slovy, jednim zurcujicich faktord odrazejicich jistou miru
podobnosti HL je ijejich ptivod resp. prirodni matrice, ze které byly tyto biokoloidni
latky izolovany. Dals$i vyznamné oddélenou skupinou od ostatnich HL je klastr, ktery
odpovida HK izolovanym z kompostované a vermikompostované OM. Na tomto misté je
nutné podotknout, Ze do této skupiny byl zatazen i vzorek vysokomolekularni ptidni HK
(A55HK). Vtomto kontextu lze piedpokladat, Ze vysokd M,, ptdnich HK muiZe byt
v pfimé souvislosti s vy$Sim obsahem bilkovinnych residui, které jsou determinovany
vtomto kvadrantu PCA diagramu. Naproti tomu, nékteré vzorky HL resp. HK se
vyznacovaly velmi specifickymi vlastnostmi, a tudiZ v uvedeném dendrogramu resp. PCA
diagramu vytvareji samostatné skupiny s pomérné vysokymi hodnotami vzdalenosti
pozorovani. Vyvojovy strom shlukové analyzy nam signifikantné oddélil vzorek
chemicky upravené HK (mLEOHK) od ostatnich nativnich HL. VySe zminéna HK se
vyznacuje specifickou esterifikaci reaktivnich funkc¢nich skupin. V této souvislosti se
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nabizi otazka, zda by nebylo moZné tyto multidimenziondlni statistické metody vyuZit
jako vhodny aparat napf. k predikci ptivodu ptidnich kondicionérti na bazi lignohumati.
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6 INTERMEZZO I1

si bychom nenasli odborny clanek, ve kterém by autori zabyvajici se studiem HL

nepouzili kzakladni charakterizaci téchto biokoloidnich sloucenin jednu

z metod termalni analyzy, kam zpravidla fadime instrumentalni techniky, jako
jsou termogravimetrie (TG), diferenéni termickd analyza (DTA), diferencné
kompenzacni kalorimetrie (DSC) avneposledni radé ielementarni analyza (EA -
CHNS/0). I kdyZ by se na prvni pohled mohlo zdat, Ze tyto techniky ndm poskytuji pouze
zdkladni informace o analyzovanych vzorcich, tak by to v konecném diisledku nebyla
pravda. Napriklad, pokud jsou nami vysledky elementarniho sloZeni resp. atomovych
pomért H/C a 0/C projektovany do tzv. van Krevelenova diagramu, tak jsme schopni
nasledné predikce, znékterych dalSich kvalitativnich vlastnosti HL, jako je
hydrogenace/dehydrogenace, oxidace/redukce, methylace/demethylace, kondenzace
atd. Je treba si uvédomit, Ze ve van Kreveleneho projekci se stavaji vysledky elementarni
analyzy vice srozumitelnymi, a také jsme si schopni 1épe povSimnout z nékterych méné
zjevnych diferenci, jako by tomu bylo v pripadé prosté sumarizace ve formé tabulek.
O velmi dobré senzitivité van Kreveleneho diagramu svédci i fakt, Ze v pripadé pouZiti
multikomponentalni analyzy (PCA) zahrnujici nejen vysledky EA, ale i ostatnich
instrumentalnich technik jsou jednotlivé pozice analyzovanych vzorki v obou pripadech
dosti podobné, ba zcela totozné3>. Ve vétSiné odbornych publikaci zabyvajicich se
studiem HL a DOM se stale setkavame s tim, zZe elementarni sloZeni téchto biokoloidnich
sloucenin je uvedeno v hmotnostnich procentech (hm. %). V této souvislosti si dovolim
pripomenout, Ze v pripadé, kdy je elementarni sloZeni uvedeno v tradi¢nich hm. %, tak
relativni atomové hmotnosti. Jinymi slovy, i kdyz je tento prvek zastoupen v majoritnim
poctu, tak z divodu jeho nizké atomové hmotnosti nabyva obvykle srovnatelnych
hodnot hm. % s biogennimi prvky, které jsou co do poctu ve strukture HL zastoupeny
nejméné. Vtomto pripadé mame zejména na mysli dusik anebo siru, jez jsou
specifickymi prvky odkazujici se na stavebni jednotky, jako jsou fragmenty polypeptidi,
organo-sirani  (primarné  R-0-S03), sirnych  aminokyselin  rostlinného
anebo mikrobialniho ptivodu atd.

Termogravimetricka analyza (TG/DTG) nam poskytuje nejen informace o sorbované
vlhkosti a obsahu nespalitelného podilu tj. popela, na zakladé kterych miiZe byt snadno
jsme schopni bliZ§tho porozuméni, které vyplyva zjejich unikatni struktury, stability
a v neposledni radé i schopnosti interagovat s rozlicnymi anorganickymi ¢i organickymi
xenobiotiky. Mimo jiné, se tato instrumentdlni technika stala nepostradatelnou
v oblastech studia dekompozice organické hmoty, ataké igeneze HL. Jako vhodny
priklad l1ze na tomto misté uvést vznik HL v pribéhu vermikompostovdni konského
hnoje3%. Vprvni radé je nutné rici, Ze kompostovani za pouziti kalifornskych zizal
(Eisenia andrei) vede ke vzniku HK, které se svym termalnim chovanim bliZi ptidnim HL
resp. HK. Tento fakt lze spatfit v pribéhu DTG kiivky, kdy HK izolované z ptirodnich
komposti se vyznacuji pouze dvéma vrcholy lokalizovanymi v teplotnim rozsahu 200-
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600 °C. Informace, které jsme schopni vyc¢ist z pribéhu DTG krivek lze pro jednoduchost
rozdélit do dvou kategorii, ato: (i) klasifikace a stabilita pritomnych frakci HK; (ii)
sledovani kvalitativnich zmén (geneze resp. ,staii“ HK x stabilita). Na zakladé tvaru
apribéhu mizeme DTG krivky HK rozdélit na tifi zakladni oblasti, které jsou
determinovany nasledujicimi teplotnimi intervaly: stupeni 1 (200-300 °C); stupen II
(300-390 °C) a stupen III (400-500 °C). JiZ po péti tydnech vermikompostovani dochazi
k eliminaci vrchold, které se nachazely v prvnim atfetim teplotnim intervalu. Prvni
teplotni interval je pravdépodobné spjat sorganickymi slouceninami, jako jsou
polysacharidy a polypeptidy. Nicméné, vtomto teplotnim rozsahu dochazi ike ztraté
hydroxylovych funk¢nich skupin alifatickych sloucenin, ataké k dekarboxylaci
organickych kyselin. Teplotni interval, ktery je zde oznacen jako stupen IlI, je vyhradné
spojen s pritomnosti aromatickych biopolymerd, kdy v tomto pripadé mame piedevsim
na mysli doposud nedegradovany lignin. JelikoZ tato biomakromolekularni slouc¢enina
byva Casto povaZovana za dosti perzistentni, tak je zajimavym zjiSténim, Ze kjeji
dekompozici dochazi, tak vkratkém case tzn. do péti tydnid od zacatku
vermikompostovani. Rychld dekompozice ligninu je pravdépodobné zptlisobena silnou
aktivitou Kkalifornskych zizal, jejichz hmotnostni koncentrace byla vtéto vrstvé
kompostu nejvys3 tj. 157 + 21 SEisenia a“drei/kg . Druhy teplotni interval, ktery je
kompostu

vymezen rozsahem 300-390 °C je pravdépodobné spjat s teplotni degradaci C-C vazeb
alifatickych struktur anebo polysacharidi, jako je celul6za, hemiceluléza, atd. Nicméné si
nelze nepovSimnout, Ze teplotni stabilita tohoto vrcholu se v pribéhu
vermikompostovani zvySovala. Toto zjisténi nabyva na pravdé, pokud si vypocteme
vzdalenost tohoto teplotniho posunu, ktery v tomto konkrétnim pripadé Cinil ~ 30 °C.
Piimou spojitost mezi zvySenim stability HK a ¢asem vermikompostovani lze nalézt
v genezi novych organickych sloucenin, které jsou oznacovany jako fluorescencni
domény C (a) - humic-like. Z kvalitativniho hlediska se jednd o polyaromatické
slouceniny, jejichz zakladni skelet je tvoren tremi a vice aromatickymi kruhy s riznou
variabilitou v substituci jejich jader funkénimi skupinami, jako jsou C=0, -OH, -OR, R-
CO-NH; anebo R1-CO-NH-R..

Molekulovd  absorp¢ni  spektrometrie v ultrafialové  aviditelné  oblasti
elektromagnetického zareni (UV/Vis) zaujima voblasti studia HL aDOM jednu
z prednich pricek, ktera je predevsim dana jeji experimentalni nenarocnosti, rychlosti
atp. Ke kvalitativnimu zhodnoceni téchto biokoloidnich slou¢enin byly navrZzeny tzv.
absorp¢ni koeficienty, které jsou aZ na nékteré vyjimky definovany jako podily ¢i rozdily
absorbanci pri vhodné zvolenych vinovych délkach. Tyto absorp¢ni indexy resp. hodnoty
specifickych absorbanci mliZeme rozdélit do nasledujicich skupin, a to: (i) ty, které se
vyhradné opiraji o zakonitosti kvantové fyziky resp. chemie; (ii) a ty, jejichZ vypovidajici
hodnota byla determinovana na zakladé korelaci s jinymi instrumentalnimi technikami,
jako je vysokotlaka velikostné vylucovaci chromatografie (HPSEC); osmometrie,
viskozimetrie, techniky 13C NMR spektrometrie apod. Pod zornym tihlem jisté exaktnosti
se druha skupina téchto koeficienti miiZe jevit ponékud fyzikalné-chemicky mystickou.
Naproti tomu, uabsorp¢nich koeficientd a specifickych hodnot absorbanci Egr/Eg,,
E2/E3, SUVA254 a SUVA280 je mechanismus elektronovych prechodli velmi dobfe znam,
a tudiz se tyto UV indexy mohou odkazovat na takové kvalitativni vlastnosti, kterymi je
dana absorpce primo indukovana.
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Nase dosavadni studie naznacuji? 30, 34 35 41 7e absorpcni koeficient Err/Eg. je
schopen velmi dobre ilustrovat miru substituce aromatickych struktur polarnimi
funkénimi skupinami, at' uz mame na mysli HL nejriznéjstho ptivodu (kaustobiolity,
plidy, komposty atp.), organické extrakty, vodné vyluhy DOC aj. Na tomto misté je vSak
nutné zminit, Ze hodnota absorp¢niho koeficientu Err/Ep, miZe byt nepriznivé
ovlivnéna pritomnosti NO3 iontd vroztoku, aproto doporucujeme pouziti
ekvivalentniho indexu, ktery je definovan jako pomér absorbance pii A220 (Egz) a Azs3
(Eer). Pri vyssi vinové délce benzoidniho pasu je absorpce dusi¢nanového anionu
eliminovana co v nejvétsi mozné mire.

Asi nejvice pouZivanym kvalitativnim kritériem je tzv. aromaticita, ktera je Casto
vypoctena z 13C NMR spekter. JelikoZ nukledrni magneticka resonance izotopu uhliku 13C
patfi mezi citlivé, avSak velmi drahé instrumentalni techniky, tak byla iniciovana snaha
o nalezeni strukturniho parametru, ktery by byl vyhradné indikatorem aromaticity HL
aDOM, azaroven aby jeho ziskani nebylo limitovdno cenovou narocnosti
experimentalniho pristupu. Vtéto souvislosti byly navrzeny tzv. specifické hodnoty
absorbanci (SUVA). Tyto specifické koeficienty jsou definovany jako hodnoty absorbanci
pfi vinovych délkach, které vyhradné odpovidaji elektronovym prechodiim dvojnych
vazeb tzn. m—>m" konjugovanych systémi. Abychom ziskali specifické indexy SUVA, tak je
zapotiebi naméiené hodnoty absorbance korigovat, a to na koncentraci rozpusténého
organického uhliku DOC v analyzovaném vzorku. Koreké¢ni vztah pro vypocet SUVA je
definovan rovnici:

dm?® \ _ UV (cm™1) cm
Suva; (Z2) = oo X 100 (=) 4)
kde, UV, je absorbance pti vinové délce A (cm~1) a DOC je koncentrace rozpusténého
organického uhliku (mg X dm™3).

Specifickd hodnota absorbance SUVA2ss byla pouZita k odhadu aromaticity vodnou
extrahovatelnych organickych frakci zjihomoravského lignitu (JML)34. Jak hodnoty
tohoto koeficientu dokladaji, tak jiZ v pocatku louzZeni organické hmoty lignitu dochazi
k extrakci aromatickych sloucenin, které byly identifikovany jako fulvic-like. Prvotni
organickd frakce se vyznacovala onéco niZ$i aromaticitou v porovnani s ostatnimi
vyluhy, které byly odebirdny v nasledujicich tydennich intervalech. Naproti tomu,
hodnoty specifické absorbance SUVA2s4 se u nasledujicich organickych frakci ménily jen
velmi malo, a proto miiZeme konstatovat, Ze v dlouhodobém Casovém horizontu jsou
z jihomoravského lignitu extrahovany kvalitativné podobné aromatické slouceniny.
Mimo jiné je nutné zminit, Ze tyto specifické hodnoty absorbance jsou srovnatelné ba
dokonce totoZné s koeficienty, které jsou typické pro FK.

RovnéZ se tento koeficient ukazal jako nepostradatelny ,pomocnik® pti kvalitativni
analyze organickych frakci (TCM1-MET®6), které byly ziskdny metodou sekvencni
frakcionace HK, a to na zakladé rozdilné polarity pouzitych organickych rozpoustédel3s.
JelikoZ se jednalo o originalni metodu, ktera doposud nebyla k frakcionaci HL pouZita,
tak se do posledni chvile nevédélo, jaké extrak¢ni vytézky mlizeme ocekavat. Prvotni
idea této studie byla nasledujici, vSechny organické frakce tzn. TCM1-MET6 podrobit

41 Doskocil, L.; Burdikova-Szewieczkova, ].; Enev, V.; Kalina, L.; Wasserbauer, J. Spectral characterization
and comparison of humic acids isolated from some European lignites. Fuel, 2018, 213, 123-132.
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sofistikované kvalitativni analyze pomoci liquid-state 13C NMR spektrometrie. Tato
instrumentalni technika méla slouzit nejen k identifikaci jednotlivych absorpc¢nich pasi
pii charakteristickych hodnotach chemickych posunt (ppm), ale také k signifikantni
determinaci aromaticity (fs). V pripadé organickych frakci EAC a ACN se nam
nedostavalo potiebného mnoZstvi k provedeni 13C NMR analyzy, a proto byla k odhadu
aromaticity celého souboru vzorkl pouzita UV/Vis spektrometrie resp. jeji hodnota
specifické absorbance SUVAzs4. Uk4zalo se, Ze tento strukturni parametr je vhodny nejen
v pripadé kvalitativniho zhodnoceni HK, ale také miiZe hrat vyznamnou roli v odhadu
aromaticity organickych frakci téchto biokoloidnich sloucenin. Abychom ziskali
ucelenou predstavu o kvalitativni robustnosti tohoto strukturniho parametru, lze jako
vhodny priklad uvést situaci, kdy byl tento koeficient vyuzit k determinaci aromaticity
organickych frakci ziskanych sekvencni frakcionaci raselinistni HK. Frakce extrahované
acetonem a silné polarnimi organickymi rozpoustédly, jako je n-propanol a methanol, se
vykazovaly blizkymi hodnotami SUVA3zs4, které odpovidaly ptvodni HK. Jinymi slovy,
vySe zminéné organické slouceniny tzn. plivodni (materska) HK a organické frakce
ACE3, PRO5 avneposledni radé iMET6 se vyznacovaly obdobnou aromaticitou
a sttedni molekulovou hmotnosti M,,. Naproti tomu, organickd frakce extrahovina
acetonitrilem (ACN4) byla charakterizovdna znatelné niZz8i hodnotou specifické
absorpce SUVAz54 v porovnani svice ¢i méné polarnimi frakcemi tzn. ACE3 a PROS.
Zlogiky véci vyplyva, Ze acetonitril je specifické rozpoustédlo, které je schopno
extrahovat z HK takové organické slouceniny, které se svymi kvalitativnimi vlastnostmi
vymykaji od ostatnich, jak jsme to vidéli vpripadé pouziti silné nepolarnich
rozpoustédel. Infracervena spektrometrie resp. metoda dekonvoluce absorpénich pdst
prispéla ke kvalitativni identifikaci vySe zminéné organické frakce ACN4. JelikoZ tato
frakce se vykazovala nejen nizkou aromaticitou, ale inejvys$si hodnotou atomového
poméru N/C, kterd byla podpoiena piitomnosti absorpcnich pasi odpovidajicich
sekundarnim amidim, je tedy logickym vyusténim pripsat tuto frakci tzv. protein-like
strukturnim jednotkam HK.

Vtuto chvili se v kratkosti dotknéme problematiky, ktera je prednostné spjata se
ztratou kvalitativnich informaci v disledku Sirokych a prekryvajicich se absorpcnich
past, jeZ mohou byt pozorovany v infracervenych spektrech HL. a DOM. Tento problém
lze sjistou davkou experimentdlni opatrnosti vyreSit pomoci tzv. Fourierovy
autodekonvoluce (FSD) anebo Gauss-Lorentzovy spojité funkce. Prednost prvni metody
vyplyva z jeji uZivatelské nenaroc¢nosti, kdy pro separaci jednotlivych absorp¢nich pasi
nam postaci znat polositku dekonvoluované oblasti (FWHH), pripadné vstupni data
mohou byt doplnéna o odhad poctu prekryvajicich se pasi. Nicméné je zapotiebi fici, Ze
separované absorpcni pasy resp. jejich plochy pod krivkou vZadném pripadé
neodpovidaji relativnimu zastoupeni jednotlivych funkénich skupin anebo strukturnich
jednotek v analyzovaném vzorku, a tudiZ ji nelze pouZit ke kvantitativni analyze. Naproti
tomu, Gaussova a Lorentzova (Cauchyho) profilova funkce v sobé ukryva i kvantitativni
informace o analyzovanych vzorcich, které jsou vtomto pripadé reprezentovany
procentudlnim vyjadienim jednotlivych ploch pod kfivkami separovanych pasu.
Vinfracervenych spektrech HL resp. DOM mitizeme nalézt celou radu oblasti, ve kterych
dochazi k silnému prekryvu jednotlivych absorpc¢nich pasti, a tudiZ maji podobu velmi
Sirokych past s vice ¢i méné vyraznymi raménky. Jedna se predevsim o absorpc¢ni pasy,
jejichZ specifickd absorpce je dana vinocty ~ 1720 cm-1, ~ 1620 cm-1, ~ 1230 cm™d,
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a~ 1040 cm-1. Vdisledku velmi silného prekryvu je vtéchto absorpcnich pasech
ztraceno mnoho uZite¢nych informaci vypovidajicich o jejich strukture.

Tato problematika mlZe byt velmi pékné ilustrovdna na prikladu infracerveného
spektra organické frakce, jeZ byla extrahovana z raseliniStni HK pomoci acetonitrilu (viz.
Obrazek I-2). Ve spektralni oblasti (1800-1500 cm~1) piivodniho infracerveného spektra
byly lokalizovany tfi absorp¢ni pasy, které jevily znamky silné se prekryvajicich
absorpcnich past. Na zakladé jejich pozice v FTIR spektru byly tyto absorpcni pasy
identifikovany, ato nasledujicim zpisobem: (i) méné vyrazny absorpcni pas
lokalizovany pii 1710 cm~! je vyhradné pripisovan valen¢ni symetrické vibraci C=0
vazeb v karboxylovych funkcnich skupinach; (ii) ostry aintenzivni absorpctni pas pri
1660 cm~1 miZe byt pripsan bud’ valenc¢ni symetrické vibraci C=0 vazeb v sekundarnich
amidech anebo stejnym vibra¢nim moédim pochazejicich z chinoni; (iii) Siroky pas
lokalizovany pii 1610 cm~1 nelze pric¢itat jinym strukturam nezli aromatim. JelikoZ
organicka frakce ACN4 se vyznacovala takovymi indiciemi, které napovidaly, Ze jejimi
zakladnimi stavebnimi jednotkami by mohly byt slouceniny podobné proteiniim resp.
bilkovinnym residuim, tak tuto hypotézu bylo nutné potvrdit nevyvratitelnymi diikazy.
Za timto ucelem byla pouZita spojitd Gauss-Lorentzova profilova funkce, jezZ primarné
vedla k separaci prekryvajicich se absorp¢nich past.
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Obrazek I-2: Dekonvoluce absorpcnich pasi vzorku organické frakce ACN4 extrahované z raselinistni HK.
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Touto metodou byly separovany nejen absorp¢ni pasy, které lze pripsat §-laktonlim,
alky- a aryl-estertim ¢i karboxylovym kyselindm, aromatiim a sorbované vlhkosti, ale co
je dulezitéjsi, tak vtomto dekonvoluovaném spektru byly identifikovany pasy pri
1682 cm1, 1669 cm-1, 1657 cm™1, 1574 cm™1, 1559 cm~! a 1544 cm-1, které odpovidaji
valen¢ni symetrické vibraci C=0 a deformacni vibraci N-H a C-N vazeb v sekundarnich
amidech tzn. -NH-CO-. Jinymi slovy, bez jakychkoliv pochybnosti se na zakladé
dekonvoluce FTIR spektra potvrdilo, Ze organicka frakce ACN4 je tvorena mimo jiné
i bilkovinnymi residui.

V zavérecné Casti tohoto intermezza by bylo vhodné jeSté zminit problematiku tykajici
se fluorescencni spektrometrie HL a DOM. Fluorescenc¢ni spektrometrie ajeji metody
poskytuji mnoho cennych informaci o kvalitativnich vlastnostech HL resp. DOM. VyuZziti
této selektivni techniky je predevSim dano tim, Ze tyto biokoloidni slouceniny jsou
tvoreny Kkonjugovanymi systémy dvojnych vazeb, které jsou prednostné vazany na
pritomnost jakkoliv substituovanych aromatickych struktur. V tuto chvili je nadmiru
jasné, Ze témito strukturnimi vlastnostmi jsou predurceny k tomu, aby mohla u nich po
absorpci svétla probéhnout zariva de-excitace resp. fluorescence. Vtomto pripadé je
pojem fluorescence méné presnym azZ zavadéjicim, jelikoZ je tento termin prednostné
spjat s takovymi systémy, které nejsou schopny emitovat zareni, avSak pro jejich
fyzikalné-chemické studium je k nim pridana slouCenina tzv. fluorescencni sonda, jez je
sama o sobé schopna zareni emitovat. V pripadé HL a DOM bychom méli spiSe mluvit
o schopnosti jejich autofluorescence. Fluorofory resp. fluorescen¢ni domény mohou byt
rozdéleny do dvou zakladnich skupin, ato na (i) fulvic- a humic-like, které jsou
prednostné spjaty se stavebnimi jednotkami spoluvytvarejicich rodinu HL. Nicméné je
zapotrebi zminit i pripady, jako je DOC prirodnich vod, jejichz fluorescencni domény
jsou terminologicky v primé souvislosti s témi, které eminentné odpovidaji izolovanym
HK a FK, avSak spektralni znaky DOC je mohou pouze pripominat; (ii) naproti tomu,
protein-like anebo terminologicky komplikovanéjsi dedikce soluble microbial by-product-
like primarné odkazuji na ty fluorescentni domény, jezZ jsou produkty mikrobialni
¢innosti v prirodnich ekosystémech. Jak jiZ bylo uvedeno vyse (tzn. subkapitola 4.2.3),
tak tyto ostfe ohranicené pozice fluorescencnich domén umoziuji selektivni, avsak
citlivé rozliSeni jednotlivych prispévki, které spoluvytvareji tyto obdivuhodné
organické slouCeniny, at uZ mame na mysli HL, DOM anebo DOC. V nekomplikované reci
bychom mohli konstatovat, Ze pritomnost fluorescencnich domén ajejich specificka
pozice vEEM spektrech je odrazem nejen pivodu, ale irtGzné faze humifikace ci
diageneze.

V pripadé HK izolovanych zligniti riizné geologické provenience lze fluorescencni
EEM spektra pouzit jako vhodny ndastroj kziskani jejich spektralnich charakteristik,
které jak se ukazalo, maji povahu otisku prstu (fingerprintu). Prestoze HK byly izolovany
z lignitl pochazejicich zrliznych evropskych panvi, tak sejejich EEM spektra
vyznacovala pouze jednou fluorescencni doménou, ktera byla na zakladé své pozice
Klasifikovana, jako fluorofor A (&) - fulvic-like. Tato fluorescencni doména byla
lokalizovana voblasti vinovych délek excitace aemise pri 255-265/460-
510 nm (Aex/Aem). Jak jiz bylo zminéno vySe, tak pomoci rozdili v presné lokalizaci
fluorescencniho maxima a odpovidajici intenzité fluorescence lze objasnit nékteré
kvalitativni vlastnosti, jimiZ se dané strukturni jednotky HK vyznacuji. V tomto
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konkrétnim pripadé si nelze nepovSimnout, Ze pri témér shodnych vinovych délkach
excitace se nékteré maxima fluoroforu A (&) vyznamné posunuji do oblasti vyssich
vlnovych délek emise (red-shift), avsak jejich intenzita fluorescence zlistava viceméné
nezménéna. Fluorescenéni domény s maximy pri kratSich vlnovych délkach emise
pravdépodobné souviseji s relativné jednoduchymi aromatickymi slouc¢eninami, které
miiZzeme blize definovat, jako nizkomolekuldarni slouceniny sjednim az tremi
aromatickymi kruhy. Ztohoto kontextu vyplyva, Ze pravé tyto nizkomolekularni
slou¢eniny mohou byt louzeny vodou, a obohacovat tak pidni ekosystém, jak je uvedeno
v odborné studii zabyvajici se vodou extrahovatelnych DOM z jihomoravského lignitu34.
Naproti tomu tzv. red-shift je odrazem pritomnosti kondenzovanych aromatickych
systémi bohaté substituovanych funkénimi skupinami ptitahujicich elektrony tj. C=0, -
OH, -OR apod. Nicméné je zapotiebi dodat, Ze fluorescence v této oblasti miliZe byt spjata
i s takovymi organickymi slouc¢eninami, které se svoji morfologii podobaji steroidnim
slouceninam tzn. kondenzovaného steroidniho jadra substituovaného alifatickymi ci
lipidickymi slou¢eninamis3e.

Asi nejvétsi vyhoda této metody spociva vlokalizaci a nasledné identifikaci nejen
fluorescencnich domén odpovidajicich HL resp. ,humifikované“ OM, ale také téch, jejichZ
pritomnost v EEM spektrech odkazuje, zda se na genezi HL vyznamné nepodilela
rozlicna mikrobidlni spolecenstva. Ne-huminové fluorofory, jako jsou B (y) tyrosin-like
aT (8) tryptofan-like jsou typickymi fluorescen¢nimi doménami autochtonnich DOM.
Ukazalo se, Ze fluorescentni domény tryptofan-like mohou byt pouZzity jako indikatory
zralosti vermikompostu, kdy po Sesti mésicich vermikompostovani kornského hnoje
nebyly v EEM spektrech HK vySe zminéné ne-huminové domény identifikovany3°.
Nicméné, v pribéhu zrani vermikompostu byly formovany takové fluorofory, jez jsou
pokladany za ukazatele stabilnich frakci HL. V této souvislosti mame piredevsim na mysli
fluorescencni domény C (o) humic-like, které byly lokalizovany v oblasti vinovych délek
excitace a emise pii 330-335/440 nm a 385-390/435-440 nm (Aex/Aem).

Steady-state fluorescenctni spektrometrie byla pouzita kidentifikaci dominantnich
fluorofort, kterymi se vyznacovaly jednotlivé organické frakce (TCM1-MET®6), jez byly
ziskany pomoci sekvencni frakcionace raSelinistni HK za pouziti rozdilné polarity
organickych rozpoustédel3>. Vyjimecnost spojeni sekvenc¢ni frakcionace a fluorescencni
spektrometrie spociva predevSim vtom, Ze jsme schopni identifikovat jednotlivé
stavebni jednotky, které spoluvytvareji supramolekularni asociace HK. Toto tvrzeni
nabyva paradigmatického rozmeéru, pokud si uvédomime, Ze ptivodni (mateiskd) HK
byla charakterizovana pouze jednou fluorescen¢ni doménou A (&) fulvic-like, pricemz
ostatni fluorofory nebyly v EEM spektru patrné, anebo se jevily, jako méné vyrazna
ramena. V této souvislosti si dovolim v kratkosti zminit ty fluorescen¢ni domény, které
dozajista dopomohly kpodrobné strukturni charakterizaci této raSeliniStni HK.
Organické frakce extrahované chloroformem (TCM1), ethyl-acetdtem (EAC2)
a acetonitrilem (ACN4) se vyznacCovaly pritomnosti fluorescentnich domén ne-
huminového charakteru, které jsou povazovany za primé indikatory mikrobialni aktivity
v pribéhu geneze HL. Jedna se o fluorofory B (y) tyrosin-like, jejichZ specifické pozice
v EEM spektrech byly determinovany voblasti vinovych délek excitace aemise
270/305-315 nm (Aex/Aem). Nicméné, toto nejsou jediné fluorescencni domény, které by
poukazovaly na vyznamnou mikrobidlni ¢innost v priibéhu geneze raseliniStni HK. Tato
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hypotéza byla podporena i pritomnosti fluorescen¢niho maxima, které je dle dosavadni
nomenklatury oznacovano, jako doména ,H soluble microbial by-product-like. Avsak je
zapotrebi fici, Ze doposud nebyl navrzen Zadny strukturni model tohoto fluoroforu,
jehoZ specificka pozice v EEM spektrech nastava v oblasti nejkratSich vinovych délek
excitace. Na druhou stranu, Ize podle doposud platnych pravidel tento fluorescen¢ni
signal bliZze specifikovat, a to tak, Ze za jeho fluorescenci jsou zodpovédné jednoduché
aromatické struktury (bez kondenzace) sbohatou substituci elektron-darujicimi
funkénimi skupinami, jako jsou alkylové resp. alkoxylové substituenty. V poslednich
dvou frakci extrahovanych (PRO5 a MET6) nejpolarnéjsimi organickymi rozpoustédly
byly lokalizovany fluorescen¢ni domény ,V“ ato voblasti vinovych délek excitace
a emise 435-445/525-530 nm (Aex/Aem). Obecné plati, Ze fluorescenéni maxima s emisni
vlnovou délkou > 470 nm pravdépodobné odpovidaji prechodu elektronového naboje
z jedné oblasti molekularniho druhu na jinou, anebo z jednoho molekuldrniho druhu na
druhy, nezli z nezavislé fluorescen¢ni domény. Jinymi slovy, fluorescen¢ni domény ,V*
s nejvétsi pravdépodobnosti odpovidaji takovym strukturnim jednotkdm HK, které si
miliZeme predstavit jako vysokomolekuldrni frakce spomérné vyznamnou mirou
kondenzace jejich aromatickych jednotek. Nicméné nelze ani vyloucit prispévky
vyplyvajici z jejich bohaté substituce elektron-odebirajicimi funkénimi skupinami. Tyto
vysledky jsou v dobré shodé se zavéry ziskanymi pomoci UV/Vis (viz. SUVA2s4
a Eer/Epz), FTIR aliquid-state 13C NMR spektrometrie. Nékterymi autory je tato
fluorescenéni doména pripisovdna degradovanym rostlinnym pigmentiim, jako je
fytochlorin.
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7 EPILOG

v poslednich 20. letech zaznamenan nebyvaly pokrok, ktery je prednostné spjat

s dnes jiZ podrobnym kvalitativnim popisem jejich strukturnich jednotek. Na
druhou stranu je vidét, Ze ¢im vice vime o jejich chemické strukture, tim stale
eminentnéji se dostavaji do popredi doposud ne zcela objasnéné otazky, tykajici se
predevSim jejich geneze. Co se tyka struktury HL aDOM, tak asi jeden
z nejvyznamnéjsSich poznatki byl fakt, Ze mezi nejvice perzistentni strukturni jednotky
nepatii aromatické slouceniny, jak jsme se drive domnivali, ale ty, které jsou tvoreny
alifatickymi biopolymery. Tento novy pohled a nasledné odborné publikace potvrzujici
alifaticnost HL prokazaly, Ze role ligninu, jakoZ to jedna z majoritnich komponent
vstupujicich do dekompozi¢niho procesu geneze HL byla ponékud nadhodnocena. Touto
skutecCnosti byly otevieny pomyslné dvere, za kterymi se nachazelo rozcesti s mnoha
cestami, avSak vedoucimi kjednomu astejnému cili.i Kazda ztéchto cest byla
nasledovana jinymi védnimi obory, jako je chemie, pedologie, mikrobiologie, biologie,
botanika, zoologie, evolu¢ni biologie, klimatologie atd. V této souvislosti se zda az
neuvéritelné, ze takové dil¢i zjiSténi, jakou je rezistentnost alifatickych struktur vici
degradaci prispéla k multidisciplinarnimu pohledu na problematiku HL, potazmo
humusu. Pohled plidnich mikrobiologli vnesl do této problematiky mnoho zajimavych

vvvvv

T ak jak se zdokonaluji instrumentélni techniky, tak i v oblasti studia HL. a DOM byl

mohli piredstavit komplexnost, jakou v sobé ukryva problematika HL, SOM, DOM atd., tak
se ji pokusme priblizZit v odrazu polyketidové teorie. Nicméné, na tomto misté chci rici,
Ze nasledujici odstavce nejsou preferenci té ¢i oné teorie, ale predevsim si kladou za cil
poukazat na Sirokost tohoto tématu.

Abychom 1épe porozumeéli syntéze a dekompozici plidnich polyketidi v koexistenci
s Zivou a nezivou prirodou (pidni mikroorganismy x rostliny x mineralni povrchy) je
zapotiebi ovérit zda naSe hypotézy jsou vobecné platnosti srychlostnimi zakony
termodynamiky. Vtéto souvislosti by se mohlo jednat ostudium modelovych
enzymatickych reakci, které vedou k transformaci malych organickych molekul na tzv.
polyketidy, jeZ se mohou stat centralnimi strukturnimi jednotkami HL a SOM. Je
pravdépodobné, Ze tyto modelové reakce by mohly prispét kidentifikaci doposud
neznamych polyketidi ¢i jejich metabolitl rozkladu. Zaroven by bylo vhodné pokusit se
o implementaci molekularniho pristupu zhlediska dlohy nukleovych Kkyselin, které
mohou hrat dilezitou roli pri biosyntéze polyketidovych sloucenin. Vyuziti
biosyntetickych molekularnich technik a vhodné kvalitativni analyzy by mohlo dozajista
prispét k objasnéni nékterych aspektii spojenych s procesem humifikace a geneze HL,
ato v disledku podrobného studia sekundarnich polyketidii, které miizeme povazZovat
za typickeé predstavitele centralnich stavebnich jednotek ve strukturach HL, SOM, DOM
apod. Jak jiZ bylo nékolikrat zminéno, tak bez multidisciplinarniho pristupu zahrnujiciho
pohled chemika, ptidniho mikrobiologa, biologa atd. bychom nebyli schopni presné
objasnit, jaké dtileZité role hraji tyto slouceniny (PK) v plidnich ekosystémech.

Moderni instrumentalni techniky, fyzikalni chemie, zvlasté pak termodynamika,
molekularni biologie, nanotechnologie, simula¢ni modelovani, mikroskopie atd. nam
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dozajista umozni lépe a specifictéji identifikovat tyto organické slouceniny, jeZ jsou
produkovany na zakladé pozoruhodné komunikace mezi pldnimi mikroorganismy
a cévnatymi rostlinami. Tento pokrok nese v sobé skryty potencial stat se odrazovym
mistkem Kk lepSimu pochopeni struktury HL. Na tomto misté je nutné fici, Ze celkovou
predstavu o transformaci polyketidii by bylo mozZné ziskat prostfednictvim studia
kinetiky mikrobidlni a enzymatické metamorfézy izotopové znacenych substrati in vivo.
Tyto interdisciplindrni aspekty mohou vést Kkoziejméni nékterych doposud
nevyjasnénych otazek tykajicich se: (i) humifikace malych organickych molekul; (ii)
ekologického vyznamu bio-syntetizovanych avyluCovanych polyketidii Zivymi
organismy (pldni biota x rostliny); (iii) formace centralnich strukturnich jednotek HL
aSOM; (iv) chemické rozmanitosti PK ajejich dynamiky v pldé; (v) kvantitativni
a strukturni analyza HL a SOM.

Na tomto misté je nutné mit na pameéti, Ze polyketidy (PK) jsou rozsahlou skupinou
organickych sloucenin, kterd ¢itd zhruba 1-10> chemickych individui. Tyto organické
slouceniny jsou produkovany na zakladé symbiotické kooperace resp. chemické
komunikace mezi rostlinami a mikroorganismy. JelikoZ se jedna vyhradné o ,malé"“
signalni molekuly, tak se jejich stiedni molekulovd hmotnost M,, pohybuje pomérné
vuzkém rozmezi, ato vylucné vrozsahu 300-2500 mol-g-l. Asi polovina doposud
znamych PK je produkovana pidnimi mikroorganismy. Tyto bioaktivni slouceniny jsou
explicitné tvoreny komplexnimi moduly PK syntdzy, atudiZz je lze v ekosystému
plida x rostlina vyjadrit, jako bioaktivni sloucCeniny s primou vazbou na ostatni
organismy, které tyto slouceniny neprodukuji. Cisté hypoteticky, pokud bychom
provedli potencionalni permutace pomoci ¢tyt doposud znamych modult polyketidovych
syntdz (PKS), tak by to znamenalo, Ze jsme schopni teoreticky ziskat vice jak 1-10°5
organickych sloucenin, a to z jednoduchych ptdnich prekurzord, jako jsou oxokyseliny.
Obecné milZeme tyto vzniklé polyketidy klasifikovat jako alkylaromatické,
polyaromatické ¢i polyfenolické organické slouceniny.

Jiz vtuto chvili je zfejmé, Ze mechanismus tvorby a vylucovani pldnich PK
predstavuje odrazovy miistek k syntéze huminovych latek ¢i ptidni organické hmoty,
ktery je v dobré shodé s publikovanymi teoriemi jejich geneze. PredevSim diky své
bioaktivité, silné a rychlé adsorpci na mineralni podil plidy a v neposledni radé i vysoké
hodnoté energie, jeZ je skryta v podobé jejich chemickych vazeb, tak lze tyto slouceniny
povaZovat za ,pasivni“ uhlikové fondy, jeZ mohou vyznamné prispivat kvystavbé
centralnich stavebnich jednotek HL a SOM. Tyto centrdlni jednotky mohou dale
interagovat s ostatnimi stavebnimi jednotkami, jako jsou sacharidy, bilkoviny, lipidy,
dusikaté heterocyklické slouceniny apod. za vzniku HL. Na této teorii prednostné ocenuji
to, Ze jejim hlavnim aspektem nejsou dohady, zda jsou HL biopolymery Cci
supramolekularni asociace.

Po mnoho desetileti probihal vyzkum HL v zcela separovanych oborech, pricemz
jednotlivé védecké tymy nebyly schopni mezi sebou navazat vyznamnéjsi spolupraci.
V této souvislosti by bylo velmi dobré, pokud by se podarilo odstartovat uzsi spolupraci
napri¢ rozmanitymi védnimi obory, jako je chemie, mikrobiologie, biologie apod. Tento
multidisciplinarni pristup by dozajista prispél k posileni lidského poznani v této oblasti
vyzkumu.
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9 PRILOHY - RUKOPISY DOPLNENE
0 KOMENTARE

V této casti habilita¢ni prace jsou jednotlivé prilohy odbornych publikaci doplnény
o jejich komentare. Nicméné je zapotiebi rici, Ze pravé zde je to pravé misto, kde se
autor miiZe konkrétnéji a déle vénovat jednotlivym experimentalnim vysledklim, které
jsou predmétem jednotlivych publikaci. Tato cast habilitatni prace ma rovnéz
nezastupitelnou tlohu pravé v tom, Ze se lze bez jakéhokoliv omezeni vénovat doposud
nevyi'¢enym mySlenkdm a nazoriim vychdazejicich z experimentalni ¢innosti autora. Dale
lze ¢tenafe upozornit na mnoho zajimavych vysledkii, motivaci a z ni vychazejici design
experimentalniho piistupu, ktery hraje zvlasté v oblasti huminové chemie jednu
z klicovych roli. Pevné vérim, Ze tato habilitacni prace doplnéna o jednotlivé komentare
bude jistym dokladem o pfinosu autora v dané problematice, ktery vychazi z konkrétni
aplikace oboru fyzikalni chemie, bez které by byl rozvoj v dané védni discipliné takrka
nemozny.
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Abstract Lignite can be applied directly in natural form
on agricultural fields as a soil conditioner. However, there
is little information on leaching of risky compounds by its
interaction with water. South Moravian lignite was there-
fore extracted with water at 25 °C and 2.3 % of water-
soluble fractions were obtained from lignite corresponding
to 0.3 % of total organic carbon. All ten fractions form
aromatic and aliphatic structures with oxygen-containing
functional groups such as carboxyl groups, alcohols, ethers,
esters, can be characterized as fulvic-like and humic-like
substances. According to the XPS spectra, the fractions
contain two nitrogen forms, one of which is ascribed to
pyrroles and the second is related to protonated amines or
quaternary nitrogen. Analysis at molecular level showed
that the fractions contain compounds such as benzene
carboxylic acids and their derivatives, small aliphatic dia-
cids, fatty acids and polyols. Most of the identified mole-
cules reflect clearly the presence of microbial remains in
the lignite structure since microbial activity during coali-
fication is well known. The differences between the
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individual fractions are negligible, especially after 21 days
of extraction. From environmental point of view, it seems
that the identified compounds do not represent a toxic risk.

Keywords Lignite - Water-soluble fractions -
Fulvic acid - Humic acid - Organic matter

Introduction

Lignite is a low-rank coal which is formed from original
phytomass by peatification, followed by coalification, and
is considered as intermediate form between peat and bitu-
minous coal. Lignite is mainly used for energy production
but its disadvantages are low caloric value and high water
content. In this regard, non-energy or non-fuel applications
can represent more interesting use of this valuable raw
material [e.g., a production of small acids by chemical
treatments (Doskocil et al. 2014)].

Probably the most attractive way is the use of lignite as
sources for humic acids in agriculture (Kucerik et al. 2003)
or for the production of organic, organomineral fertilizers
(generally coal-based fertilizers) and soil conditioners
(Chassapis et al. 2009; Song and Schobert 1996; Pehlivan
and Arslan 2007). The simplest and cheapest way is the
direct application of natural lignite after milling to suitable
particle sizes by spreading or ploughing. For example, a
product from South Moravian lignite called Terra Clean
acts as an effective soil conditioner and it is exported to
some Arab countries (Hon€k et al. 2009). One drawback of
these applications can be related to the release of inorganic
and organic components into the soil, surface and under-
ground water as a consequence of the interaction of lignite
with water (Chassapis et al. 2009). The available literature
pays sufficient attention to inorganic materials (especially
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toxic elements such as lead, arsenic, copper, cadmium,
etc.) leached out from coals due to their potential envi-
ronmental pollution problem for ecosystems (Petrotou et al.
2012; Wongyai et al. 2013), whereas organic components
are of rather marginal interest.

Besides agriculture, lignite has also a potential
application as a low-cost and effective sorbent (mainly
heavy metals) for the treatment of wastewater (Doskocil
and Pekaf 2012). On the other hand, studies do not deal
with water quality after sorption treatment of wastewa-
ter, although the contact of lignite with water always
results in the release of organic matter and water yel-
lowing. It has been proven that coals themselves are not
mutagenic, but water-soluble organic matter from lignite
produced an appreciable mutagenicity when the treat-
ment was performed by chlorine sterilization (Nakajima
et al. 2008). Some works have reported (McElmurry and
Voice 2004; Maharaj et al. 2014; Orem et al. 1999;
Finkelman et al. 2002) that groundwater can leach
organic matter from Pliocene lignite and they can be
hazardous to human health (e.g., urinary tract cancer,
tubulointerstitial nephropathies). Long-term exposure to
low concentrations of organic compounds leached from
Pliocene lignite is probably one of factors in the etiology
of the disease so-called Balkan endemic nephropathy
(Mabharaj et al. 2014).

The importance of water-extractable organic matter
from lignite does not involve only the above-mentioned
areas, but there are many other cases in which coal is
exposed to water, e.g., coal washing processes, storage
piles exposed to rain and/or water spray, transport in coal-
water slurry, and disposal of coal (Nakajima et al. 2005).

Extraction studies of coal were previously performed
using hot, sub- and supercritical water, but experimental
conditions cannot reflect a situation occurring in nature
(Vieth et al. 2008; Nakajima et al. 2005; Kashimura et al.
2004; Cheng et al. 2004).

In other previous studies, organic compounds such as
phenols, polycyclic aromatic hydrocarbons, and humic
substances have been detected in coal washing wastewater
(Berrueta et al. 1991), coal slurry transport wastewater
(Reid et al. 1988) and simulated coal slurry pipelines
(Godwin and Manahan 1979). But very few works deal
with the water extraction of organic matter from coals at
environmental temperatures and when lignite is exposed to
contact with water in a batch method (Berrueta et al. 1991;
Peuravuori et al. 2006).

Peuravuori et al. (2006) leached lignite with pure water
and classified water-soluble organic compounds into six
structural categories: (1) aliphatic acids, alcohol and ester
derivates with long carbon chains; 2) aromatic carboxylic
acid and phenol derivatives; (3) aromatic condensed
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PAH-type derivatives; (4) lignin signal compounds; (5)
carbohydrate signal compounds (furans); and (6) N-con-
taining compounds (aromatic amines and nitrogen hetero-
cycles). Unfortunately, they did not detect specific
compounds at the molecular level. On the other hand,
compounds analyzed by Fabianska et al. (2013) do not
agree with the classification proposed by Peuravuori et al.
(2006). Water-washing of Polish lignite resulted in
decreased bitumen yield from the original matter due to the
removal of short-chain n-alkanes (n-C,—n-Cg), the
removal of some more polar compounds such as quinoline
derivatives, and lower concentrations of naphthalene and
alkylnaphthalenes (sometimes with naphthalene absent in
the extracts) in bitumen (Fabianska et al. 2013). Study of
Maharaj et al. (2014) showed that aqueous leaching of
Pliocene lignite from the countries of the former Yugo-
slavia yielded aliphatic compounds, phthalate esters, phe-
nols, benzenes, heterocycles, polycyclic aromatic
hydrocarbon and lignin degradation compounds that
depended on the experimental conditions.

In order to predict the potential impact of interactions
between coal and water that might occur in soil systems
during the agricultural application of lignite, or in the waste
water during sorption treatment, it is necessary to have
more information on the composition of nature lignite
water-soluble fractions. In this study, South Moravian
lignite was subjected to water sequential extraction at
25 °C, and water-soluble fractions were characterized
using a set of analytical techniques, i.e., spectrometric
methods, thermochemolysis and GC-MS analysis. The
combination of various techniques assures better charac-
terization of water-soluble fractions.

Experimental
Material

The sample of lignite used in this study was obtained from
the locality MikulCice, Czech Republic, the mine Mir
belonging to the Dubnany seam in the South Moravian
Lignite Coalfield that forms northern part of the Vienna
basin. This was a representative sample of standard product
from this mine; its detailed characteristic, including geo-
chemical and petrographic description, has been published
elsewhere (Kucerik et al. 2003; Havelcova et al. 2012;
Jelinek et al. 2011). The lignite was used after drying at
105 °C for 24 h and then let to equilibrate with ambient
laboratory atmosphere at about 25 °C which resulted in the
final equilibrium moisture content of about 7 % by weight.
Then lignite milled was sieved to the size fraction less than
0.2 mm.
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Extractions of lignite with water

Ten grams of ground lignite and 150 ml of ultrapure water
were put into a 200-ml glass flask. Nitrogen was bubbled
through a lignite suspension and the content of the flask
was closed under a nitrogen atmosphere. The extraction
was carried out by means of a rotary shaker at temperature
25 °C for 7 days.

Every 7 days, the extract was separated from lignite by
centrifugation for 10 min at 4,000 rpm and at 25 °C. After
centrifugation the supernatant was filtered through a 0.45-
pwm membrane filter (MS®MCE). The filtrate was freeze-
dried, the solid product was kept in the dark before it was
analyzed as described below (see also Fig. S1 in Online
Resource).

To the solid residue of coal, 150 ml of ultrapure water
was again added and the extraction continued. The
exchange of water was carried out nine times and all
extractions were performed in quadruplicate. Letters
marked the individual fractions in alphabetical order and
subscripts indicated the number of days of extraction (that
is the first fraction as fraction A, the second fraction as
fraction By4... and the last fraction as fraction J;p).
Extraction procedure is illustrated in detail in Fig. S2 in
Online Resource.

Total organic carbon (TOC) was determined by
accredited testing laboratory Povodi Moravy using a Shi-
madzu TOC 5000A analyzer according to Czech technical
standard SOP 300-CSN 75 7515.

UV-Vis spectrometry

UV-Vis spectra were obtained on a Hitachi U-3900H UV/
VIS spectrophotometer in the range of 200-700 nm.
Freeze-dried fractions were dissolved and measured in a
10-mm quartz cuvette against ultrapure water as blank.

FTIR spectrometry

The FTIR spectra were recorded on pellets prepared by
pressing a mixture of 1.5 mg of the individual fractions and
400 mg of dried spectrometry grade KBr using a Nicolet
iS50. Spectra were recorded in the range 4,000—400 cm ™"
with a 4 cm™! resolution and 256 scans were performed on
each sample.

XPS analysis

The samples of fractions were ground in an agate mortar
and molded into a disc with a diameter of 10 mm. XPS
spectra were measured with a Kratos AXIS Ultra DLD
spectrometer using a monochromatic Al Ko source oper-
ating at 150 W (10 mA, 15 kV). High-resolution spectra

were obtained using an analysis area of ~ 300 x 700 um
and 20 eV pass energy with the step size 0.1 eV. The
analyzer chamber pressure was less than 2 x 10”7 Pa. The
Kratos charge neutralizer system was used for all analyses.
The spectra were corrected using the adventitious hydro-
carbon peak at 284.6 eV.

Fluorescence spectrometry

For fluorescence measurements, solutions of 10 mg L' of
organic carbon were prepared from freeze-dried fractions
in phosphate buffer (NaH,PO,, Na,HPO,). All spectra
were performed on a fluorescence spectrophotometer Flu-
orolog, with a scan speed of 600 nm min~', using excita-
tion and emission slit bandwidths of 5 mm. The following
spectroscopical indexes were obtained:

Zsolnay index: Emission spectra were collected
between 350 and 650 nm, with an excitation wavelength
of 240 nm, using the method proposed by Zsolnay et al.
(1999).

Milori index: Emission spectra were recorded over a
range of 460-650 nm using an excitation wavelength of
440 nm, and the total area under these spectra was also
calculated (Milori et al. 2002).

Emission spectra were obtained over a range of
380-550 nm using an excitation wavelength of 360 nm and
excitation spectra were collected over a range of
300-500 nm applying an emission wavelength of 520 nm.

The excitation—emission matrix (EEM) spectra were
obtained by scanning the emission and excitation wave-
lengths over the range 300-600 nm, and the excitation
wavelength increment was set at 5 nm.

The primary and secondary inner filter effects were
corrected. The fluorescence intensity (IF) values (in CPS/
MicroAmplitude) of samples were corrected using method
of Lakowicz (2006).

Tetramethylammonium hydroxide thermochemolysis

The thermochemolysis procedure was based on the off-line
procedure developed by Grasset and Ambles (1998). The
individual freeze-dried fractions from lignite were mixed
together. The resulting sample (about 350 mg) was placed
in a ceramic boat and thoroughly soaked with 2 ml of a
50 % w/w solution of tetramethylammonium hydroxide
(TMAH; Acros Organics, New Jersey, USA) in methanol.
After 1 h of impregnation, the sample was transferred to a
60 x 3 cm i.d. Pyrex tube and heated at 400 °C (30 min
isothermal). Thermochemolysis products were swept using
N, (flow rate at 100 ml min~'") to a trap containing
dichloromethane in the ice-water bath. When pyrolysis was
completed, the dichloromethane was removed using a
rotary evaporator.
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Derivatization of chloroform extract from freeze-dried
fractions

The individual freeze-dried fractions were collected toge-
ther, dissolved and the aqueous sample solution was sev-
eral times extracted with chloroform. The extracts were
combined, dried over MgSQO,4 and silylated with a mixture
of BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) and
TMCS (trimethylchlorosilane) at 60 °C for 15 min.

Gas chromatography—mass spectrometry

The products of thermochemolysis and the chloroform
extract were analyzed by capillary GC using a Hewlett—
Packard 6890 GC (split injector, 250 °C; Flame Ionization
Detector (FID), 300 °C) with a fused silica capillary col-
umn (SGE BPX 5, 30 m length, 0.25 mm i.d., 0.25 pm
film thickness) and helium as a carrier gas. The GC was
temperature programmed from 60 to 300 °C at 5 °C min~"
isothermal for 20 min final time. The GC-MS analyses
were performed on a Trace GC Thermo Finnigan coupled
to a Thermo Finnigan Automass (with the same GC con-
ditions). The MS was operated in the electron impact mode
with a 70 eV ion source energy and the ion separation was
operated in a quadripolar filter. The various products were
identified on the basis of their GC retention times, their
mass spectra (comparison with standards) and literature
data. Quantification was done with n-nonadecane as an
internal standard.

Results and discussion
Yields

The water extract obtained from the South Moravian lignite
was yellow in color. After the freeze-drying process the
first fraction A; was white in color unlike the others which
were light brown. The difference in color may be explained
by a higher content of salts in the first fraction. Yields of
extracts gradually decreased as can be seen in Table 1.
Fraction J;( contained an insignificant amount of solids and
therefore further extractions were not performed. Thus,
about 2.7 % of material from lignite can be released into
water. Organic part of the water-soluble fraction repre-
sented about 0.3 % of TOC from the original lignite.
Peuravuori et al. (2006) reported that the total amount of
water-soluble organic compounds from lignite accounted
for about 0.38 %. Lower values of TOC in fractions Ay and
B, indicate a higher salt content and there was no big
change of TOC from fraction C,; to fraction J;,. Inorganic
and organic species whose presence was registered by
FTIR analysis, were responsible for the conductivity of
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water-extractable fractions. Table 1 clearly shows that the
conductivity greatly decreased from fraction A5 to fraction
By4, subsequently slightly decreased, reaching about
15 pS/cm from fraction Gyuo. Extracts were weakly acid
and the fraction A, was the most acidic. The results indi-
cate that initially fractions rich in salts were released fol-
lowed by a predominance of fractions containing organic
compounds which were gradually released from the com-
plex coal structure.

UV-Vis spectroscopy

UV-Vis absorbance spectra of water extract from lignite
were featureless and characterized by the absence of rec-
ognizable maxima and/or minima with a decreasing
absorbance with increasing acquisition wavelength (not
shown). This spectral behavior is typical for fulvic acid and
humic acid (Baes and Bloom 1990; Li et al. 2009).

Fractions absorbed light significantly at wavelengths
between 200 and 400 nm. It indicates the vast majority of
the chromophores including aromatic groups with various
degrees and types of substitution such as monosubstituted
and polysubstituted phenols and different aromatics acids
(Korshin et al. 1997). The lower Egt/p, ratio (the ratio of
absorbance at 253 nm to at 203 nm) indicates aromatic
rings substituted predominantly with aliphatic functional
groups or a scarce substitution in the aromatic rings,
whereas higher Egt/p, ratio is associated with the presence
of aromatic rings substituted with carbonyl, carboxyl and
(especially) ester carboxylic groups (Korshin et al. 1997;
Fuentes et al. 2006). Table 2 shows an increase in Egt/p,
ratios ranging from 0.55 in fraction A5 to 0.61 in fractions
from Eszs to J;p. These results show that the aromatic
structures in fractions (especially up to fraction E;5) have a
higher degree of substitution with oxygen-containing
functional groups with ascending order of fractions,
although the differences of values are minimal from the
fraction C,;. The degree of substitution in aromatic rings
does not alter from the fraction Ezs because consecutive
values of Egp/p, ratios were identical.

The quotient E;5¢/3¢5 (the ratio of absorbance at 250 nm
to at 365 nm) is used as an indicator of aromaticity and
molecular size (Peuravuori and Pihlaja 1997). In general, if
the ratio Ejso/3¢5 increases the aromaticity and molecular
size decrease. The results listed in Table 2 indicate that
basically the aromaticity and molecular size increase
slightly for individual fractions in ascending order,
although the increase can be considered as negligible
starting from the fraction C,;.

SUVA,s, (specific UV absorbance) is defined as the UV
absorbance of a water-soluble sample at 254 nm normal-
ized for TOC concentration (Weishaar et al. 2003). It is a
useful parameter for estimating the dissolved aromatic
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Table 1 'Cl.lemical Extract Fractions
characteristics of water-
extractable fractions from Ay By Cyy Dog Ess Fa» Gyo Hse Is3 J70
lignite
Yields (mg) 193.7 21.1 20.4 7.2 10.1 8.1 33 2.7 2.9 1.1
pH 5.16 5.67 5.79 5.63 5.63 5.96 5.54 5.79 544 539
Conductivity  1143.0 1374 59.1 27.8 313 26.8 14.5 14.6 150 149
(uS/cm)
TOC (g/kg) 41 170 346 363 347 380 316 345 323 -

Table 2 Spectroscopic data of water-extractable fractions from
lignite

Fraction UV-Vis parameter Fluorescence parameter
Eer/Es, Easolo SUVAys, Milori (10%)  Zsolnay
Ay 0.55 4.62 0.32 0.61 0.19
By 0.56 5.78 0.43 1.31 0.19
Cyi 0.59 4.49 0.45 241 0.22
Dog 0.59 4.14 0.43 3.16 0.25
Ess 0.61 3.99 0.54 4.13 0.35
Fa 0.61 4.07 0.35 3.26 0.28
Gyo 0.61 3.47 0.45 3.49 0.38
Hse 0.61 3.57 0.37 4.13 0.34
Iss 0.61 3.49 0.39 3.51 0.35
J70 0.61 3.68 0.40 - -

carbon content in aquatic systems (Weishaar et al. 2003).
The lowest value of SUVA,s, was observed in the fraction
A;. Other fractions displayed more or less higher values of
SUVA,s54 with minimal variation.

Porous structure of South Moravian lignite (Pekar 2009)
is known to consist mainly of macropores (95 %). It
therefore seems that initially molecules freely entrapped in
pores or weakly attached to the outer surface were released.
Subsequently, molecules adsorbed on the pore or outer
surface could be released due to swelling and opening of
the lignite structure. It should be noted that the size of
molecules and aromatic substituents with oxygen-contain-
ing functional groups did not change significantly among
fractions (from the fraction C,; to the fraction J;).

Absorbance above 550 nm in the UV-Vis spectra was
minimal or equal to zero. Hence, we can suppose that
fractions did not comprise extended conjugation in ali-
phatic or polyaromatic structures as well as to the absence
of metal complexes and/or inter-, or intramolecular donor—
acceptor complexes (Fuentes et al. 2006).

FTIR
The FTIR spectra of the fractions show mainly the exis-

tence of oxygen-containing functional groups, though the
appearance of gypsum and kaolinite made the

interpretation of the FTIR spectra difficult. The differences
between FTIR spectra of the individual fractions were
insignificant. Gypsum was revealed by the bands at 3,543,
671 and 603 cm™ " (Painter et al. 1978) and it was the most
pronounced in the fraction A;. Kaolinite was related to
bands at 3,696, 3,620, 534 and 470 cm™! (Iordanidis et al.
2012). The interference of gypsum gradually declined in
accordance with results of conductivity and TOC (see
Table 1).

Interpretation of the absorption bands was done as
described in the literature (Milata and Segia 2007). The
presence of aliphatic chains was revealed by the bands at
2,925 and 2,852 cm ™! which were attributed to asymmetric
and symmetric C-H stretching in methylene groups. The
deformation vibrations of methylene and methyl groups
occurred in the spectrum at 1,451 and 1,369 cm~!. The
band at around 3,400 cm™' was attributed to OH groups.
The appearance of C=C aromatic stretching at 1,510 cm™'
(and probably at 1,611 cm™") pointed out aromatic mole-
cules. The bands at 1,265 and 1,220 cm ™! were related to
C-O and O-H vibrations from phenols, carboxyl groups
and aryl ethers. Carboxylic groups were responsible to the
band at 1,710 cm™!. The band at 1,120 cm ™' was ascribed
to the C-O stretching of secondary alcohols, ethers and
inorganic matter; and the band at 1,033 cm~! was attrib-
uted to C-O stretching of primary alcohols and Si—-O
bonds. These results are consistent with that from UV-Vis
spectra.

XPS analysis

The XPS analysis was used to obtain qualitative informa-
tion about the chemical states of carbon, nitrogen and
sulphur in the lignite fractions.

Figure 1 shows example of XPS carbon C 1 s spectra of
the fraction Fy4,. For all fractions, the results indicate that
three different structural groups occurred at 284.6, 286.3,
and 288.4 eV. The 284.6 eV peak represents contributions
from both aromatic and aliphatic carbon (C-C, C=C, C-H).
The 286.3 eV peak represents carbon bound to oxygen by a
single bond (e.g., C—O, C-OH, etc.), but it can also include
carbon bound to nitrogen or sulphur (C-N, C-S). The
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288.4 eV peak corresponds mainly to carbon bound to
oxygen by three bonds such as carboxyl and ester func-
tional group (O=C-0).

For the nitrogen N 1 s signal, two peaks were applied to
curve fitting as shown in Fig. 2. The 400.0 eV peak can be
assigned to pyrroles, pyridones, amides, secondary and
tertiary amines and imides. Although these species cannot
be unequivocally distinguished with each other due to very
close binding energies (Kelemen et al. 1999, 2006; Zhu
et al. 1997), based on several published statements
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(Cagniant et al. 1998; Gorbaty et al. 1990; Kelemen et al.
1994) the peak at 400.0 eV was considered predominantly
as pyrrolic. The 402.3 eV peak can be related to protonated
amines, quaternary N and oxidized nitrogen (N-O) (Tem-
plier et al. 2012; Straka et al. 2000). Quaternary nitrogen
arises from the interaction (protonation) of pyridinic
nitrogen and adjacent phenolic groups (Kelemen et al.
1994). We are inclined rather to the opinion that the
402.1 eV peak is involved in protonated amines, or qua-
ternary nitrogen. Amino containing functional groups were
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also observed in the work of Finkelman et al. (2002) in the
aqueous leachate from lignite. The same results were
observed in all fractions.

Typical sulphur XPS spectrum is shown in Fig. 3 and
contains peak at 169.1 eV (S 2p;/,) belonging to sulfate
group and can be attributed to gypsum which was also
detected by means of FTIR. In the case of fraction A5,
sulphur was determined in two chemical states (Fig. 4).
The second peak obtained at 171.2 eV cannot be unam-
biguously ascribed to given binding energy.

Binding energy (eV)

Fluorescence spectroscopy

Emission spectra (Fig. 5) are characterized by a broad band
with the maximum centered at a wavelength (equal to
459 nm) that was identical for all fractions. The shoulder at
410-415 nm in the spectra is due to the Raman band of
water. The values of the maximum are in the range typical
for fulvic acids (Senesi et al. 1991; Plaza et al. 2003).
Excitation spectra of all fractions (Fig. 5) are less
clearly resolved than emission spectra, and are
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Fig. 5 Fluorescence emission 6.E+06 1
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characterized with unclear maximum values. Excitation
spectra are closely paralleling the absorbance spectra, see
above.

The fluorescence EEM spectrum of water-extractable
fractions is presented in Fig. 6. The spectra of all fractions
were characterized by the persistence of two fluorescent
centers situated at distinctive positions which are marked
as peak A and peak C. Both fluorescence peaks (A and C),
centered at the excitation/emission wavelength pair of
about 250/440 nm and about 300/425 nm, respectively,
were detected in all the fractions. According to previous
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studies (Chen et al. 2003; Rodriguez et al. 2014), peak A
and C are located in fluorescent regions attributed to
humic-like substances with the former assigned to fulvic
and fulvic-like structures, while the latter is attributed to
humic-like materials. Fluorescence intensity (IF) in the
individual fractions shows higher values for fulvic-like
structures than in the case of humic-like structures. Higher
intensity associated with fulvic-like materials may be
indicative of simpler structures with less condensed aro-
matic rings or conjugation in aliphatic chains (Senesi et al.
1991; Fuentes et al. 2006). The position of peak C in the
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region of excitation wavelengths suggests that carboxylic
groups predominate over phenolic groups (Rodriguez et al.
2014).

To determine the degree of aromaticity in the individual
fractions by means of fluorescence spectroscopy, Milori
and Zsolnay indexes were utilized. The smallest degree of
aromaticity was determined for the fraction A;, B4
(eventually in the fraction C,;), see Table 2. In other
fractions, differences in the values of indices were rela-
tively small.

We consider that aromaticity of individual fractions
compared with one another, both for the Milori index and
the Zsolnay index, were not significantly varied. With
respect to the results of SUVA,s4 and Ejso/365, We can
conclude that the aromaticity increased slightly for frac-
tions in ascending order, although the increase can be
considered to be negligible from the fraction C,;. This may
be explained by concluding that the first fractions (up to the
fraction C,;) formed smaller molecules with aliphatic
structures, and low aromaticity moieties, which were dis-
solved in preference.

Fulvic acids can form the soluble chelates/complex with
nutrients which can then move by diffusion and mass flow
to plant roots (Tan 2003). On the other hand, fulvic acids
(generally water-soluble organic fractions) in free form
and/or in form of complexes with nutrients might be
washed up into bottom layers of soil or might pollute the
groundwater. Thus, loss of nutrients from topsoils and
groundwater contaminations cannot be utterly excluded if
lignite is applied as the fertilizer or the soil conditioners.

Tetramethylammonium hydroxide thermochemolysis

The products of thermochemolysis were characterized by
the predominance of aromatic compounds (77 % of the
total identified molecules), i.e., benzene carboxylic acids
and their derivatives (appearing as methyl esters), espe-
cially methoxybenzoic acids, and further to a lesser extent,
methoxybenzenes. A smaller contribution (23 % of the
total identified molecules) corresponded to aliphatic com-
pounds, consisting of short-chain diacids, fatty acids and
polyols. The identified compounds are listed in Table 3.
The most abundant compounds were the methyl esters
of 3,4-dimethoxy-, 3.4,5-trimethoxy- and 4-methoxyben-
zoic acids. They may be considered as the end products
from oxidation of side chains during microbial degradation
of lignin, and as pristine components of the humic structure
(Lehtonen et al. 2000). However, it must be stated that the
origin of many benzene carboxylic acid methyl esters can
also be partly explained on the basis of secondary reactions
induced by TMAH as it has been reported (Tanczos et al.
1999). The methoxybenzenes, which were detected in
lower amounts, have an uncertain origin. Molecules of

Table 3 List of assigned compounds and their abundance in the
mixture of fractions after thermochemolysis

Abundance
(nmol/g sample)

Identified compounds

Succinic acid, dimethyl ester 7.8
Methyl succinic acid, dimethyl ester 3.7
Glutaric acid, dimethyl ester 4.8
1,2-Dimethoxybenzene 22
Adipic acid, dimethyl ester 2.0
1,2,6-Trimethoxyhexane 8.7
1,2,3-Trimethoxybenzene 2.3
3-Methoxybenzoic acid, methyl ester 7.7
1,2,4-Trimethoxybenzene 3.0
4-Methoxybenzoic acid, methyl ester 16.0
Trimethyl propan-1,2,3-tricarboxylate 8.3
3-Methoxy-4-methylbenzoic acid, methyl ester 2.6
4-Methoxybenzeneacetic acid, methyl ester 2.1
Dulcitol, hexamethyl ether 8.5

3-Hydroxymandelic acid, dimethyl ether, methyl 54
ester

3,5-Dimethoxybenzoic acid, methyl ester 2.5
Veratric acid, methyl ester 82.9
3,4-Dimethoxybenzeneacetic acid, methyl ester 5.0
3,4,5-trimethoxybenzoic acid, methyl ester 16.1
Tetradecanoic acid, methyl ester 1.4
3,4-Dihydroxymandelic acid, dimethyl ether, 13.9

methyl ester

Hexadecanoic acid, methyl ester 2.6

1,2-dimethoxybenzene and 1,2,3-trimethoxybenzene are
not obligatory specific only to lignin but they can also be
derived from other biopolymers such as carbohydrates
(including 1,2,4-trimethoxybenzene) and tannins (Frazier
et al. 2003).

The aliphatic diacids released after thermochemolysis
consisted of succinic acid, glutaric acid, methylsuccinic
acid and adipic acid. Tricarboxylic acid (propan-1,2,3-tri-
carboxylic acid) was also detected. The occurrence of such
acids was previously reported by other authors utilizing
various methods as alkaline hydrolysis, oxidation processes
or thermochemolysis of humic substances (Doskocil et al.
2014; Hinninen and Niemeld 1992; Estournel-Pelardy
et al. 2013). They are considered as cross-linkages between
aromatic structures of humic substances (Doskocil et al.
2014). It is known that methyl succinic acid can arise from
cleavage of an aromatic ring (Joll et al. 2003). The regular
aliphatic diacids, particularly succinic, glutaric and adipic
acids, could be more probably considered as products of
biological degradations. These acids are very common
among natural compounds as they are direct (succinic acid)
or secondary products of the intermediate metabolism
(citric acid cycle or glyoxylate cycle) of animal, vegetable
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and microbial cells (Templier et al. 2005). Glutaric and
adipic acids are produced during methanogenic fermenta-
tion of aromatic substrates that form phenol or benzoate as
an intermediate (Nanny and Ratasuk 2002).

Fatty acids, as methyl ester, were observed in minor
portion among thermochemolysis products and they consist
of n-Cy4 and n-Cy4. These short-chain n-fatty acids (< Cy)
are ubiquitous in living kingdom (Zelles 1999) and they
were probably released by scission of ester moieties in
humic substances. Two polyols, dulcitol and 1,2,6-tri-
hydroxyhexane (appearing as methyl ether), were found
among products and carbohydrates reduced during the
diagenesis can be considered as the precursors of these
polyols (VIckova et al. 2009).

Analysis of chloroform extract from freeze-dried
fractions

Table 4 shows the results of GC-MS analysis of the
chloroform extract from freeze-dried fractions. The data
revealed the presence of aromatic compounds (72 % of the
total identified molecules), including benzoic acids and
3-vanilpropanol, and aliphatic compounds (28 % of the
total identified molecules), including fatty acids and
glycerol.

The benzoic acids may represent free products resulting
from microbial degradation of lignin which were adsorbed
on lignite and/or trapped in the lignite structure. The same
acids (excluding benzoic acid) were detected in thermo-
chemolysis products as methyl esters. In this regard, ben-
zoic acids can occur in free form and bound via ester/ether
linkages to bigger molecules. The aromatic compounds can

Table 4 List of assigned compounds and their abundance in the
chloroform extract from the GC-MS analysis

Compounds Abundance
(nmol)
Benzoic acid 10.1
Glycerol 2.4
Nonanoic acid 8.4
Decanoic acid 4.9
4-Hydroxybenzoic acid 16.4
Dodecanoic acid 4.5

3-Hydroxy-4-methoxybenzoic acid (isovanillic acid) 37.1
3-Vanilpropanol 44
Tetradecanoic acid 5.2
4-Hydroxy-3,5-dimethoxybenzoic acid (syringic acid) 3.8

Palmitelaidic acid 34
Palmitic acid 7.8
Stearic acid 7.6
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be divided into the three types of lignin monomers units:
guaiacyl (isovanillic acid, 3-vanilpropanol), p-hydroxy-
phenyl (4-hydroxybenzoic acid) and syringyl lignin (sy-
ringic acid). The quantitative and qualitative predominance
of guaiacyl units indicates the presence of gymnosperm
lignin. Benzoic acid may be derived from various sources
because it is a common intermediate in the anaerobic
degradation of aromatic compounds (Nanny and Ratasuk
2002). 3-vanilpropanol represents microbially degraded
guaiacyl lignin with the preserved side chain greater than a
2-carbon unit. The major aliphatic products comprised of
fatty acids, ranging from n-Cg to n-Cyg, of which n-Co, n-
Ci¢ and n-C;3 were the most prominent. From the fatty
acids, n-Cy4 and n-C;¢4 were observed during thermo-
chemolysis as mentioned above. Thus, besides the fatty
acids bound via ester to the low-molecular-weight humic
substances, free fatty acids were also detected in the frac-
tions, which were released from lignite during the extrac-
tion with water, even though fatty acids are hydrophobic
molecules and are not readily soluble in water. These
results are in accordance with the observations of Fa-
bianska and Kurkiewicz (2013), who recorded that water-
washing of lignite results in the removal of several groups
of compounds (such as aliphatic hydrocarbons, naphtha-
lene, alkylnaphthalenes, slightly polarity compounds and
others) or a change in their distribution. Only one unsatu-
rated fatty acid, palmitoleic acid, was found. Glycerol was
detected in extract as well which may be related to pro-
ducts of biological degradations.

It seems that the identified compounds do not represent
an environmental or a health risk with respect to acute
toxicity (Peuravuori et al. 2006) when lignite would be
applied as the soil conditioner. However, long time expo-
sure and/or accumulation could potentially lead to risks
like kidney damage, the development of urothelial carci-
nomas (Maharaj et al. 2014; Orem et al. 1999).

Unlike the results of the XPS analysis, no nitrogen-
containing compounds were observed in the thermochem-
olysate and the chloroform extract. This fact may be
explained by the absence of free nitrogen-containing
compounds in fractions from lignite, or conversely by the
presence nitrogen-containing compounds in the form of
large molecules that do not undergo a scission of bonds
under conditions used during the thermochemolysis.

The compounds identified from the thermochemolysis
and the chloroform extract qualitatively indicate that they
can be related to the constituents of humic substances (Reid
et al. 1988; Lehtonen et al. 2000, 2004; Estournel-Pelardy
et al. 2013) in accordance with the results of the fluores-
cence EEM spectra. Several of these identified molecules
may act as metal-binding ligands. For example, succinic
acid type structures bound within the molecules may par-
ticipate in multidentate coordination with metals. In this
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regard, water-soluble organic fractions can serve as com-
plexing agents of nutrients for plants or the fractions can
cause the depletion of nutrients.

Conclusions

South Moravian lignite contains about 2.7 % water-
extractable fractions and in those fractions about 0.3 % of
original TOC is released. First, inorganic salts such as
gypsum, kaolinite (especially the fraction A;) and smaller
molecules containing probably aliphatic moieties and
structures with low aromaticity, are particularly dissolved
(the fractions A7, B4). Then, slightly larger molecules are
predominantly released (from the fractions C,; to the
fraction J,o) whose aromaticity, molecular size and degree
of substitution of aromatic rings with oxygen-containing
functional groups are identical in principle. Thus after
14 days of extractions the fractions may be collectively
characterized the parameters such as TOC (316-380 g/kg),
pH (5.39-5.96), Egt/g, (0.59-0.61), Ess0/220 (3.47-4.49),
SUVA,s, (0.37-0.54), Milori index (2.41-4.13-10%) and
Zsolnay index (0.22-0.38). Moreover, it should be noted
that overall variances among the fractions are minimal. All
fractions are characterized by the presence of fulvic acids
and low-molecular weight humic-like acids. Likewise, all
fractions include nitrogen-containing compounds. Analysis
at molecular level showed that the fractions contain com-
pounds such as benzene carboxylic acids and their deriv-
atives, short-chain aliphatic diacids, fatty acids and polyols.
Most of the identified molecules reflect clearly the presence
of microbial remains in the lignite structure since microbial
activity during coalification is well known. In the water-
extractable fractions, the fatty acids are found to be both
free and bound via ester to the low-molecular weight humic
substances.

Water-extractable fractions form compounds which may
act as complexing agents and sources of nutrients for
plants. On the other hand, the fractions might also take
away nutrients from topsoils into bottom layers of soil or
might pollute the groundwater. It seems that the identified
compounds do not represent an acute toxic risk from an
environmental viewpoint. However, nitrogen-containing
compounds can raise concerns and further study is needed
to focus on this. Applications of lignite as a soil conditioner
will also call for a study on the penetration of compounds
leached from lignite into plants and food.
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Na tomto misté bych rad podotknul, Ze jednotlivé myslenky vychazejici z publika¢ni
Cinnosti autora jsou synergickou soucasti celé této habilitacni prace, pricemz
konkrétnéji je 1ze bezesporu spattit v kapitolach jednotlivych intermezz. Pevné véiim, Ze
pravé ted je ta vhodna chvile, kdy se budu moci vénovat jednotlivym komentarim
uveiejnénych védeckych praci, ato zpohledu mého piinosu vdané problematice,
odbornosti avneposledni radé ipedagogické Cinnosti, jelikoZ znacna Ccast
publikovanych c¢lanki odstartovala mnoho zajimavych témat, at uz reSenych Cci
budoucich vysokoskolskych praci vedenych na Ustavu fyzikalni a spotiebni chemie.

Na druhou stranu se pokusim vjednotlivych komentatich vyzdvihnout ty
experimentalni vysledky aznich vyplyvajici zavéry, které jsou zmého pohledu
pfinosem aobohacenim mnohych védeckych skupin zabyvajicich se touto
problematikou.

Jak jiz bylo diskutovano drive (viz kapitola 4, str. 37), pouziti lignitu (oxyhumolitu)
jako paliva v sobé nese znalné ekonomické aenvironmentalni problémy, které lze
spatfit vjeho nizké vyhrevnosti, jeZ je obvykle doprovdzena enormnimi emisemi
sklenikovych plyni a polétavého prachu. Naproti tomu, pro vysoky obsah HK a vodou
extrahovatelnych frakci OM se jevi jako vhodnéjsi jeho neenergetické vyuziti v podobé
tzv. plidnich kondicionért, které tvori samostatnou skupinu tzv. plidnich pomocnych
latek (PPL).

Touto problematikou se zabyva odborny clanek: ,Study of water-extractable fractions
from South Moravian lignite“; kde jsem spoluautorem.

Organicka hmota hnédého uhli, zvlasté pak jeho nejmladSiho predstavitele lignitu je
pirevazné tvorena vysokomolekuldrnimi HK, avSak z environmentalniho hlediska se zdaji
o nizkomolekularni FK, ptipadné o strukturné jednodussi aromatické slouceniny s jistou
mirou variability v substituci jejich aromatickych jednotek karboxylovymi,
hydroxylovymi, alkoxylovymi ¢i esterovymi funkénimi skupinami. Experimentalni
vysledky postupného louZeni jihomoravského lignitu naznacuji, Ze tento kaustobiolit
obsahuje priblizné 3 hm. % vodou extrahovatelnych sloucenin, pricemzZ jednotlivé frakce
obsahovaly 4-40 hm. % celkového organického uhliku (TOC). Z hlediska fluorescen¢ni
spektrometrie se jednotlivé frakce vyznacovaly velmi podobnymi motivy ve svych
excitacné-emisnich spektrech (EEM). Tyto fluorescen¢ni domény Ize podle jejich polohy
jednoznacné Kklasifikovat jako fulvic- a humic-like, z nichZ druhy jmenovany mél v EEM
spektrech podobu méné vyrazného maxima ¢i raménka. Na molekularni Urovni lze
fluorescenéni doméné A (&) - fulvic-like pritradit nasledujici konstitucni jednotky: (i)
kyselina salicylova (2-hydroxybenzoova kyselina); (i) kyselina gentisova (2,5-
dihydroxybenzoova kyselina); (iii) kyselina gallova (3,4,5-trihydroxybenzoova kyselina).
Nicméné je nutné poznamenat, Ze vySe zminéné strukturni jednotky se obvykle
nachdazeji ve formé hydrolyzovatelnych taninli vazanych na sacharidové ¢asti ptivodni
OM. Fluorescenc¢ni doména C (a) - humic-like je v pripadé vodou extrahovatelnych frakci
OM vylucné spojovana s produkty degradace ligninu, které jsou charakterizovany
vyznamnymi strukturnimi modifikacemi v postrannich retézcich fenylpropanovych
jednotek.



Jak se ukazalo, tak instrumentalni metoda termochemolyzy hraje nezastupitelnou roli
pri identifikaci jednotlivych organickych slouCenin, které byly pritomny v lyofilizatech
vodnych vyluhii jihomoravského lignitu. Mimo jiné byla ziskand data doplnéna
o vysledky GC-MS chloroformovych extrakti ziskanych z prislusnych lyofilizati. Tyto
vysledky byly jiZ podrobné diskutovany v kapitole 4 této habilitacni prace. Nicméné se
pokusim o kratké shrnuti téchto experimentadlnich vysledki. Tyto analyzy na
molekularni drovni jasné dokladaji, Ze vodou extrahovatelna OM jihomoravského lignitu
je prevazné tvorena strukturné jednoduchymi aromatickymi kyselinami a jejich
derivaty, alifatickymi di-kyselinami skratkymi fetézci, mastnymi Kkyselinami
avneposledni radé ipolyoly. Nicméné je zapotrebi rici, Ze Zadna analyzovana
sloucenina nepredstavuje potencionalni environmentalni ¢i toxické riziko, a to v pripadé
aplikace lignitu, jako vhodného plidniho kondicionéru.

Pouziti lignitu jako vhodného pldniho kondicionéru jsme se zabyvali vramci
feSeného projektu TH02030073 ,Revitalizace zemédélské plidy v oblastech CR
ohroZenych suchem®, financovaného Technologickou agenturou CR vramci programu
Epsilon. Jak vyplyva z predesSlého komentare, tak hlavni roli lignitu je predevSim zvysit
obsah plidni OM, ktera by sekundarné vedla k,nastartovani“ jeji ptirozené tvorby
v pidnim prostiedi. Podpora humifikatniho procesu v plidach postiZenych suchem je
predevsim dana schopnosti lignitu zlepSovat mnohé fyzikalni, chemické a v neposledni
radé i biologické vlastnosti plidy. Z fyzikalné-chemického pohledu se jedna o tvorbu tzv.
pldnich agregat(i, jejichZ primarni vlastnosti je vyznamné podporit vznik drobtovité
a porézni struktury puldy, jez je schopna lépe a efektivnéji zadrZzovat vodu v podobé
prirozenych desStovych srdzek. To je zejména zplisobeno tim, Ze lignit resp. dalsi
zastupci téchto kaustobiolitli (oxyhumolit, leonardit atd.) obsahuji nemald mnozZstvi
hydrofilnich funk¢énich skupin, které se vyznamné podileji na vzniku vodikovych vazeb
mezi substratem a vodou volné, pevné vazané Ci semikrystalické povahy. Tyto interakce
se mohou dale uplatiiovat mezi plidnimi casticemi organomineralniho komplexu
a aplikovanou PPL. AvSak z dlouhodobého hlediska hraje lignit nezastupitelnou tlohu
v tom, Ze v priibéhu jeho louZeni ve vodném prostiedi jsou uvoliiovany takové organické
slouceniny, které jsou povazovany za signalni molekuly pidni bioty a predstaviteli
vyssich rostlin. Timto je nastartovana slozita kaskadda biochemickych reakci, kterou lze
umistit do pomyslného stredu spolecenstva Zivych organismili a nezivé Casti pidniho
ekosystému.
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Lipids were extracted from seven different lignite samples and subsequently characterized using spectro-
metric methods. Excitation-emission matrix (EEM) or total luminescence spectrometry was here used for
the first time to study lipids extracted from lignites more extensively. Spectrometric characterization
showed that lipids differ from each other depending on the origin of the lignite in which they occur.
EEM spectra can be used as fingerprints not only for distinguishing between lipids but also lignites.
Lipids contain fluorophores, which participate in the total fluorescence of lignites; some of these also par-

ﬁeyi‘évordS: ticipate in the fluorescence of humic substances. The typical maxima (260-275/370-440 nm) of EEM
Lignite lipid spectra lie within the A’ region, which can be ascribed to aromatic ring systems and steroids.

Lipids from South Moravian lignite also contain maxima in the H (255/305 nm) and V (430/475 nm)
regions, in contrast to other samples. The first could be related to single aromatic systems and sub-
stituents such as carboxyl and carbonyl and the latter is probably the result of intramolecular charge-

Humic substances
Excitation-emission matrix
Fluorophore

transfer states.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Lignites are low-rank coals which are formed from original phy-
tomass by peatification followed by coalification and are consid-
ered as intermediate forms between peat and bituminous coal.
According to one model, coal may be considered a three-
dimensional cross-linked macromolecular structure in which rela-
tively lower molecular weight compounds are trapped. These small
molecules have been defined as the mobile component in coals and
are extractable using organic solvents (lino, 2000). Another model
assumes that coal consists only of coal molecules forming huge
associates through non-covalent interactions. An extraction yield
of more than 50% can be achieved by using a suitable solvent mix-
ture including an additive for some bituminous coals. General con-
sensus suggests that the structure of lignite is better described by
the first of these models (often called a two-phase model) (lino,
2000). In non-energy applications, lignites have been studied
mainly as raw materials for the sorption of toxic elements
(Doskocil and Pekaf, 2012), for the production of small compounds
(Doskocil et al., 2014), and for agricultural purposes (Chassapis
et al., 2009; Doskocil et al., 2015).

* Corresponding author. Tel.: +420 541 149 330; fax: +420 541 149 398.
E-mail address: doskocil@fch.vutbr.cz (L. Dosko€il).

http://dx.doi.org/10.1016/j.orggeochem.2016.02.008
0146-6380/© 2016 Elsevier Ltd. All rights reserved.

A considerable part of lignite is formed by humic substances
(traditionally divided into humic acid, fulvic acid, and humin), of
which humic acids predominate (Doskocil and Pekar, 2012). Humic
substances are naturally occurring biomolecules ubiquitous, not
only in sediments (peat, coal, leonardite) but also in water and soil,
and are the subject of intense research.

In contrast to humic substances, lipids represent only a minor
component of coals. They can be defined as organic substances that
are effectively insoluble in water but extractable with non-polar
solvents such as chloroform, hexane, benzene, and toluene. Clearly,
this broad definition encompasses a wide variety of compound
classes (such as fatty acids and their derivatives, waxes, terpenes,
steroids etc.). It should be noted that geochemists sometimes use
the term bitumen as a synonym for lipid (Lesueur, 2009). Lipids
or bitumens are commonly extracted from coals by a variety of dif-
ferent methods including Soxhlet extraction (Papanicolaou et al.,
2000), accelerated solvent extraction (Zivoti¢ et al., 2008), and
extraction in an ultrasonic bath (Fabianska, 2004), using a solvent
or solvent mixtures such as dichloromethane, chloroform, isohex-
ane/acetone, and dichloromethane/ethanol. Most coals commonly
have lipid contents ranging from 2 to 10wt.% of the coal
(Papanicolaou et al., 2000; Stefanova et al, 2011; Havelcova
et al., 2012; Fabianska and Kurkiewicz, 2013). The extracts com-
prise a complex mixture of nonpolar compounds with potential
contributions from compounds produced by living organisms as
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well as the degradation products of those compounds. The charac-
terization of these extracts on the molecular level by means of gas
chromatography coupled to mass spectrometry largely reveals the
presence of n-alkanes, fatty acids, sesquiterpenoids, diterpenoids,
non-hopanoid triterpenoids, hopanoids, and steroids (Stefanova
et al, 2002, 2011; FabiaAska, 2004; Zivoti¢c et al., 2008;
Havelcova et al., 2012; Stojanovi¢ and Zivoti¢, 2013).

Ultraviolet-visible (UV-Vis) and Fourier transform infrared
(FTIR) spectrometry are the most frequently used tools in spectro-
metric characterization and can be very useful in the study of
organic matter (Fuentes et al., 2006). A similarly reliable technique
is fluorescence spectrometry, which provides important informa-
tion on the structural nature of organic substances (e.g. functional
groups, polycondensation, aromaticity) based on variances in the
positions, shifts and intensities of fluorescence peaks. In addition,
it is a simple, rapid, sensitive and non-destructive method requir-
ing only a small volume of sample at a low concentration. In the
literature, several fluorescence techniques have been applied to
the study of coal extracts — from conventional emission spectrom-
etry (emission scan fluorescence) to more recent and comprehen-
sive methods such as synchronous fluorescence spectrometry
and total luminescence spectrometry (or excitation-emission
matrix, EEM) (von der Dick and Kalkreuth, 1986; Mille et al.,
1988; Kashimura et al., 2004). Of these fluorescence techniques,
synchronous fluorescence spectrometry is probably the most
widely used in the study of extracts of raw coals and modified coals
(preheating, oxidation, demineralization etc.), coal liquefaction,
and tar (von der Dick and Kalkreuth, 1986; Mille et al., 1988;
Kister and Pieri, 1996; Kashimura et al., 2004). This technique
has been successfully applied in the determination of polyaromatic
hydrocarbon families or certain polyaromatic hydrocarbons (Kister
and Pieri, 1996; Matuszewska and Czaja, 1996).

In their study of extracts, Mille et al. (1988) reported that it is
possible to clearly elucidate the differences among coals of differ-
ent ranks using fluorescence spectrometry. However, it is not clear
whether fluorescence spectrometry can also be used to fingerprint
extracts (such as lipids) from various lignites, due to the paucity of
available experimental data. The utilization of total luminescence
spectrometry for the analysis of coal extracts is of marginal interest
(von der Dick and Kalkreuth, 1986), in spite of the fact that EEM
provides a global and complete view of fluorescence spectra from
substances in the form of three-dimensional contour plots of fluo-
rescence intensity as a function of excitation and emission wave-
lengths (Rodriguez et al., 2014).

The goal of this work was to extract and characterize lipids from
different lignites by means of rapid and relatively simple spectro-
metric methods. In the present work, excitation-emission matrix
(EEM) spectrometry was used for the first time to extensively
study lipids extracted from lignites and to show that this approach
is a valuable source of new knowledge relating not only to lipids
but also to lignites and their major components (i.e. humic acids).

Table 1
Lipid yields, results of elemental analysis, and calculated ratios.

35
2. Materials and methods

Seven lignite samples from different coal basins were selected
for the extraction of lipids. The selected basins were Chucurovo
and Maritza East (Bulgaria), Krepoljin and Kostolac (Serbia), Konin
(Poland), and the South Moravian Coalfield (the northern part of
the Vienna basin in the Czech Republic). Two lignites from the Kaz-
imierz (sample K1) and Lubstéw (sample L2) mines belonging to
the Konin basin were also subject to extraction; the sample codes
(K1 and L2) correspond to the designation used in Fabianska and
Kurkiewicz (2013). Detailed characteristics of all the lignites,
including their geochemical and petrographic descriptions, have
been published elsewhere (Stefanova et al., 1995, 2002, 2005;
Havelcova et al, 2012; Fabianska and Kurkiewicz, 2013;
Stojanovi¢ and Zivoti¢, 2013; Dosko¢il et al., 2015).

The lignite samples were finely milled (to a grain size of under
0.2 mm) and ca. 40 g were then placed in a cellulose thimble and
Soxhlet extracted for 36 h using trichloromethane as a solvent.
The lipid fractions isolated from the lignites were collected and
concentrated by a rotary evaporator and the resulting dark brown
extracts were dried in a desiccator with Na,SO,.

Elemental compositions of the extracted lipid fractions were
determined using a CHNS-O EA 3000 Elemental Analyzer. The %
oxygen content was calculated by difference and the data obtained
were corrected for moisture and ash content.

UV-Vis spectra were obtained on a Hitachi U-3900H UV/Vis
spectrophotometer by recording the absorption spectra between
200 nm and 900 nm. Samples were measured in a 10 mm quartz
cuvette and were blanked against chloroform.

FTIR spectra from lipids were obtained in Attenuated Total
Reflection (ATR) mode using a Nicolet iS50 spectrometer. Samples
were dissolved in chloroform at a concentration of ca. 120 mg/1. All
spectra were recorded over the range 4000-400 cm™! at 4 cm™!
resolutions and were the averages of 128 scans. The spectrum for
air on a clean dry ATR diamond crystal was used as the background
for the infrared measurements. Thermo Scientific Omnic spec-
troscopy software was used to obtain the spectra and Advanced
ATR algorithm corrections were applied to band intensity distor-
tion, peak shifts, and non-polarization effects.

For fluorescence measurements, lipids were dissolved in chloro-
form at a concentration of 75 mg/1. All spectra were performed on a
Fluorolog fluorescence spectrophotometer with a scan speed of
600 nm/min, using excitation and emission slit bandwidths of
5mm. The excitation-emission matrix (EEM) spectra were
obtained by scanning the emission and excitation wavelengths
over the range 250-600 nm, with the emission and excitation
increment set at 5 nm. The sample cell with lipid solution was kept
at a temperature of 20 °C during each measurement. Primary and
secondary inner filter effects were corrected. The fluorescence
intensity values of samples (in counts per second, CPS) were cor-
rected using the method devised by Lakowicz (2006).

Origin of lipid Lipid yield (wt.%) Elemental analysis (at.%)

Atomic ratios FTIR intensity ratios

H C o4t N H/C o/C Ienzjcns® Ine/Ial”
SML® 2.1 58.4 37.0 4.6 0.00 1.58 0.12 2.11 0.12
Chucurovo 9.0 54.0 39.3 6.8 0.00 137 0.17 147 0.55
Maritza East 7.8 56.7 35.1 8.1 0.04 1.62 0.23 2.52 0.10
Kostolac 1.0 62.1 33.7 4.1 0.03 1.84 0.12 3.06 0.09
Krepoljin 3.4 54.7 37.6 7.8 0.00 1.46 0.21 1.60 0.20
K1 2.3 62.9 33.1 4.0 0.01 1.90 0.12 5.19 0.05
L2 3.8 61.1 35.2 3.7 0.01 1.74 0.11 3.83 0.06

 FTIR ratio calculated as ratio of intensity at 2918 cm™! to intensity at 2955 cm

b FTIR ratio calculated as ratio of intensity at 1510 cm™' to intensity at 2918 cm ™.

€ SML, the abbreviation for South Moravian lignite.

1

1
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3. Results and discussion
3.1. Yields and elemental analysis

The lipid extraction yields and elemental analyses obtained
from Soxhlet extraction with chloroform are shown in Table 1.
These data represent mean values from two replicates.

The content of free lipids in lignites ranged from 1% to 9% in
depending on the type of the lignite. The highest extraction yields
(9.0% and 7.8%) were obtained for lipids isolated from the Chu-
curovo and Maritza East lignites from Bulgaria. In contrast, the
lowest yields (1.0% and 2.1%) were observed for lipids extracted
from the Kostolac and South Moravian lignites. These lipid con-
tents are in the same ranges as previously reported for coals
(Papanicolaou et al., 2000; Stefanova et al, 2011; Havelcova
et al, 2012; Stojanovi¢ and Zivoti¢, 2013). Fabiahska and
Kurkiewicz (2013) reported that there is no clear relationship
between lignite lithotype/maceral composition and extraction
yield, nor between a particular brown coal mine and lignite extrac-
tion yield. It should be noted that the procedure we used only
extracts free lipids.

Elemental compositions and H/C and O/C atomic ratios of lipids
isolated from the lignites (Table 1) show that the lipids studied in
this work are mainly composed of hydrogen (about 59 at.%), carbon
(about 36 at.%), and a subordinate amount of oxygen (about 6 at.%).
Nitrogen is either absent or represents a minor component of
lipids. Apparently nitrogen compounds are either poorly extracted
by chloroform or form the integral part of lignite structure. The H/C
ratios attest to the prevailing aliphatic character of the lipids. Lipid
isolated from the K1 lignite exhibited the strongest aliphatic char-
acter, while the greatest degree of aromaticity was observed for
lipids extracted from the Chucurovo lignite. O/C ratios represent
the amounts of oxygen-containing functional groups in the lipids
(Table 1) and indicate that these moieties are generally low in
the lipids from our sample set. The highest O/C ratio was found
for lipid isolated from the Maritza East lignite.

3.2. UV-Vis spectrometry

The UV-Vis absorbance spectra of chloroform extracts from the
lignites are shown in Fig. 1. The spectra (except those for lipids
extracted from the K1 and L2 lignites) are featureless and charac-
terized by the absence of maxima and/or minima; absorbance
decreases with increasing acquisition wavelength. These spectra
contain only broadly recognizable shoulders. In the spectrum of
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Fig. 1. UV-Vis spectra of lipids extracted from various lignite samples. The spectra
are only displayed in the 250-600 nm range.

lipid from the South Moravian lignite, a pronounced shoulder is
visible in the range from 325 nm to 365 nm, which is centered at
around 330 nm and 350 nm. The shoulder at around 330 nm is also
present in the spectra of lipids from the K1, L2 and Maritza East lig-
nites. Lipids from the K1 and L2 lignites have two prominent
absorption maxima, the first located at 265 nm and the second at
275 nm. These maxima can be related to two or more different chro-
mophores occurring in these lipids. First-order derivatives of the
absorption spectra revealed that other lipids also absorb at
275 nm. However, in those cases, the absorption appears as a shoul-
der due to the effects of other chromophores. Thus, the identical
absorption values for shoulders and peaks indicate that lipids con-
tain structural units of similar chemical origin. Absorbance above
500 nm in UV-Vis spectra is minimal or equal to zero and hence,
we can assume that the extracts do not comprise extended conjuga-
tions in aliphatic or polyaromatic structures (Fuentes et al., 2006).

3.3. FTIR spectrometry

The ATR-FTIR spectra of lipid samples are shown in Fig. 2.
Although the samples were extracted from lignites from different
basins with variable depositional settings, strong similarities
among the ATR-FTIR spectra of lipids were observed. Interpretation
of the absorption bands was performed as described in the
literature (Milata and Segla, 2007). The spectra are mainly charac-
terized by bands of aliphatic groups. Very pronounced bands at
2918 cm~! and 2849 cm™~! were ascribed to asymmetric and sym-
metric C—H stretching in methylene groups. Bands of asymmetric
(2955 cm™!) and symmetric (2868 cm™!) stretching in methyl
groups were only observed for lipids extracted from the Chucurovo
and Kostolac lignites; occurring as shoulders in the rest of the sam-
ples. The presence of long carbon chains with four atoms, or more
than four atoms (e.g. fatty acids), was revealed by the band at
720 cm~!, which is absent in lipids from the Chucurovo lignite.
These results suggest that methyl groups predominate over methy-
lene groups in lipids from the Chucurovo lignite, which tends to
comprise a greater number of shorter carbon chains. This is sup-
ported by the Icuycus ratio (the ratio of the intensity at
2918 cm™! to the intensity at 2955 cm™!), which was used to esti-
mate the length and degree of branching of aliphatic chains. The
intensity ratio (Table 1) shows that longer and less branched ali-
phatic chains are found in lipids from the K1 lignite compared with
the other samples. Deformation vibrations of methylene and
methyl groups are also present in spectra from all the samples at
1463 cm~' and 1377 cm™.

SML

Normalized absorbance

Maritza East
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Fig. 2. FTIR spectra of lipids extracted from various lignite samples.
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The bands at 1610 cm ™' and 1510 cm ™' were assigned to C=C
aromatic ring stretch groups with the most intense bands observed
in lipids from the Chucurovo lignite. Three out-of-plane C—H
deformation bands were found in the 900-700 cm™' region and
these were assigned to aromatic structures with isolated aromatic
hydrogens (891 cm™'), two adjacent hydrogens per ring
(833cm™!) and four adjacent hydrogens (756 cm™!). The first
two of these bands are missing in the spectra of lipids from the
K1 and L2 lignites. Of all the spectra, the highest intensity for the
band at 756 cm~! was found in lipids isolated from the Chucurovo
and South Moravian lignites, reflecting the occurrence of di-
substituted aromatic rings. The degree of aromaticity was deter-
mined using the Ia/la ratio (the ratio of the intensity at
1510 cm™!' to the intensity at 2918 cm™'). Aromaticity is highest
for lipids extracted from the Chucurovo lignite and the lowest for
lipid extracted from the K1 lignite. These results are in good agree-
ment with the elemental analysis (and H/C ratios) listed in Table 1.

All the lipids in our samples set have low oxygen contents,
which is reflected by the lower intensities of the bands of OH
groups (occurring at around 3363 cm™!) in the spectra. The pres-
ence of esters was confirmed by the band at 1736 cm ! in all spec-
tra (except the spectrum for lipid from the Chucurovo lignite). The
bands observed at 1710 cm~! were assigned to carboxylic groups
and the shoulder at around 1653 cm™! to conjugated carbonyl
groups. Several bands are situated in the range 1300-1000 cm™!,
which can be attributed to other oxygen-containing functional
groups. In this zone, the two most intense bands at 1172 cm™!
and 1220 cm™! are related to the C—O stretching of phenols and
ethers, the C—O stretching and O—H bending of carboxylic acids,
phenoxy structures, and ethers. The band at 1267 cm ™! is attribu-
ted to C—O stretching in aryl ethers. The appearance of bands at
1116 cm~! and 1038 cm™! indicate the presence of alcohols (sec-
ondary and primary) and aliphatic ethers.

3.4. Fluorescence spectrometry

The fluorescence spectra or EEM contour maps of the lipids (see
Fig. 3) were not corrected for Rayleigh scattering peaks, appearing
in the form of diagonal bands. First order and second order Ray-
leigh scattering peaks occur at the same wavelength as the excita-
tion light and twice this wavelength, respectively.

The first notable observation from the EEM spectra is that lipids
contain fluorophores which ultimately participate in the fluores-
cence of lignites. Individual EEM spectra are characterized by peaks
of maximum intensity which differ in their number and position,
and correspond to specific fluorophores or fluorophore families.
The values of the fluorescence intensities and excitation-emission
wavelength pairs of the main peaks in the EEM spectra from our
sample set are presented in Table 2. The maxima are mainly
located at excitation wavelengths in the ultraviolet region (around
260 nm). In the visible region (at an excitation wavelength
430 nm) only one maximum was observed out of our whole sam-
ple set (the South Moravian lignite). Several fluorescence peaks
have been reported previously in the literature, such as peak A at
240-260/400-460 nm (excitation/emission wavelength pair), peak
C at 320-360/420-460 nm, peak M at 290-310/370-410 nm, peak
B at 270-280/300-315 nm, and peak T at 270-280/345-360 nm
(Birdwell and Engel, 2010).

From the domains described (Fig. 3) the fluorescence of lipids
lies predominantly in the region of peak A, which is characteristic
of humic substances (Rodriguez et al., 2014; Enev et al., 2014).
Because lipids have, in most cases, lower emission wavelengths
compared to humic substances (440 nm and less), we chose the
designation A’ for all maxima located in the ultraviolet region
(except for the maximum at 255/305 nm). A certain degree of sim-
ilarity between the positions of the peak A and peak A’ regions in

the EEM spectra suggests that some lipids can contribute their flu-
orophores to the total fluorescence of humic substances in the
ultraviolet region of peak A. Unfortunately, no attention has been
paid so far to spectrometric characterization of lipids extracted
from humic acids, despite the fact that lipids have recently been
the subject of relatively intensive study (Kohl and Rice, 1999;
Chilom et al., 2009). The maximum at 255/305 nm for lipids from
the South Moravian lignite represents essentially an isolated fluo-
rophore (or fluorophores) in the ultraviolet region; therefore, we
denote the maximum of this fluorescent domain as peak H.

Likewise, the maximum observed in the visible region in lipids
from the South Moravian lignite has is not seen in the other EEM
lipid spectra. Coble (1996) introduced the terminology peak C for
EEM spectra of humic substances if their maximum is situated in
the visible region at excitation wavelengths in the range of 300-
400 nm. However, there are maxima having excitation wave-
lengths higher than 400 nm (including those for lipids as well as
humic acids isolated from lignites) (Enev et al., 2014; Tamamura
et al., 2015). It is evident that the origin of these peaks is different
to that of peak C (Enev et al., 2014) and we therefore propose the
designation V for this region (Zex > 400 nm, Zey, > 470 nm), based
on excitation in the violet region of the visible spectrum. The com-
parison of EEM spectra of lipids from the South Moravian lignite
and humic acids isolated from the same lignite (Enev et al.,
2014) suggests that lipids may also participate in the fluorescence
of humic acids in the region with excitation wavelengths higher
than 400 nm. On the other hand, the presence of maxima with
an emission wavelength greater than 470 nm is in agreement with
previous studies that suggest such maxima originate from
intramolecular charge-transfer states, rather than from indepen-
dent fluorophores in lipids and humic substances (Del Vecchio
and Blough, 2004; Boyle et al., 2009). This suggestion is also sup-
ported by the results of our UV-Vis spectrometry.

A more detailed scrutiny of the EEM spectra and their fluores-
cence maxima reveals that they differ from each other in contour
plots and the values of their excitation/emission wavelength pairs.
Hence, EEM spectra can be used to potentially fingerprint and
rapidly distinguish between lipids of different origins and to char-
acterize lignites as well. So far, this approach has only been used to
distinguish coal extracts of different rank (Mille et al., 1988).

Subtle variations in EEM spectra were observed mainly in the
case of lipids from the Chucurovo, Maritza East, and Krepoljin lig-
nites. These lipids are characterized by significant spectral overlap-
ping and peak broadening due to their multicomponent nature. By
contrast, these characteristics are not observed in the lipids
extracted from the K1 and L2 lignites. This separation is also sup-
ported by the results of the UV-Vis spectrometry. We therefore
propose that lipids from the K1 and L2 lignites are formed by a very
small number of individual fluorophores.

For most of the lipids in our sample set, typical maxima lie
within the A’ region and are thus restricted to wavelengths in
the range 260-275/370-440 nm, suggesting they all have similar
structures and components. Some maxima for the different lipids
occur at the same excitation/emission positions (primarily
260/440 nm), implying that fluorophores in these lipids are either
the same or from the same fluorophore family.

Using the differences in wavelength and fluorescence intensity,
various structural units in the lipids can be elucidated. At nearly
the same excitation wavelength, the peaks in region A’ shift toward
a longer emission wavelength while the fluorescence intensity
decreases. The shorter emission wavelengths (in this work, 350-
400 nm) and higher fluorescence intensities measured in the
EEM spectra can be associated with low aromatic content, low
molecular weight components, and electron-donating groups such
as hydroxyls and alkoxyls. In contrast, the longer emission wave-
lengths (in this work, 400-450 nm) and lower intensities measured
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Fig. 3. EEM spectra of lipids extracted from various lignite samples.

for the fluorescence peaks of lipids can indicate the presence of
condensed aromatic rings and electron-withdrawing groups such
as carboxyl and carbonyl groups. It is well established that poly-
cyclic aromatic hydrocarbons fluoresce at wavelengths ranging
from 310 to >400 nm when subjected to excitation at 245-
280 nm (Bugden et al., 2008). According to previous studies, aro-
matic ring systems may be interpreted such that lower emission
wavelengths between 350 and 400 nm (centered at approximately
380 nm) could be associated with three-ring aromatic structures,
whereas higher emission wavelengths between 400 and 450 nm
(centered at approximately 440 nm) could be associated with
four-ring aromatic structures (Kister and Pieri, 1996; Kashimura

et al., 2004; Bugden et al., 2008; Wang et al., 2012). The GC-MS
analysis of some lipids has revealed that they may comprise com-
pounds with different numbers of aromatic rings (one to five), such
as aromatic sesquiterpenoids (e.g. cuparane, cadalene), aromatic
diterpenoids (e.g. simonellite, retene), and other aromatic hydro-
carbons (naphthalene, phenanthrene, dibenzofurans, pyrene, fluo-
ranthene, chrysene, perylene) (Zivoti¢ et al., 2008; Stefanova et al.,
2011; Havelcova et al., 2012; Fabianska and Kurkiewicz, 2013;
Stojanovi¢ and Zivoti¢, 2013).

Peak H (255/305 nm), occurring only in lipids from the South
Moravian lignite, exhibited the lowest emission wavelength of all
the EEM spectra and a lower fluorescence intensity than the peaks
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Table 2

Positions of excitation-emission wavelength pairs for fluorescence peaks and values of fluorescence intensities for lipids isolated from different lignites.

Origin of lipid Fluorescence peak region
H A v
Ex/Em (nm) Ir (CPS)° Ex/Em (nm) Ir (CPS)° Ex/Em (nm) Ir (CPS)°
SML® 255/305 0.692 260/380 0.850 430/475 0.175
260/440 0.741
Chucurovo 260/420° 0.652
260/440 0.659
Maritza East 260/440 0.573
Kostolac 260/370 0.479
260/440 0.311
Krepoljin 260/410 0.724
K1 265/370 1.408
265/385 1.152
265/410 0.761
L2 265/370 1.116
265/385 1.004
265/410 0.634
275/410 0.630

4 The maximum is overlaid with the neighboring maximum 260/440 nm.
" Iz x 10® CPS (counts per second) of fluorescence peaks.
¢ SML, the abbreviation for South Moravian lignite.

in region A’ of this lipid. We conclude that the maximum position
is probably related to single aromatic systems and substituents
such as carboxyl and carbonyl groups.

Peak V had the lowest fluorescence intensity of all maxima
observed in the EEM spectrum of lipid from the South Moravian
lignite and the highest emission wavelength compared with other
lipids. As mentioned earlier, the origin of peak V is ascribed to
intramolecular charge-transfer states, rather than by independent
fluorophores. Some authors (e.g. Peuravuori et al., 2002) have sug-
gested that fluorescence at long wavelengths with low intensity
could be related to the presence of linearly condensed aromatic
rings.

Earlier works attribute maxima only to aromatic ring systems;
however, on the basis of published literature, various model
organic compounds may also be proposed as possible fluorophores
responsible for the fluorescence of lipids. Equilenin, 5a-pregnan-3-
ol-2-one, mescaline, cannabinol, and 5a-androstan-3-one with
maxima centered at 250/370 nm, 268/406 nm, 273/315, 356 nm,
280/318, and 288/413 nm, respectively, could represent classes of
fluorophores linked to region A’ (Wolfbeis, 1985; Ichinose et al.,
1991; Ma and Green, 2008). They comprise a structure comprising
both substituted aromatic compounds and steroids. The com-
pounds listed above are simply intended to demonstrate the diver-
sity of mixtures which could contribute to lipid fluorescence.
Certainly, other fluorophores may have EEM spectra in these spec-
tral regions. In addition, lipid fluorescence is complex because the
sum of fluorescences of individual components in a mixture is not
necessarily equivalent to the fluorescence of the whole. Specifi-
cally, overlapping excitation/emission peaks of various compo-
nents can result in energy transfer, charge migration, structural
reorganization, or some combination of these, which can quench
the fluorescence of the donor and produce fluorescence in the
acceptor (Ma and Green, 2008).

4. Conclusions

In this study, different yields of lipids ranging from 1% to 9%
were extracted from lignites of different origin. The lipids have a
predominantly aliphatic character, highest for lipids isolated from

the K1 lignite and least for the Chucurovo lignite. The oxygen con-
tent of lipids is overall low and includes oxygen functional groups
such as carboxyls, hydroxyls (including phenols), esters, ethers,
and conjugated carbonyls. Lipid from the Chucurovo lignite com-
prises a greater number of shorter carbon chains compared with
the other samples. Lipids contain fluorophores, which participate
in the total fluorescence of lignites. The EEM spectra show that flu-
orophores occur predominantly in region A’ (the ultraviolet region
of the excitation wavelength) and typical maxima are in the range
260-275/370-440 nm. An exception is the South Moravian lignite,
which uniquely also contains maxima in the H (255/305 nm) and V
(430/475 nm) regions. Some maxima are at the same, or very sim-
ilar excitation/emission positions, which implies that the fluo-
rophores are of the same form, or from very similar fluorophore
families. The EEM spectra of lipids can be used as fingerprints to
distinguish between lipids extracted from different lignites and
between lignites themselves. Lipids from the K1 and L2 lignites
are probably formed by a very small number of individual fluo-
rophores, while other lipids are mainly characterized by the
mutual effects of other fluorophores. It seems that region A’ is
chiefly rich in aromatic ring systems with three to four rings. In
contrast, region H is mainly formed by simple molecules, while
region V can be related either to linearly condensed aromatic rings
or, more probably, to intramolecular charge-transfer states. Com-
pared to model compounds, region A’ can be ascribed not only to
aromatic systems but also to steroids. The results suggest that
lipids participate in the fluorescence of humic substances in region
A and probably also to some degree in region V.

Spectrometric characterization is a useful and relatively quick
way of obtaining new knowledge, especially the application of
the EEM method.
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V pripadé strukturniho modelu hnédého uhli bylo dosaZeno vSeobecného konsenzu,
ktery pohliZi na tyto kaustobiolity jako na trojrozmérné zesitované makromolekularni
struktury, vjejichZz objemu mohou byt zachyceny organické slouceniny s nizsi
molekulovou hmotnosti. Tyto malé organické slouceniny jsou povaZovany za mobilni
frakce organické hmoty téchto kaustobiolitli, pricemZ je lze velmi lehce extrahovat
pomoci riznych organickych rozpoustédel pripadné jejich smési. Na druhou stranu se
predpoklada, Ze tato mobilni faze OM je do jisté miry ve struktufe hnédého uhli
stabilizovana pomoci slabych vazebnych interakci, o ¢emz vypovidaji rozdilné extrakcni
vytéZzKky pii pouziti rozdilnych extrak¢nich cinidel. Jak jiz bylo diskutovano drive, HL
zaujimaji podstatnou cast extrahovatelné OM hnédého uhli, nicméné bychom neméli
opomenout ity frakce, které jsou omezené rozpustné ve vodé asilné polarnich
organickych rozpoustédel. Vtéto souvislosti mame predevSim na mysli organické
slouceniny, které jsou extrahovatelné nepoldrnimi rozpoustédly, jako je chloroform,
hexan, benzen, toluen atd. Tato skupina nepolarnich organickych sloucenin je tvorena
zejména mastnymi Kyselinami a jejich derivaty, vosky, terpeny, steroidnimi
slou¢eninami apod. Souhrnné miizeme tyto slouceniny oznacit jako bitumeny.

Tato problematika byla predmétem komplexni studie odborné publikace: ,The
spectrometric characterization of lipids extracted from lignite samples from various coal
basins”.

Pro samotnou extrakci lipidickych slozek OM bylo vybrano sedm zastupcii hnédého
uhli, které se lisily zemépisnym plivodem uhelnych panvi. BliZze se jednalo o vzorky
lignitu pochazejicich z oblasti stfedni ajihovychodni Evropy. Presné lokace uhelnych
panvi jsou zminény v kapitole 4 této habilita¢ni prace (viz. str. 39). Jednotlivé lipidické
frakce byly extrahovany pomoci Soxhletovy aparatury za pouZiti chloroformu jakoz to
vhodného organického rozpoustédla. Jak je doloZeno mnohymi instrumentalnimi
technikami pouZzitymi v této studii, tak extrahované bitumeny mély prevazné alifaticky
charakter s minoritnimi prispévky aromatickych sloucenin substituovanymi kyslik
obsahujicimi funkénimi skupinami, jako jsou karboxyly, hydroxyly vcetné fenolickych -
OH skupin, estery, ethery, pripadné ikonjugované karbonyly. Strukturni parametr
reprezentovany pomérem intenzit absorp¢nich pdast odpovidajicich asymetrickym
valen¢nim vibracim C-H vazeb v methylovych a methylenovych funké¢nich skupinach
(viz. ATR-FTIR spektra) se ukazal jako velmi senzitivni kritérium k posouzeni
rozvétvenosti resp. linearity lipidickych retézct. Nicméné dalSim hodnotnym vysledkem
bylo zjisténi, Ze silné nepolarni frakce OM se podileji nejen na celkové fluorescenci
lignitu, ale predevsim na luminiscenci HL, jak je doloZeno ptitomnosti fluorescen¢nich
domén A (&) - fulvic-like, jejichz specifické polohy fluorescen¢niho maxima jsou
lokalizovany v oblasti vinovych délek 260-275/370-440 nm (Aex/Aem).

Dale tato studie prispéla k objevu doposud nepublikovaného fluorescen¢niho maxima,
které bylo ndmi oznaceno jako doména H, a tudiZ miZeme hovofrit o rozsiteni doposud
znamych fluorescen¢nich maxim spoluvytvarejicich rodinu HL aDOM. Tato
fluorescenc¢ni doména byla lokalizovana v oblasti velmi nizkych vinovych délek excitace
aemise (255/305nm), atudiz Ize vobecném priblizeni konstatovat, Ze toto
fluorescenéni maximum je spojeno sestrukturné jednoduchymi aromatickymi
slouceninami. Toto tvrzeni je ve velmi dobré shodé, pokud si uvédomime, Ze pravé
fluorofory lokalizované v oblasti vinovych délek 400-450/400-550 nm (Aex/Aem) jsou



prevazné spojovany s morfologicky sloZitymi fluorescen¢nimi systémy odpovidajicimi
linedrné kondenzovanym aromatickym kruhtim, jako jsou derivaty porfyrinovych cykld.
Avsak na presnou lokalizaci tohoto fluorescenéniho maxima maji dozajista vliv
i intramolekularni stavy prenosu naboje v ramci tak sloZitého luminiscen¢niho systému.
Vramci fluorescenéniho chovani lipidickych sloucenin izolovanych zlignitu Ize
fluorescenénim doménam A (&) prisoudit piivod, ktery odpovidd nejen aromatickym
kruhovym systémilim, ale i organickym slouc¢eninam jako jsou: equilenin (250/370 nm),
allopregnanolon (268/406 nm), meskalin (273/315nm), kanabinol (280/318 nm)
a androstan (288/413 nm). Obecné miZeme ¥ici, Ze spektrometrické techniky, zvlasté
pak fluorescentni spektrometrie EEM jsou uZite¢nymi nastroji charakterizace
lipidickych sloucenin extrahovanych z piirodni organické hmoty, pri¢emZ jsme schopni
ziskat nové poznatky ohledné tak slozitého systému jako je lignit.
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ARTICLE INFO ABSTRACT

Keywords: Thermal degradation experiments were performed on South Moravian lignite in its natural and treated forms
Lignite pyrolysis primarily to investigate the changes taking place during pyrolysis, and, secondarily, to determine the structural
Thermochemolysis characteristics of lignite using thermal degradation methods The lignite was treated by extraction with

Thermal analysis
FTIR analysis
TG-FTIR

chloroform, demineralization, and the remineralization or sorption of calcium ions on the demineralized lignite.
The analysis of pyrolysis products was performed in solid and gaseous states using FTIR analysis and the
thermogravimetric technique coupled with FTIR (TG-FTIR). Experiments were complemented by thermo-
chemolysis with tetramethylammonium hydroxide (TMAH). South Moravian lignite was characterized by the
bimodal distribution of saturated fatty acids, with two maxima at n-C;¢ and at n-Cyg, and the dominance of
guaiacyl units indicating a gymnosperm origin. FTIR analysis of the examined sample set showed that lignite
contains different functional groups with various thermal stabilities degrading to the evolution of gases such as
H,0, CO, CO, and CHy. Precursors of the gaseous products generated and an analysis of functional groups in the
samples are discussed in the paper. The results show that treatments of lignite may be reflected in their thermal
behaviors during pyrolysis.

1. Introduction

Lignite is a low-rank coal which is formed from original phytomass
by peatification followed by coalification and is considered as an in-
termediate form between peat and bituminous coal. Lignite is mainly
used for energy and fuel production, even though it has low calorific
value and high water content. Alternative applications of low rank coals
are subject to intensive research and may include, for example, use as a
sorbent of heavy metals and dyes [1,2]; uses in agriculture as a source
of humic acids [3], as organic and organomineral fertilizers (generally
coal-based fertilizers), and as soil conditioners [3]; and material for the
production of low molecular weight acids by chemical treatments [4].

The improvement and development of these applications are clo-
sely linked with an understanding of coal structure. Chemical in-
formation on coaly organic matter can be obtained either by non-de-
structive methods, or destructive methods, while coal can be studied
in its original form, or modified through various process such as de-
mineralization, extraction etc. Destructive methods are based on the
fragmentation of macromolecular organic matter by chemical and/or
pyrolytic degradation and subsequent analyses of the low molecular
weight products. Secondary reactions (rearrangement, cracking,

* Corresponding author.
E-mail address: doskocil@fch.vut.cz (L. Dosko¢il).
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hydrogenation, and polymerization) in a heterogeneous mixture
cannot be excluded, and it is logical that conclusions regarding the
original structure of coal in the macromolecular phase have to be
drawn with caution. In contrast, the main advantage of non-destruc-
tive methods lies in the fact that the sample can be analyzed without
drastic pretreatment. The sample can be examined as a whole and
secondary reactions can be avoided. Non-destructive methods include,
for example, nuclear magnetic resonance spectroscopy (NMR), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectro-
scopy (XPS), X-ray near edge absorption spectroscopy (XANES), and
scanning electron microscopy (SEM) coupled to energy-dispersive X-
ray analysis (EDX). Most of these methods, however, are relatively
insensitive and reveal low resolution. Although these techniques can
give good results concerning total chemical composition, specific
compounds are difficult to identify [5].

The present study is focused on lignite from the South Moravian
Lignite Coalfield located in the northern part of the Vienna basin. The
Vienna basin extends into the Czech Republic from the northern tip of
Austria. A part of the basin is located on the territory of Slovakia. Some
of the abovementioned analytical approaches have been used to char-
acterize the macromolecular organic matter of South Moravian lignite.
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Table 1
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Ultimate and proximate analyses of natural lignite (NL), extracted lignite (EL), demineralized lignite (DL), and remineralized lignite (RL).

Sample Moisture (wt.%) Ash (wt.%) Elemental composition (at.%) Atomic ratios

C H N S o4t H/C o/C N/C
NL 15.0 11.3 33.8 = 0.2 40.5 = 0.1 0.6 = 0.0 0.3 = 0.0 249 * 0.3 1.20 + 0.01 0.74 + 0.01 0.02 *= 0.00
EL 21.7 11.4 32.0 = 0.3 38.1 = 0.6 0.6 = 0.0 0.3 = 0.0 29.0 = 0.5 1.19 + 0.03 0.91 * 0.02 0.02 = 0.00
RL 9.2 11.9 35.6 = 0.0 41.5 = 0.2 0.6 = 0.0 0.3 = 0.0 22.0 = 0.3 1.17 = 0.01 0.62 = 0.01 0.02 = 0.00
DL 6.5 1.4 39.6 = 0.5 41.6 = 0.9 0.6 = 0.0 0.3 = 0.0 179 = 1.3 1.05 + 0.01 0.45 *= 0.04 0.02 = 0.00

However, the studies focused mainly on the spectrometric character-
ization of structural features in South Moravian lignite using '*C NMR
and FTIR spectrometers [6]. Dosko¢il et al. [4] applied hydrogen per-
oxide oxidation to lignite in order to obtain structural information and
to find interesting new applications for this coal. Havelcova et al. [7]
analyzed soluble organic compounds in a suite of coals including that
from the South Moravian Coalfield using gas chromatography/mass
spectrometry (GC/MS). With regard to potential applications, water-
extractable fractions from South Moravian lignite were characterized
by spectrometric methods and further analyzed at the molecular level
[8]. However, no thermochemical methods have so far been used or
reported in the literature with respect to this low-rank coal or any other
coals from the Vienna basin.

Thermogravimetric analysis (TGA) is a widely used method pro-
viding information on the mass loss and pyrolysis rate through the
thermogravimetric curve and the differential thermogravimetric curve,
respectively. A gas analyzer connected to TGA provides information on
the volatiles evolved during the process and information on the pyr-
olysis behavior. Thermogravimetry coupled with Fourier transform
infrared spectroscopy (TG-FTIR) is one of the most common methods
enabling the study of functional-group decomposition [9]. Gaseous
products such as CO,, CO, H,0, CH,, C,H,4, NH3, COS, SO, are the most
commonly detected gases during coal pyrolysis using TG-FTIR [10].
MacPhee et al. [10] reported that TG-FTIR can also be reliably used for
determination of the organic oxygen content in coals. Thermo-
chemolysis is an analytical pyrolysis, which allows the analysis of both
free and bound carboxylic and alcoholic moieties [11]. The result of
thermochemolysis with tetramethylammonium hydroxide (TMAH) is
the formation of less polar and methylated low molecular weight units
which are amenable to gas chromatography analysis [12]. Even though
thermochemolysis with the reagent TMAH is well known and used for
the molecular analysis of natural organic matter such as soils and se-
diments, this procedure has, so far, been applied to whole coals to a
lesser extent [13-15].

The aim of this work was primarily to investigate the changes taking
place during pyrolysis and, secondarily, to determine the structural
chracteristics of lignite using thermal degradation methods such as
thermogravimetric analysis (TGA), a thermogravimetric technique
coupled with FTIR (TG-FTIR), and thermochemolysis with TMAH.
These methods were applied to South Moravian lignite from the Vienna
basin before and after treatments including extraction with chloroform,
demineralization, and the remineralization or sorption of calcium ions
on the demineralized lignite. Although the pyrolysis of lignite has been
widely studied, in most cases pyrolysis products are analyzed in either a
solid or a gaseous state. In our work, we performed an analysis of re-
sidues together with the evolved gases, thereby allowing a com-
plementary and comprehensive view of pyrolysis.

2. Materials and methods

The sample of lignite used in this study was obtained from the Mir
mine in the locality of Mikul¢ice, Czech Republic; the mine belongs to
the Dubnany seam in the South Moravian Lignite Coalfield, which
forms the northern part of the Vienna basin. This was a representative
sample of the standard product of this mine; its detailed characteristics,
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including its geochemical and petrographic description, have been
published elsewhere [7,8,16]. Before use, the lignite was dried at
105 °C for 24 h and left to equilibrate in the ambient laboratory at-
mosphere at about 25 °C, which resulted in a final equilibrium moisture
content. Then, the milled lignite was sieved to the size fraction of less
than 0.2 mm.

The lignite sample was extracted with chloroform for 36 h in a
Soxhlet apparatus. The extracted lignite was dried and then allowed to
equilibrate in the ambient laboratory atmosphere at about 25 °C.

Demineralization of the lignite sample was done by treatment with
hydrochloric and hydrofluoric acids under conditions described in the
literature [17]. Briefly, hydrofluoric acid was added to the lignite and
the suspension was maintained at 55 °C for 45 min. After filtration, the
procedure was repeated with HCI instead of HF. Demineralized lignite
was washed with hot water, dried, and then left to equilibrate in the
ambient laboratory atmosphere at about 25 °C.

The preparation of remineralized lignite was performed according
to Murakami et al. [18]. Briefly, demineralized lignite was immersed in
a calcium acetate solution with a pH of 8.3. This value of pH was based
on reports that protons of all carboxyl groups were exchanged with
calcium ions at this pH [19,20]. Remineralized lignite was washed with
ultrapure water, dried, and then allowed to equilibrate in the ambient
laboratory atmosphere at about 25 °C.

Elemental compositions of the samples were determined using a
CHNS-O EA 3000 Elemental Analyzer. The oxygen content was calcu-
lated by difference and the data obtained were corrected for moisture
and ash content. The results are presented in Table 1.

Thermal degradation of the prepared samples was performed using
a Q5000IR TG analyzer (TA Instruments) with *+ 1 °C temperature
accuracy and * 0.1% mass accuracy. Twenty mg of examined sample
was introduced into a platinum cup. The sample was heated at a
heating rate of 20 °Cmin~"' to different temperatures in the range
300-800 °C under a flow of nitrogen (20 cm® min~1). The solid residue
obtained after degradation at different temperatures was analyzed
using an FTIR spectrometer.

FTIR spectra were recorded on pellets prepared by pressing a mix-
ture of 1.5 mg of sample and 400 mg of dried spectrometry grade KBr
using a Nicolet iS50. Spectra were recorded in the range
4000-400 cm ™! with a resolution of 4 cm ™! and 256 scans were per-
formed on each sample.

For the analysis of evolved gases, 20 mg of lignite sample was in-
troduced into a platinum cup. The crucible was inserted into a Q600TG-
DTA analyzer (TA Instruments) connected with the measuring cell
(TGA/FT-IR Interface, Thermo Scientific) of a Nicolet iS10 FTIR spec-
trometer (Thermo Scientific) by means of a heated capillary (200 °C).
The sample was heated at a heating rate of 20 °C min~ ! under a flow of
argon (100 em® min~!) to 900 °C. A set of 651 infrared spectra was
collected in the wavenumber region from 600 to 4000 cm ™.

Thermochemolysis was based on the off-line procedure developed
by Grasset and Ambleés [21]. Sample (350 mg) was placed in a ceramic
boat and thoroughly soaked with 2 ml of a 50% w/w solution of tet-
ramethylammonium hydroxide (TMAH; Acros Organics, New Jersey,
USA) in methanol. After 1 h of impregnation, the sample was trans-
ferred into a Pyrex tube and heated at 400 °C (30 min isothermal).
Thermochemolysis products were swept using N5 to a trap containing
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dichloromethane in an ice-water bath. When pyrolysis was completed,
the dichloromethane was removed using a rotary evaporator.

The products of thermochemolysis were analyzed by capillary gas
chromatography (GC) using a Hewlett—Packard 6890 GC (split injector,
250 °C; Flame Ionization Detector (FID), 300 °C) with a fused silica
capillary column (SGE BPX 5, 30 m length, 0.25 mm i.d., 0.25 pm film
thickness) and helium as a carrier gas. The GC was temperature pro-
grammed from 60 to 300 °C at 5 °C min~?! isothermal for 20 min final
time. Gas chromatography-mass spectrometry (GC-MS) analyses were
performed on a Trace GC Thermo Finnigan coupled to a Thermo
Finnigan Automass (with the same GC conditions). The MS was oper-
ated in electron impact mode with a 70 eV ion source energy, and ion
separation was operated in a quadripolar filter. The various products
were identified on the basis of their GC retention times, their mass
spectra (comparison with standards), and literature data.
Quantification was performed with n-nonadecane as an internal stan-
dard.

3. Results and discussions
3.1. Thermochemolysis with TMAH

After thermochemolysis of the lignite samples, more than 50
principal compounds were identified (Table 2). The results show that
there are no significant qualitative differences among samples. How-
ever, the method of lignite treatment can have an impact on the yields
of individual compounds. The lowest yields of aliphatic compounds
(5.5%) were produced from extracted lignite, while untreated lignite
produced twofold yields (11.2%). This difference is related to the
extraction of lignite with chloroform, which preferentially extracts
hydrophobic (aliphatic) molecules, as was reported in a previous work
[22]. In contrast, the highest yields of aliphatic molecules (27.0%)
were obtained in the case of demineralized lignite. The increased re-
lease of aliphatic molecules is probably related to the structural dis-
ruption of lignite resulting from the use of mineral acids during the
demineralization process, which caused the cleavage of weaker bonds
such as esters and metal bridges connecting functional groups. The
decrease in the yield of remineralized lignite (24.1%) compared to
demineralized lignite can probably be related to the hindered release
of aliphatic molecules due to the formation of calcium bridges be-
tween functional groups (mainly carboxylic groups) during the sorp-
tion process. The exact roles of cations remain unclear, but it is be-
lieved that the introduction of ion-exchangeable cations, particularly
calcium, increases the matrix densities of the coal [23]. Sathe et al.
[23] predicted that cations originally associated with a carboxyl group
may be gradually bonded to the coal matrix, leading to the phenom-
enon that coals with cationic components are less susceptible to
thermal cracking. By comparing the total amount of identified com-
pounds from thermochemolysis products, we obtained the following
sequence: demineralized lignite (433 mgg~') > remineralized lig-
nite (404mgg ) > lignite (382mgg~ ') > extracted lignite
(292 mg g~ ). Thus, the treatment of lignite with mineral acids results
in the highest yields of organic material identified with thermo-
chemolysis.

The identified aliphatic compounds were mainly linear saturated
fatty acids (C;2—Cs4) with a strong even/odd carbon number pre-
dominance. The bimodal distribution had two maxima, one at n-Cog
and, to a lesser extent, one at n-C;¢ (see Fig. 1). In the case of extracted
lignite, the second maximum within the short chain range (C;4—Cs)
was shifted to more at n-C;g. The distinctly different shape of the bi-
modal distribution for extracted lignite in comparison to the other
samples resulted from the loss of lipids from the original lignite during
extraction. Saturated fatty acids with a carbon chain length =C,, are
commonly related to a higher plant origin [24], whereas fatty acids
having a carbon chain length < Cyy have both a higher plant and a
microbial origin [25]. A branched fatty acid (br-C;¢) was also detected.
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Table 2

Compounds identified in products of the thermochemolysis of natural lignite (NL), ex-
tracted lignite (EL), demineralized lignite (DL), and remineralized lignite (RL). The ab-
breviations L, P, L(G), and L(S) represent the possible origins of the identified compounds,
which can be attributed to lignin, proteins, guaiacyl lignin units, and syringyl lignin units,
respectively.

Compound Abundance (nmol g~ 1) Probable
source
NL EL DL RL
phenol 4.6 8.2 0.0 0.0 L+P
m-cresol 14.4 8.4 0.0 3.7 L+P
2-methoxyphenol 7.1 6.8 2.6 2.3 L+ P,L(G)
1,2-dimethoxybenzene 3.9 4.4 3.3 2.3 L(G), L(S)
3,4-dimethylphenol 3.6 3.0 0.0 1.0 L(G)
2,3-dimethylphenol 2.8 0.4 0.0 0.7 L+P(?)
p-vinylanisole 1.8 1.7 0.0 1.2 L(G) (?)
2-methoxy-3-methylphenol 2.7 2.6 0.0 0.0 L+P(?
2-methoxy-5-methylphenol 2.5 1.6 0.0 1.0 L+P(
2-methoxy-4-methylphenol 10.5 5.8 5.9 4.1 L+ P,L(G)
3,4-dimethoxytoluene 19.7 14.4 18.3 17.9 L, L(G)
4-methoxybenzaldehyde 0.0 0.0 3.4 3.9 L(G)
4-ethyl-2-methoxyphenol 0.0 0.0 2.2 1.8 L(G)
4-ethyl-1,2-dimethoxybenzene 5.0 2.6 3.8 3.2 -
3,4-dimethoxyphenol 2.2 1.4 0.0 1.3 L+P
4-methylacetophenone 2.8 1.9 31 2.8 L(S)
4-ethenyl-1,2-dimethoxybenzene 8.6 5.0 8.5 7.6 LG
1,2,4-trimethoxybenzene 3.8 3.3 3.7 4.3 -
3-methoxybenzoic acid, methyl 4.9 4.4 6.4 4.8 -
ester
2,4,6-trimethoxytoluene 3.4 2.4 10.6 6.8 L
1 2-dimethoxy-4-(2-propenyl) 15.4 9.2 10.6 9.6 -
benzene
2,4,6-trimethoxybenzoic acid 3.3 4.3 4.9 4.0 -
3,4-dimethoxybenzaldehyde 37.9 27.7 24.7 23.6 L, L(G)
1,2-dimethoxy-4- 0.0 3.3 6.3 1.2 -
(methoxymethyl)benzene
n-Cio 0.0 0.0 0.0 1.9 Lipids
2,4-dimethoxyacetophenone 22.1 19.4 27.3 243 -
3,4-dimethoxyphenylacetone 6.8 5.8 6.3 4.6 L(G)
3,4-dimethoxybenzoic acid, 41.5 48.0 59.2 46.2 L(G)
methyl ester
3,4,5-trimethoxybenzaldehyde 3.6 3.3 3.6 2.9 L)
1,2-dimethoxy-4-(3- 378 305 344 460 -
methoxypropyl)benzene
1,2-dimethoxy-4-(2- 108 7.9 9.5 122 -
methoxyethenyl)benzene
3,4-dimethoxypropiophenone 7.1 6.3 7.8 7.9 -
trimethoxy-5-(2-propenyl) 4.1 2.8 31 3.5 -
benzene
methyl 4-methoxycinnamate 4.1 3.4 7.9 5.1 -
3,4,5-trimethoxybenzoic acid, 8.5 8.8 16.5 9.9 L)
methyl ester
n-Cq4 0.7 0.5 1.9 1.8 Lipids
n-Cis 0.2 0.2 0.2 0.2 Lipids
1,2-dimethoxy-4-(1,2,3- 156 9.8 8.8 17.8 -
trimethoxypropyl)benzene
1,2,3-trimethoxyacetophenone 5.9 4.6 5.7 7.9 -
1,2,3-trimethoxy-4-(3,3- 8.8 4.1 4.6 7.1 -
dimethoxy-1-propenyl)
benzene
br-Ci¢ 0.0 3.7 3.0 2.9 Lipids
n-Cie 2.0 1.5 6.4 6.4 Lipids
n-Cy7 0.2 0.2 0.2 0.2 Lipids
n-Cig 1.2 1.5 3.2 2.8 Lipids
methyl 16- 5.6 2.5 11.0 11.5 Lipids
methoxyhexadecanoate
n-Cyo 0.2 0.3 1.5 1.1 Lipids
n-Cy; 0.1 0.1 0.1 0.2 Lipids
n-Cap 2.9 0.7 4.8 3.2 Lipids
n-Cos 0.3 0.2 0.3 0.2 Lipids
n-Coq 3.6 1.1 8.8 7.6 Lipids
n-Cys 0.2 0.2 0.2 0.2 Lipids
n-Cae 7.1 1.5 20.7 16.6  Lipids
n-Cyy 0.3 0.2 0.3 0.3 Lipids
n-Cag 9.6 2.2 300 241 Lipids
n-Cag 0.4 0.2 0.4 0.4 Lipids
n-Cso 8.2 1.3 22.2 16.7  Lipids

(continued on next page)
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Table 2 (continued)

Compound Abundance (nmol g~ 1) Probable
source
NL EL DL RL
n-Cs; 0.2 0.1 0.3 0.2 Lipids
n-Cs 0.5 0.1 4.7 0.5 Lipids
n-Cas 0.0 0.0 0.0 0.2 Lipids
n-Cas 0.2 0.1 0.2 0.2 Lipids

n-C;,—n-Cs4 correspond to fatty acids.

Branched fatty acids are known to have a microbial origin [26]. A
methoxyderivate of saturated fatty acids (16-methoxyhexadecanoic
acid) was also found. This kind of molecule is well known as a major
constituent of biological polyesters such as cutin and suberin [27,28].

The majority of aromatic compounds can be generally assigned to
one of three types of lignin monomer units: guaiacyl (G), p-hydro-
xyphenyl (P), and syringyl (S). The major methylated lignin derivatives
such as 3,4-dimethoxybenzaldehyde, 3,4-dimethoxybenzoic acid me-
thyl ester, 3,4,5-trimethoxybenzaldehyde, and 3,4,5- trimethox-
ybenzoic acid methyl ester reflect the presence of a relatively preserved
lignin monomers. The quantitative and qualitative predominance of
guaiacyl-derived units suggests a gymnosperm dominated palaeoplant
community [29]. However, some of the identified molecules can be
derived not only from lignin but also from thermochemolysis products
of proteins [11,30-32].

3.2. Thermal degradation and FTIR analysis

The examined samples of lignite were characterized by FTIR spec-
trometry at different temperatures and the results are presented in
Fig. 2.

The broad band centred at about 3410 cm™ " corresponds to the
stretching vibration of O—H groups which are connected with an in-
termolecular hydrogen-bond. In the spectra of all samples, the band
gradually narrows with increasing temperature and its intensity de-
creases.

The presence of aliphatic groups is revealed by the bands at
2922 cm ™! and 2851 cm ™!, which are attributed to asymmetric and
symmetric C—H stretching in methylene groups. Aliphatic structures
are not observed in the spectra at 520 °C for any lignite samples, but in
the case of remineralized and untreated lignite they are already absent
at 500 °C. The deformation vibrations of methylene and methyl groups
occur in the spectra at 1451 cm ™! and 1380 cm ™ 1. The remineralized
lignite manifests these vibrations only as shoulders due to overlapping
with carboxylates. The deformation vibrations are generally observed
at lower temperatures (420 °C for demineralized lignite and 400 °C for
other samples) than the stretching vibrations.

1
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The appearance of C=C aromatic stretching at 1510 cm ™' and at
1619 cm ™! indicated the presence of aromatic molecules. Peuravuori
et al. [6] consider the band at 1510 cm ™! to be an indicator of lignin.
Aromatic components with a band at 1510 cm ™! are not present in the
spectra of lignite or other samples at 440 °C or 420 °C, respectively. In
addition, the band at 1619 cm ™! can also be related to carbonyl groups
and carboxylates [33,34]. With increasing temperature, this band shifts
to lower wavenumbers — up to a value of 1596 cm ™! at 380 °C. A fur-
ther decrease in intensity and in wavenumber continues with increasing
temperature.

The band at 1415 cm ™" is ascribed to carboxylates predominating
mainly in the spectrum of remineralized lignite. The weak band at
1415 cm ™! in demineralized lignite is given by the interaction between
carboxyl groups of the sample and the KBr matrix rather than by the
insufficient progress of demineralization. The carboxylates are not ob-
served at a temperature of about 650 °C in the FTIR spectra.

In the spectrum of demineralized lignite, the characteristic band at
1708 cm ™! decreases its intensity with increasing temperature and
shifts to a lower wavenumber value (1691 cm™}) at a temperature of
420 °C. This is probably associated with the degradation of less ther-
mally stable carboxylic acids (e.g. aliphatic) and the preservation of
thermally stable conjugated carboxylic acids (aromatic) which degrade
at 600 °C.

The interpretation of bands in the region 1000-1300 cm ™! is made
difficult by the overlapping of various organic functional groups with
the mineral matter. The prominent band at 1033 cm ™~ is visible in the
spectra of lignite before and after extraction, but its intensity decreases
considerably through demineralization with the mixture of HF and HCI.
This behavior is indicative of the prevailing mineral origin of the band.
The presence of the band in demineralized lignite can be explained by
the incomplete removal of inorganic minerals (e.g. silicate) during the
treatment of lignite with the acid mixture and/or it arises from the
stretching C—O vibration of primary alcohols. The intensive band at
1112 cm ™! occurs in lignite but is wholly absent after the treatment
with mineral acids. With respect to organic functional groups, the band
may theoretically be ascribed to ethers, esters, and secondary alcohols,
of which, however, only esters can undergo hydrolysis. In addition to
esters, mineral matter can also be taken into account even though the
band is not identifiable at 550 °C. This is most probably caused by the
overlap of the given band with the neighboring band at 1152 cm™?,
whose intensity is again reduced at 800 °C with the simultaneous clear
appearance of the band at 1112 cm ™ '. The band at 1268 cm ™! can be
related to aromatic ethers. Some authors [34] reported that it corre-
sponds to the C—O vibration of carboxyl groups and/or phenols. Our
observation is inconsistent with the claim by Gezici et al. [34] because
remineralized lignite should not include this band with the same in-
tensity as it appears in the spectra of other samples due to the formation
of carboxylate. Pyrolysis shows that the band at 1268 cm ™' disappears
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Fig. 2. FTIR spectra at different temperatures for the examined samples. The spectra at 700 °C and 800 °C are not displayed due to the poor appearance of the vibrational bands.

in the spectrum at 600 °C, which is the decomposition temperature of
ethers. Moreover, maximum CH,4 formation is observed at 600 °C and
this gas is considered to be the precursor of ethers. In the light of the
literature and our results, we suppose that the band at 1268 cm ™! can
more likely be attributed to aromatic ethers and/or phenols. The band
at 1219 cm ! is related to the stretching vibration of C—O and to the
deformation vibration of O—H in carboxylic groups and ethers (in-
clusive of phenoxy structures). In remineralized lignite, the vibration
occurs as a shoulder corresponding only to ethers because carboxylic
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groups form carboxylate. The absence of the vibration in the spectrum
of remineralized lignite at 380 °C indicates that the shoulder originates
exclusively from alkyl aryl ethers (aryl ethers decay at higher tem-
perature). As a result, the band at 1219 cm ! is not observed in any
sample spectrum at 380 °C and, together with the band at 1258 cm ™%,
forms a region without a clearly defined center at higher temperature.

The spectra of lignite before and after extraction contain, in the
range 1000-400 cm ™", bands at 914, 668, 534, 471, 431 cm™' and

shoulders at 796, 746, 696 and 602 cm ~*, all of which are removed by
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demineralization (except for 431 cm ™! appearing at 300 °C). According
to our results and published literature, the observed bands and
shoulders can be attributed to an inorganic part (except perhaps
431 cm™ 1) [35,36]. The band at 914 cm ™! can be related to the de-
formation vibrations of OH groups in kaolinite. The bands at 534 and
471 cm™! most probably correspond to deformation vibrations of
Si—O—Al (kaolinite, eventually montmorillonite) and Si—O—Si (kaoli-
nite, amorphous SiO,), respectively. Georgakopoulus et al. [33] as-
sociate the vibration at 669 cm™' with aromatic out-of-plane G—H
deformations. The present work shows that the intensity of the shoulder
does not change after the extraction of lignite with chloroform and that
the shoulder is absent in the spectrum in consequence of deminer-
alization. If we do not take into account CO, from the air, then the
shoulder at 669 cm ™! together with the shoulder at 602 cm ™ could be
associated rather with gypsum, which is present in South Moravian
lignite [8]. The shoulder at 796 cm ™! could be ascribed to amorphous
silica [35,36]. In the spectra at 300 °C, two bands at 3692 and
3617 cm ™! appeared corresponding to stretching vibrations of OH
groups in kaolinite and montmorillonite. The dehydration of these
minerals took place in the temperature range 480-500 °C, as suggested
by the disappearance of the bands at 3692, 3617 and 914 em™ L

In the spectra of the demineralized and remineralized lignite at
about 500 °C, three closely neighboring bands at 864, 814 and
752 c¢cm ! were observed, of which the third was seen as a shoulder in
the spectra at 420 °C. In addition, demineralized and remineralized
lignite contained the band at 814 cm ™! before pyrolysis degradation.
These three bands are caused by out-of-plane C—H deformation and
assigned to aromatic structures with isolated aromatic hydrogens
(864 cm™ 1), two adjacent hydrogens per ring (814 cm™ '), and four
adjacent hydrogens per ring (752 cm™ 1) [37].

3.3. Thermogravimetric analysis

The curves of weight loss (TGA) and their derivatives (DTA) for the
used samples are shown in Fig. 3. Three peaks may be distinguished in
the DTA curves of the untreated, extracted, and remineralized lignite,
whereas demineralized lignite is characterized by two peaks. The first
peak occurs approximately in the range 40-200 °C for each sample and
is obviously connected with the gradual evaporation of moisture from
the surface and pores of the lignite. In all cases, the mass loss connected
with the evaporation did not exceed 10%. The second broad peak oc-
curs approximately in the range 200-650 °C, with a well-defined
maximum at 380 °C for natural and extracted lignite, and at 385 °C for
remineralized lignite. In the case of the natural and the extracted lig-
nite, the observed shoulder at 430 °C suggests a complex degradation
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Fig. 3. Thermogravimetric analyses results for lignite (black solid), extracted lignite (red
dash), demineralized lignite (blue dot), remineralized lignite (green dash dot). (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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process under the given conditions. The abovementioned maxima re-
flect the prevailing degradation of carboxyl groups, which is accom-
panied by CO, production; see below. In addition, other structural
groups are subject to degradation, these comprising mainly esters,
ethers, alcohols. Pyrolysis in this temperature range results in the
greatest mass loss (about 49%). The second broad peak for deminer-
alized lignite is more complicated and appears in the range 165-900 °C.
The shift of the peak maximum to a higher temperature (420 °C) is
registered in the curve of demineralized lignite, in contrast to other
samples. In addition, three shoulders are observed in the ranges
320-350 °C, 560-680 °C, and 705-850 °C, with maxima at 330 °C,
635 °C and 780 °C, respectively. The first shoulder is probably related
mainly to the evolution of water, while the second shoulder is con-
sistent with the region of maximum CO formation and with the region
of the second maximum of methane formation appearing up to a tem-
perature of about 560 °C. Further details are provided below. The
second peak for demineralized lignite represents 56% of mass loss
during pyrolysis. The third peak falls approximately in the range
650-900 °C, with a maximum at about 755 °C. Pyrolysis in this tem-
perature range represents a smaller mass loss (about 11%) compared to
the secondary peak for the samples. This region of the degradation
process is especially connected with CO generation and, to a lesser
degree, with CO, production. It is worth noting that the sorption of
calcium ions on demineralized lignite resulted in the occurrence of the
third peak in the DTA curve, as in the case of lignite before treatment
with mineral acids.

3.4. Evolved gas analysis

For the evolution curve of H,O (see Fig. 4(a)), the low-temperature
peak (below 250 °C) is obviously connected with the gradual evapora-
tion of moisture from the surface and pores of the samples and is
centred at about 115 °C. H,O evolution above 300 °C is attributed to the
decomposition of various oxygen-containing groups, mainly OH groups,
leading to the formation of pyrolysis water over a broad temperature
range. The high-temperature regions of the H,O evolution curves are
especially close to those of methane generation (about 465 °C), in-
dicating that the formation of CH,4 is accompanied by water generated
during lignite pyrolysis. In the same temperature region, a similar,
though less marked trend, is also observed for CO generation. In ad-
dition to the degradation of organic material, the dehydration of clay
minerals occurs in the temperature range of about 480-500 °C, as was
shown above by the FTIR method.

The shape of the CO evolution profiles differs depending on the
treatment of the samples. Simple peak (demineralized lignite), dual
peaks (untreated and remineralized lignite), and triple peaks (extracted
lignite) are clearly visible in Fig. 4(b). The broad peak of demineralized
lignite ranges approximately from 300 °C to 900 °C and its maximum
occurs at about 645 °C. The sorption of calcium ions on the deminer-
alized lignite results in the appearance of the CO evolution profile with
dual peaks, as in the case of raw lignite before any treatment. The
maxima of both peaks have very similar temperature positions: 460 °C
and 800 °C for native lignite, and 480 °C and 740 °C for remineralized
lignite. It appears that metal ions (such as calcium ions) contained in
the lignite could act as triggers of degradation reactions of different
precursors at various temperatures leading to CO formation. Interest-
ingly, the extraction of lignite caused the splitting of the low-tem-
perature peak of CO into distinct dual peaks centred at 380 °C and
480 °C. The comparison of other gas curves of extracted lignite with the
CO curve shows that the first of the dual peaks corresponds well to the
highest pyrolysis peak of CO, and also partly to water, while the latter
is basically consistent with the maximum of H,O and CH,4. This ob-
servation implies that degradation occurs comprehensively. The results
also clearly show that the treatment of lignite (demineralization, re-
mineralization and extraction) has an influence on CO generation
during pyrolysis. The high-temperature peak for CO is above
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approximately 600 °C and has maxima at 800 °C, 765 °C, and 740 °C for
untreated, extracted, and remineralized lignite, respectively. The pre-
cursors that could produce CO can be related to alky aryl ethers at
400 °C, methylene bridges and aryl aryl ethers at about 550 °C, and
high condensed structures at 700 °C [38]. FTIR analysis shows that
alkyl aryl ethers (the band at 1219 cm ™) are degraded at about 380 °C,
and aryl aryl ethers (the band at 1268 cm ™) and aliphatic groups are
degraded at about 550 °C. Thus, our conclusions are in good agreement
with those reported in the literature [38].

Fig. 4(c) presents the CO, evolution profiles during pyrolysis. It
shows that the temperature evolution range was wide (between 200
and 800 °C) for all samples. The maximum occurs at about 380 °C and is
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consistent with the temperature maximum of the second peak in the

DTA curve, as was mentioned above. This fact suggests that the rate of
mass loss of organic matter (see the DTA curve) is associated primarily

with the generation of CO,. All the samples, except demineralized lig-

nite, revealed shoulders in the CO, profile at higher temperatures above
380 °C. In the case of lignite, three shoulders can be resolved, with
maxima at 420, 550, and 670 °C. The first and last can mainly be linked
to CO formation (the maximum at 460 °C and at 800 °C in the CO curve)
while the second can be related to CH, generation (the maximum at
about 550 °C). The sorption of calcium ions on demineralized lignite
leads again to the appearance of a shoulder in the CO, evolution profile,
although the maximum of the shoulder is at a lower temperature (about
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620 °C) than in the case of lignite (about 670 °C). Differences in the
temperature maxima of shoulders can be explained by the various
sample treatments. FTIR analysis suggests that the main source of CO,
in this temperature region could be carboxylates degrading at about
650 °C. Another possible source could be highly conjugated carbonyl
groups, whose degradation could be influenced by the presence of
metal ions. On the other hand, Wang et al. [39] explain the shoulder at
650 °C by the existence of a certain amount of ethers, quinones, and
stable oxygen-bearing heterocyclic compounds in the sample. CO,
evolution peaks below 380 °C can mainly be related to the decom-
position of carboxylic groups and esters [40]. FTIR analysis showed that
alkyl aryl ethers can also be ascribed to CO, precursors because they are
degraded at 380 °C. At higher temperatures, CO» can be derived from
thermally more stable ether structures (mainly aryl aryl ethers), car-
boxylates, quinones, and oxygen-bearing heterocycles [41].

No significant amount of CH, is generated until the temperature is
greater than 350 °C, with the first maximum production at 465 °C and a
smaller peak at about 560 °C, as illustrated in Fig. 4(d). Dual peaks in
the curves indicate formation from different precursor structures within
samples. Distinct dual methane peaks occur mostly in demineralized
lignite, while remineralized lignite is rather characterized by a shoulder
(centred at 450 °C) at a higher temperature. Sorption probably results
in the predominant degradation of precursors relating to the high-
temperature peak; consequently, in the CH4 evolution profile of re-
mineralized lignite, the low temperature generation of methane appears
only as a shoulder centred at 450 °C. The early CH, peak and the
shoulder in the samples can mainly be related to the degradation of
ethers, as is also indicated by the co-existence of water and CO peaks in
the evolution curves and by FTIR analysis. The methane peak in this
relatively low temperature region is characteristic of low rank coals and
has been associated with the degradation of lignin contained in these
materials. This is supported by the observation that the band at
1510 cm_l, known as an indicator of lignin [6], disappears from the
FTIR spectra at about 440 °C. The second evolution peak of methane
can be ascribed to a series of reactions related to the breakup and re-
combination of the macromolecular structure of coal [42].

3.5. Implications for the molecular character of South Moravian lignite

The structure of coal is the subject of long-term intensive research
due among other things to a better understanding of the reactions
during combustion, liquefaction, and gasification. Mathews and Chaffee
[43] provided a comprehensive overview of coal molecular models.
They state that over 134 coal models have been published in the lit-
erature, while less attention has been paid to the construction of mo-
lecular representations of lignite compared to high-rank coals. The
reason is not only the wide use of high-rank coals such as bituminous
coal, but also the complex and complicated structure of lignite with its
smaller aromatic clusters, rich substitutional groups, and many cross-
links [9].

Our results show that the structure of South Moravian lignite is
predominantly composed of single aromatic rings linked and cross-
linked by methylene and ethylene chains [4].

It seems that a significant portion of the lignite structure is also
formed by (1,2-diphenylethyl)benzene units [4]. Oxygen occurs in a
variety of forms including carboxylic acids, ketones, phenols, alcohols,
ethers, and esters, each with different thermal stabilities. The thermal
stability may also be different for the same functional groups depending
on their surroundings, and this fact should be taken into account when
designing lignite models. For example, conjugated carboxylic acids are
much more thermally stable than carboxylic acids connected with ali-
phatic carbons. The relatively well-preserved lignin monomers with a
predominance of guaiacyl-derived units are an integral part of the
South Moravian lignite structure. Extraction with chloroform and
thermochemolysis show that saturated fatty acids are present in lignite
through weak interactions and through covalent bonds formed by esters
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and ethers. Hence, aliphatic long chains with an even number of carbon
atoms (especially C;¢ and Cog) should be incorporated into the lignite
model, while odd-numbered chains should represent a minority share.

In the light of our results, the models published by Tromp and
Moulijn [44] and Huttinger and Michenfelder [45] seem appropriate
for describing South Moravian lignite. These two models also take into
account mono- and multi-valent cations, whose significance for the
structural integrity of lignite was observed in our thermal degradation
experiments (e.g. carboxylates degraded at a much higher temperature
than carboxylic acids).

4. Conclusions

The distribution of linear saturated fatty acids in South Moravian
lignite has a bimodal character with two maxima at n-Cog and at n-Css,
of which the first represents the main maximum. The identified un-
branched saturated fatty acids indicate both a high plant origin (= Cs)
and microbiological origin (< Cy). The dominance of guaiacyl units
indicates a gymnosperm origin for the studied lignite.

FTIR analysis allowed the investigation of changes in functional
groups in our lignite sample set during pyrolysis. Alkyl aryl ethers,
lignin, and some carboxylic groups were identified as the least ther-
mally stable. The results suggest that lignite contains carboxyl groups of
different thermal stability, of which conjugated carboxyl groups de-
grading at 600 °C appear to be the most thermally stable. Carboxylates
degraded up to about 650 °C.

The evolutions of gaseous compounds (i.e. H,O, CO, CO, and CH,4)
during pyrolysis were associated with the presence of different func-
tional groups with various thermal stabilities in the lignite samples.
First, physically bound water was released and subsequently a complex
thermal reaction in the temperature range of about 200-650 °C took
place, which was responsible for the major loss of organic matter.

CO, evolution profiles contained a single peak with a distinct
maximum at about 380 °C, which coincided with the temperature
maximum of the second peak in the DTA curve.

Dual peaks in the CH, evolution profiles indicate the degradation of
different precursor structures within lignite samples.

CO evolution profiles are formed by a different number of peaks
depending on the treatment of lignite. The pyrolysis of remineralized
and raw lignite suggests that metal ions (such as calcium ions) con-
tained in the lignite could act as triggers of reactions leading to CO
production from different precursors at various temperatures.

H,0 evolution profiles are formed by dual peaks. Low temperature
peaks are related to the evaporation of water from the surface and
pores, whereas high temperature peaks are attributed primarily to the
condensation of hydroxyl groups. In addition, the dehydration of clay
minerals occurs in the temperature range 480-500 °C.

The results show that FTIR analyses of the evolved gases and re-
sidues produced through the pyrolysis of lignite in its natural and
treated states were complementary and provided a comprehensive view
of the progress of degradation.

Acknowledgments

This work was supported by project Nr. LO1211, Materials Research
Centre at FCH BUT- Sustainability and Development (National
Programme for Sustainability I, Ministry of Education, Youth and
Sports). We thank anonymous reviewers for suggesting improvements
to the original manuscript.

References

[1] L. Dosko¢il, M. Pekat, Removal of metal ions from multi-component mixture using
natural lignite, Fuel Process. Technol. 101 (2012) 29-34.

[2] A. Hassani, F. Vafaei, S. Karaca, A.R. Khataee, Adsorption of a cationic dye from
aqueous solution using Turkish lignite: kinetic, isotherm, thermodynamic studies


http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0005
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0005
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0010
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0010

L. Doskocil et al.

[3]

[4]
[5]
[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]
[21]

[22]

[23]

[24]

and neural network modeling, J. Ind. Eng. Chem. 20 (2014) 2615-2624.

K. Chassapis, M. Roulia, D. Tsirigoti, Chemistry of metal-humic complexes con-
tained in Megalopolis lignite and potential application in modern organomineral
fertilization, Int. J. Coal Geol. 78 (2009) 288-295.

L. Dosko¢il, L. Grasset, D. Valkova, M. Pekaf, Hydrogen peroxide oxidation of
humic acids and lignite, Fuel 134 (2014) 406-413.

1. Kégel-Knabner, Analytical approaches for characterizing soil organic matter, Org.
Geochem. 31 (2000) 609-625.

J. Peuravuori, P. Zbankova, K. Pihlaja, Aspects of structural features in lignite and
lignite humic acids, Fuel Process. Technol. 87 (2006) 829-839.

M. Havelcova, 1. Sykorové, H. Trejtnarova, A. Sulc, Identification of organic matter
in lignite samples from basins in the Czech Republic: geochemical and petrographic
properties in relation to lithotype, Fuel 99 (2012) 129-142.

L. Doskodil, L. Grasset, V. Enev, L. Kalina, M. Pekaf, Study of water-extractable
fractions from South Moravian lignite: consequences on the rheology and on the
mechanisms of bitumen modification, Environ. Earth Sci. 73 (2015) 3873-3885.
Q. He, K. Wan, A. Hoadley, H. Yeasmin, Z. Miao, TG-GC-MS study of volatile
products from Shengli lignite pyrolysis, Fuel 156 (2015) 121-128.

J.A. MacPhee, J.-P. Charland, L. Giroux, Application of TG-FTIR to the determi-
nation of organic oxygen and its speciation in the Argonne premium coal samples,
Fuel Process. Technol. 87 (2006) 335-341.

C. Estournel-Pelardy, A. El-Mufleh Al Husseini, L. Doskocil, L. Grasset, A two-step
thermochemolysis for soil organic matter analysis. Application to lipid-free organic
fraction and humic substances from an ombrotrophic peatland, J. Anal. Appl. Pyrol.
104 (2013) 103-110.

F. Shadkami, R. Helleur, Recent applications in analytical thermochemolysis, J.
Anal. Appl. Pyrol. 89 (2010) 2-16.

P.G. Kralert, R. Alexander, R.I. Kagi, An investigation of polar constituents in
kerogen and coal using pyrolysis-gas chromatography-mass spectrometry with in
situ methylation, Org. Geochem. 23 (1995) 627-639.

D. Fabbri, I. Vassura, C.E. Snape, Simple off-line flash pyrolysis procedure with in
situ silylation for the analysis of hydroxybenzenes in humic acids and coals, J.
Chromatogr. A 967 (2002) 235-242.

S. Dutta, S. Bhattacharya, M. Mallick, A.C. Shukla, U. Mann, Preserved lignin
structures in early eocene Surat lignites, Cambay Basin Western India, J. Geol. Soc.
India 79 (2012) 345-352.

J. Jelinek, F. Stanék, L. Vizi, J. Honék, Evolution of lignite seams within the South
Moravian Lignite Coalfield based on certain qualitative data, Int. J. Coal Geol. 87
(2011) 237-252.

M. Bishop, D.L. Ward, The direct determination of mineral matter in coal, Fuel 37
(1958) 191-196.

K. Murakami, T. Yamada, K. Kaga, K. Fuda, T. Matsunaga, Cation exchange prop-
erties of heat-treated Australian brown coal: influences of pre-exchanged calcium
ions, Colloid Surfaces A 193 (2001) 153-159.

H.N.S. Schafer, Determination of the total acidity of low-rank coals, Fuel 49 (1970)
271-280.

H.N.S. Schafer, Carboxyl groups and ion exchange in low-rank coals, Fuel 49 (1970)
197-213.

L. Grasset, A. Ambleés, Structural study of soil humic acids and humin using a new
preparative thermochemolysis technique, J. Anal. Appl. Pyrol. 47 (1998) 1-12.

L. Doskodil, V. Enev, M. Pekaft, J. Wasserbauer, The spectrometric characterization
of lipids extracted from lignite samples from various coal basins, Org. Geochem. 95
(2016) 34-40.

C. Sathe, Y. Pang, C.-Z. Li, Effects of heating rate and ion-exchangeable cations on
the pyrolysis yields from a victorian brown coal, Energ. Fuel 13 (1999) 748-755.
P.A. Meyers, R.A. Bourbonniere, N. Takeuchi, Hydrocarbons and fatty acids in two

91

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]
[38]
[39]

[40]

[41]

[42]
[43]

[44]

[45]

Journal of Analytical and Applied Pyrolysis 128 (2017) 83-91

cores of Lake Huron sediments, Geochim. Cosmochim. Acta 44 (1980) 1215-1221.
R.J. Parkes, J. Taylor, The relationship between fatty acid distributions and bac-
terial respiratory types in contemporary marine sediments, Estuar. Coast Shelf Sci.
16 (1983) 173-174.

L. Zelles, Fatty acid patterns of phospholipids and lipopoly- saccharides in the
characterisation of microbial communities in soil: a review, Biol. Fert. Soils 29
(1999) 111-129.

P.E. Kolattukudy, Biopolyester membranes of plants: cutin and suberin, Science 208
(1980) 990-1000.

1.D. Bull, P.Fvan Bergen, C.J. Nott, P.R. Poulton, R.P. Evershed, Organic geo-
chemical studies of soils from the Rothamsted classical experiments—V. The fate of
lipids in different long-term experiments, Org. Geochem. 31 (2000) 389-408.

J.I. Hedges, D.C. Mann, The characterization of plant tissues by their lignin oxi-
dation products, Geochim. Cosmochim. Acta 43 (1979) 1803-1807.

S.W. Frazier, K.O. Nowack, K.M. Goins, F.S. Cannon, L.A. Kaplan, P.G. Hatcher,
Characterization of organic matter from natural waters using tetra-
methylammonium hydroxide thermochemolysis GC-MS, J. Anal. Appl. Pyrol. 70
(2003) 99-128.

J. Templier, S. Derenne, J.-P. Croué, C. Largeau, Comparative study of two fractions
of riverine dissolved organic matter using various analytical pyrolytic methods and
a 13C CP/MAS NMR approach, Org. Geochem. 36 (2005) 1418-1442.

S. Amir, M. Hafidi, L. Lemee, J.-R. Bailly, G. Merlina, M. Kaemmerer, et al.,
Structural characterization of fulvic acids, extracted from sewage sludge during
composting, by thermochemolysis-gas chromatography-mass spectrometry, J. Anal.
Appl. Pyrol. 77 (2006) 149-158.

A. Georgakopoulos, A. Iordanidis, V. Kapina, Study of low rank greek coals using
FTIR spectroscopy, Energy Source 25 (2003) 995-1005.

0. Gezici, 1. Demir, A. Demircan, N. Unlii, M. Karaarslan, Subtractive-FTIR spec-
troscopy to characterize organic matter in lignite samples from different depths,
Spectrochim. Acta Part A 96 (2012) 63-69.

P. Painter, M. Coleman, R. Jenkins, P. Whang, P. Walker Jr., Fourier Transform
Infrared study of mineral matter in coal. A novel method for quantitative miner-
alogical analysis, Fuel 57 (1978) 337-344.

J. Madejov4, FTIR techniques in clay mineral studies, Vib. Spectrosc. 31 (2003)
1-10.

J.V. Ibarra, R. Moliner, Coal characterization using pyrolysis-FTIR, J. Anal. Appl.
Pyrol. 20 (1991) 171-184.

W. Hodek, J. Kirschstein, K.-H. van Heek, Reactions of oxygen containing structures
in coal pyrolysis, Fuel 70 (1991) 424-428.

Z. Wang, H. Shui, C. Pan, L. Li, S. Ren, Z. Lei, et al., Structural characterization of
the thermal extracts of lignite, Fuel Process. Technol. 120 (2014) 8-15.

L. Giroux, J.-P. Charland, J.A. MacPhee, Application of thermogravimetric fourier
transform infrared spectroscopy (TG-FTIR) to the analysis of oxygen functional
groups in coal, Energy Fuel 20 (2006) 1988-1996.

A. Arenillas, F. Rubiera, J.J. Pis, Simultaneous thermogravimetric-mass spectro-
metric study on the pyrolysis behaviour of different rank coals, J. Anal. Appl. Pyrol.
50 (1999) 31-46.

M. Obeng, L.M. Stock, Distribution of pendant alkyl groups in the argonne premium
coals, Energy 10 (1996) 988-995.

J.P. Mathews, A.L. Chaffee, The molecular representations of coal —a review, Fuel
96 (2012) 1-14.

P.J.J. Tromp, J. Moulijn, Slow and rapid pyrolysis of coal, in: Y. Yuda (Ed.), New
Trends in Coal Science, Vol. NATO ASI Series, Series C, Mathematical and Physical
Sciences, 244 Kluwer Academic Publishers, Boston, 1987, pp. 305-338.

K.J. Huttinger, A.W. Michenfelder, Molecular structure of brown coal, Fuel 66
(1987) 1164-1165.


http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0010
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0015
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0015
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0015
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0020
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0020
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0025
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0025
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0030
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0030
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0035
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0035
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0035
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0040
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0040
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0040
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0045
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0045
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0050
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0050
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0050
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0055
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0055
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0055
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0055
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0060
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0060
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0065
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0065
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0065
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0070
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0070
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0070
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0075
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0075
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0075
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0080
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0080
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0080
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0085
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0085
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0090
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0090
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0090
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0095
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0095
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0100
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0100
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0105
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0105
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0110
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0110
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0110
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0115
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0115
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0120
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0120
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0125
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0125
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0125
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0130
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0130
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0130
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0135
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0135
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0140
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0140
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0140
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0145
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0145
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0150
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0150
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0150
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0150
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0155
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0155
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0155
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0160
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0160
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0160
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0160
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0165
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0165
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0170
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0170
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0170
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0175
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0175
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0175
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0180
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0180
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0185
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0185
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0190
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0190
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0195
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0195
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0200
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0200
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0200
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0205
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0205
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0205
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0210
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0210
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0215
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0215
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0220
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0220
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0220
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0225
http://refhub.elsevier.com/S0165-2370(17)30281-4/sbref0225

Na tomto misté bychom si mohli poloZit fecnickou otazku: Proc¢ je hnédé uhli resp.
lignit stale predmétem neutuchajiciho zajmu mnohych védeckych skupin, i kdyZ se touto
problematikou zabyvdme od doby, kdy byla ,pramati“ chemie diferenciovana na své
specifické obory. Hnaci sila tohoto zajmu miiZe byt spatiena prave ve snaze hledani novy
neenergetickych aplikaci téchto kaustobiolitii. Na druhou stranu je jasné, Ze bez hlubsiho
pochopeni struktury a sloZeni, ato ina molekularni urovni by jejich dalSi aplika¢ni
rozvoj nebyl mozny.

Pfi studiu organické hmoty kaustobiolitli ¢i jejich specifickych frakci, jako jsou
huminové latky a lehce hydrolyzovatelné organické slouceniny se ndm obecné nabizeji
dvé cesty, kterymi Ize tyto slouceniny charakterizovat. Konkrétnéji se jedna
o instrumentalni techniky, pti kterych je vzorek OM podroben destruktivni fragmentaci,
anebo je analyzovan v neporusené podobé. Pohledem zkusSeného fyzikalniho chemika je
ocividné, Ze kazda ztéchto cest vsobé skryva sva pozitiva, ale inegativa. V piipadé
pouziti destruktivnich metod, kam zpravidla radime chemické ¢i pyrolytické
instrumentalni techniky (termicka analyza, termochemolyza atd.) Ize jejich benefit
spatrit pravé vtom, Ze jsme schopni jednoznacné urcit nizkomolekularni fragmenty,
které jsou produkty degrada¢niho procesu. Na druhou stranu musime mit na paméti, Ze
v pribéhu dekompozice OM miiZe dochazet k sekundarnim reakcim, jako je preskupeni,
praskani kovalentnich vazeb, hydrogenace avneposledni radé ipolymerace, atudiz
interpretace ziskanych experimentalnich vysledkii miize byt nékdy svizelnd. Naproti
tomu, nedestruktivni instrumentalni techniky (NMR, FTIR, XPS, XRD, UV/Vis, XANES
atd.) vySe zminéné nezadouci sekundarni reakce eliminuji, avSak na druhé strané lze
také hovorit ojejich niZ$i molekularni specifité. Jinymi slovy, tyto instrumentalni
techniky nam poskytuji informace o celkovém chemickém sloZeni a dominantnich
strukturnich motivech analyzované slouceniny, pricemZ specifické slouceniny jsou
obvykle obtizné identifikovatelné.

Komplexnimu studiu a charakterizaci organické hmoty jihomoravského lignitu (JML)
jsme se zabyvali v odborné publikaci: ,The characterization of South Moravian lignite in
its natural and treated forms using thermal degradation methods”.

Hlavni mySlenkou této prace bylo prozkoumat degradacni mechanismy probihajici
v pribéhu pyrolyzy OM lignitu ana zdkladé identifikovanych produktii se pokusit
o celkové zhodnoceni jednotlivych stavebnich jednotek, které by podaly jasné informace
o ptivodni organické hmoté tohoto kaustobiolitu. JelikoZ, zakladni priimérné sloZeni
hnédého uhli nezahrnuje nejen spalitelny podil (huminit, liptinit, HL, lehce
hydrolyzovatelné ¢i vodou extrahovatelné organické slouceniny), ale i vyznamnou ¢ast
anorganickych sloucenin (popelovin), tak bylo nutné nativni vzorek dale upravovat. Za
timto Ucelem byl vzorek JML podroben extrakci chloroformem (sniZeni lipidickych
frakci OM), demineralizaci (sniZeni obsahu anorganickych primési) a v neposledni radé
i remineralizaci (sorpce CaZ* iontll na zpristupnénd reakéni mista). VySe zminéné
procedury nam poskytly lepsi interpretovatelnost ziskanych experimentalnich dat. Na
tomto misté bych se rad zastavil, aby bylo moZné podat konkrétnéjsi diikazy o vhodnosti
této strategie.

Demineralizace JML byla realizovana pomoci smésného roztoku HCI a HF, v diisledku,
cehoZz doSlo k vyznamnému sniZeni obsahu anorganickych slouCenin aZ na polovinu
ptivodni hodnoty. Tato purifikacni procedura prispéla kjednoznacné interpretaci



absorpcnich pasi v oblasti tzv. fingerprintu (otisku prstu), kde nastdva absorpce nejen
funkénich skupin a stavebnich jednotek organickych sloucenin, ale ivysSe zminénych
anorganickych latek, jako je kaolinit, montmorillonit, amorfni a krystalicky SiO, kalcit
atd.

Lépe fteceno, vdilsledku jednotlivych modifikaci vzorku JML se ndam podarilo
jednoznacné identifikovat absorp¢ni pasy, zda pochazeji z anorganickych primési anebo
jsou otiskem pritomnosti organickych sloucenin, jako jsou aromaty, alkoholy atd. Mimo
jiné byla iulehCena interpretace vzniklych produkti CHs4, CO, CO2; aH0 pri
termogravimetrické analyze spojené sFTIR detekci (TG/FTIR). Vtomto Kkontextu
miiZeme fici, Ze v pripadé studia nejen nativnich kaustobiolitli, ale i HL svysokym
obsahem popela je vhodné pred jejich samotnou pyrolyzni analyzou zaradit tuto
modifikaCni proceduru stavajici se z extrakce volnych organickych sloucenin lipidické
povahy, demineralizace pripadné opétovné remineralizace.

Termochemolyza organické hmoty JML derivatizované pomoci tetramethylamonium
hydroxidu poukazala na bimodalni charakter distribuce linearnich nasycenych
mastnych kyselin (C12-C34), pricemz nejvyssi obsah byl detekovan v pripadé kyseliny
palmitové (n-Cis) a montanové (n-Czs). Soubor identifikovanych mastnych Kkyselin
s celkovym poctem uhliku =20 poukazuje na prevazné rostlinny ptivod OM lignitu.
Naproti tomu, mastné Kkyseliny s nizZs$imi poc¢ty atomt uhliku tzn. < C20 jsou vylu¢né
povaZzovany za indikatory mikrobialni Cinnosti. Naprostda dominance coniferylovych
resp. guaiacylovych jednotek poukazuje na skute¢nost, Ze organickd hmota JML pochazi
predevsim z dfevni hmoty nahosemennych rostlin (Gymnospermea).

InfraCervend spektrometrie (FTIR) umoznila hlubsi studium dekompozi¢nich zmén
organické hmoty JML vpribéhu pyrolyzniho procesu. Na zadkladé identifikace
prislusnych absorpcnich pasti anasledného vizudlniho porovnani v pribéhu
pyrolyzniho procesu (tzn. pri teploté degradace 25 °C, 300 °C, 380 °C, 400 °C, 420 °C,
450°C, 500°C, 550°C, 600°C a650°C) bylo zjiSténo, Ze nejméné stabilnimi
strukturnimi jednotkami jsou alkyl- a aryl-ethery s jistym prispévkem karboxylovych
funkénich skupin. V této studii se ndm podarilo zjistit, Ze organicka hmota JML obsahuje
vice ¢i méné stabilni -COOH funké¢ni skupiny, z nichz teplotné nejstabilnéjSimi jsou
konjugované, jejichZ teplota stability byla stanovena na ~ 600°C. Nicméné je zapotiebi
rici, Ze tyto funkcni skupiny, pokud se nachazeji v interakci s anorganickymi ionty napf.
ve formé chelat, tak je jejich teplota degradace vyznamné posunuta k vy$sim hodnotam
tj. az 650°C.

Obecné mizeme Fici, Ze teplotné zavisly vznik plynnych produktl (tj. H20, CO, COo,
CH4) béhem pyrolyzy OM je ve skuteCnosti odrazem pritomnosti rozlicnych funkénich
skupin a strukturnich jednotek o rizné tepelné stabilité. Jak vysledky TGA/FTIR analyzy
dokladaji, tak tepelna degradace lignitu je nejdiive spojena se ztratou fyzikalné vazané
vody (povrchova, porézni atd.), na kterou navazuje celkovd dekompozice OM viz.
teplotni rozsah 200-650 °C. Dvojity pik, jeZ je pritomen v profilu vyvoje obsahu CHs je
s nejvétsi pravdépodobnosti spjat s degradaci rozlicné substituovanych jednotek lignitu,
z nichZ nejvyznamnéjsimi jsou stavebni jednotky ligninu, pripadné aromatické frakce
HK.



Pyrolyzni profily molekuly CO jsou reprezentovany variabilnim po¢tem maxim, které
jsou silné zavislé na pouZité procedure upravy JML. Experimentalni vysledky pyrolyzy
nativniho aremineralizovaného lignitu naznacuji, Ze anorganické ionty obsaZené
v tomto kaustobiolitu by mohly pusobit jako inicidtory dekompozicnich reakci, které
vedou ke vzniku plynnych produkti CO. Mimo jiné si nelze nepovSimnout, Ze teploty
degradace odpovidajici vzniku CO pokryvaji pomérné Sirokou oblast, a tudiz se mizeme
domnivat, Ze emise tohoto produktu je vylu¢né spojena s dekompozici rozlicnych
prekurzori a stavebnich jednotek organické hmoty JML.

Napii¢ vSemi vzorky JML jsou profily vyvoje molekul H20 reprezentovany dudlni
charakteristikou. V oblasti nizkych teplot pyrolyzy (25-180 °C) nastava vyparovani
vody, ato jak zpovrchu lignitu, tak izjeho po6rd. Naproti tomu, teplotni maxima
lokalizovana v oblasti vySSich teplot pyrolyzniho procesu odpovidaji kondenza¢nim
reakcim alkyl- a aryl-hydroxylovych skupin. V této souvislosti je nutné poznamenat, Ze
v teplotnim rozmezi 480-500 °C obvykle nastava i dehydratace anorganickych sloucenin
obsaZenych v OM.
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Humic acids isolated from seven lignite samples from six European coal basins were characterized using spectral
methods and elemental analysis and compared with each other. X-ray photoelectron spectroscopy and fluor-
escence spectrometry are not commonly used for the investigation of lignite humic acids, although they may
provide relevant information. Comparison of the examined lignite humic acids shows that they are very similar
to each other in chemical nature regarding the at least degree of aromaticity, molecular weight, and the dis-
tribution of functional groups. Fluorophores of lignite humic acids lie within the A region with typical maxima

centred in the range 255-265/460-510 nm. EEM spectra have the character of fingerprints for humic acids, and
lignites (as the starting material). In this work, the capacity of lignite as a parent source of humic acids for
agricultural applications is appreciated mainly on the base of extractability and ash content.

1. Introduction

Lignites are low-rank coals formed from original phytomass during
peatification followed by coalification, and are considered as inter-
mediate forms between peat and bituminous coal. Lignites are mainly
used as fuel and for energy production, even though they have low
calorific values and high amounts of water, oxygen, and ash. In this
respect, the sorption of hazardous species [1], the production of small
compounds (e.g. malonic acid, succinic acid) [2], and use in agri-
cultural practice [3] may be regarded as more suitable ways of pro-
cessing these immature coals.

Lignites represent heterogeneous systems composed of numerous
components in various portions. For example, lipids represent a minor
part ranging from 1 to 10 wt%, being extractable with non-polar sol-
vents such as chloroform and hexane [5]. In contrast, a considerable
proportion of lignite is composed of humic substances traditionally
divided on the basis of their alkaline and acid solubility into three
classes: humic acids, fulvic acids, and humin. Humic substances are
naturally occurring molecules, ubiquitous not only in sediments (peat,
coal, leonardite) but also in water and soil. Humic acids are insoluble
under acidic conditions (pH 1-2), but become soluble and extractable in
alkaline solutions. Lignites are the most abundant fossil fuel, which are
rich in humic acids and can be regarded as their major source [4].
Lignite humic acids may be used effectively as natural fertilizer and soil
conditioner to remediate soil structure and to improve plant growth
[6-9]. The active and positive role of humic acids in soil is related to

* Corresponding author.
E-mail address: doskocil@fch.vutbr.cz (L. Doskoc¢il).

http://dx.doi.org/10.1016/j.fuel.2017.10.114

their slow release of plant nutrients, cation exchange capacity, pH-
buffering alkalinity, water-holding capacity, and interaction with metal
ions and xenobiotic organic molecules [3,10]. For agricultural pur-
poses, the chemical properties of lignite humic acids should be optimal,
i.e. as similar as possible to the humic acids commonly present in soils.
To improve the properties of these natural products, different treat-
ments have been applied, so-called regeneration and modifications,
using oxidizing agents (oxygen, nitric acid, hydrogen peroxide etc.) and
different cross-linking reagents like formaldehyde [11-13]. Un-
fortunately, lignitic humic acids are the subject of less interest com-
pared to humic acids originating from other sources. Lignite humic
acids contain various functional groups (e.g. carboxylic, hydroxyl
groups) and moieties (aliphatic chains and aromatic rings) which
characterize their composition and properties [14]. They are char-
acterized by higher carbon content, lower oxygen and nitrogen content,
more aromatic moieties, and less carboxylic groups in comparison with
humic acids from soil and peat [11,15,16]. The recognizable differences
between soil, peat, and coal humic acids can mainly be related to
varying degrees of maturity [16]. From a molecular standpoint, lignite
humic acids are characterized by the presence of methylene and ethy-
lene bridges between the aromatic rings [2]. Grasset et al. [17] showed
that low rank coal humic acids contain intact lignin monomers of
predominantly gymnosperm origin. In contrast to soil humic acids,
lignite humic acids were shown to contain saturated long chain alka-
noic acids with a strong predominance of even numbered homologues
[16].
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Elemental analysis and spectrometric methods including ultraviolet-
visible (UV-Vis) and Fourier transform infrared (FTIR) spectrometry
are often used in the characterization of coal humic acids. Advanced
techniques such as fluorescence spectrometry and X-ray photoelectron
spectroscopy (XPS) are applied to a lesser extent, even though they can
provide a more coherent picture of this molecular system with coal
provenance. Furthermore, the paucity of available experimental data in
the literature makes comparison between lignite humic acids and humic
acids of different origins difficult. Nuclear magnetic resonance (NMR)
and pyrolysis—gas chromatography combined with mass spectroscopy
(pyr-GC-MS) are very helpful techniques in investigating the structure
of humic acids and their aromaticity [18,19]. The disadvantage of this
approach is the lack of availability of such equipment.

The present study is focused on the characterization and mutual
comparison of humic acids from different origin, i.e. seven lignite
samples from various European basins. The analysis was based on a
multiple-technique approach including traditional and commonly
available methods (elemental analysis, FTIR, UV-Vis spectrometry) and
advanced methods (fluorescence spectrometry, XPS). Of the various
fluorescence spectrometry methods available, excitation-emission ma-
trix spectroscopy (EEM) appears to be particularly useful for the in-
vestigation of different lignite humic acids, inasmuch as EEM spectra
can be used as fingerprints.

2. Materials and methods
2.1. Sample preparation

Seven lignite samples from different coal basins in Central and
Eastern Europe were selected for the extraction of humic acids. These
basins included Balsha and Maritza East (Bulgaria), Dragacevo (Tijanje
deposit) and Kostolac (Serbia), Konin (Poland), and the South Moravian
Coalfield (the northern part of the Vienna basin in the Czech Republic).
Two lignites from the Kazimierz (sample K1) and Lubstéw (sample L2)
mines belonging to the Konin basin were also subject to extraction; the
sample codes (K1 and L2) correspond to the designation used in
Fabianska and Kurkiewicz [20] for these coals. Detailed characteristics
of all the lignites, including their geochemical and petrographic de-
scriptions, have been published elsewhere [20-24].

Humic acids were extracted from lignites using a modified proce-
dure recommended by the International Humic Substances Society
[25]. Briefly, the lignite samples were finely milled (to a grain size of
under 0.2 mm) and demineralized with 0.1 M HCl in the ratio of 1:10
(sample:solution), and, after decalcification, the suspensions were wa-
shed with distilled water until almost neutral pH was achieved. All
samples were shaken overnight with 0.1 M NaOH and 0.1 M pyropho-
sphate solution under N, in the ratio of 1:10 (sample:extractant). After
centrifugation (4000 rpm, 30 min), humic acids were precipitated by
acidification to pH < 2 with 6 M HCI, and further separated by cen-
trifugation (4000 rpm, 20 min). Precipitated humic acids were treated
with a mixture of 0.5vol% HCI-HF for a period of 24h and subse-
quently separated by centrifugation. The humic acids were purified and
dialysed using a Spectrapore membrane (MWCO 3500) until free
chloride ions were washed out, and finally freeze-dried. The samples
were left to equilibrate in the ambient laboratory atmosphere at about
25 °C, which resulted in the final equilibrium moisture.

2.2. Sample characterization

2.2.1. Elemental analysis

Elemental compositions of the humic acids were determined using a
CHNS-O EA 3000 Elemental Analyzer. The% oxygen content was cal-
culated by difference and the data obtained were corrected for moisture
and ash content.
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2.2.2. UV-Vis spectrometry

UV-Vis spectra were obtained on a Hitachi U-3900H UV/Vis spec-
trophotometer by recording the absorption spectra between 200 nm
and 900 nm. Samples were measured in a 10 mm quartz cuvette and
with a phosphate buffer blank (NaH,PO,4, Na,HPO,).

2.2.3. FTIR spectrometry

FTIR spectra were obtained by means of a Diffuse Reflectance
Infrared Fourier Transform (DRIFT) technique using a Nicolet iS50
spectrometer. Approximately 2 mg of powder was ground with 200 mg
of KBr in an agate mortar and then transferred to the sample holder cup.
The DRIFT accessory sample holder cup was filled with the mixture and
the top was leveled off. All spectra were recorded over the range
4000-400 cm ! at a resolution of 4 cm ™' and were the average of 128
scans.

2.2.4. Fluorescence spectrometry

For fluorescence measurements, lignite humic acids were dissolved
at a concentration of 10mgL~" of organic carbon in phosphate buffer
(NaH,PO,4, Na,HPO,). All spectra were run on a Fluorolog fluorescence
spectrophotometer with a scan speed of 600 nm min !, using excitation
and emission slit bandwidths of 5 mm. Emission spectra were collected
in the ranges 330-600nm and 390-600nm with excitation wave-
lengths of 310 nm and 370 nm for the obtained biological fluorescence
index (BIX) and fluorescence index (FI), respectively. The excitation-
emission matrix (EEM) spectra were obtained by scanning the emission
and excitation wavelengths over the range 250-600nm, with the
emission and excitation increment set at 5nm. For the determined of
Milori index [26] and humification index (HIX) or Zsolnay index [27],
emission spectra were recorded over the range of 460-650 nm and
280-600 nm using excitation wavelengths of 400 nm and 254 nm, re-
spectively. The sample cell with humic acid solution was kept at a
temperature of 20 °C during each measurement. Primary and secondary
inner filter effects were corrected. The fluorescence intensity values of
samples (in counts per second, CPS) were corrected using the method
devised by Lakowicz [28].

2.2.5. XPS spectrometry

XPS spectra were measured with a Kratos AXIS Ultra DLD spectro-
meter using a monochromatic Al Ko source operating at 150 W (10 mA,
15kV). Milled samples were molded into a disc with a diameter of
10 mm. High resolution spectra were obtained using an analysis area of
~300 um x 700 um and 20 eV pass energy with a step size of 0.1 eV.
The analyzer chamber pressure was less than 2.10 7 Pa. The Kratos
charge neutralizer system was used for all analyses. The spectra were
corrected using the random hydrocarbon peak at 284.6 eV. Spectra
were analyzed using CasaXPS software (version 2.3.15).

3. Results and discussion
3.1. Yields and elemental analysis

The yields and elemental analyses of lignite humic acids are sum-
marized in Table 1. The yield of humic acids ranged from 3.0% to
11.4% depending on the type of lignite. The highest yields (11.4% and
11.1%) were obtained for humic acids isolated from South Moravian
and K1 lignites. In contrast, the lowest yields (3.0% and 3.2%) were
determined for humic acids extracted from Maritza East and Kostolac
lignites. It is worth noting that yields depend on the selected methods of
isolating and purifying humic acids, and therefore they reflect the de-
gree of proportion of humic acids in lignite rather than the total con-
tent. Likewise, ash content of humic acids can depend both on the
sample preparation procedure as well as on the origin of the source
material. Extremely high ash contents were determined for humic acids
originating from Kostolac and Balsha lignites. Lignites (e.g. Kostolac,
Balsha) with high ash contents and low contents of humic acids appear
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Table 1
Ultimate, proximate analyses, and yields of humic acids.
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Lignite Yield (%) Moisture (wt%)  Ash (Wt%) Elemental composition (at.%) Atomic ratios
C H N S odift H/C 0/C N/C
SML* 11.4 4.0 0.5 414 + 04 357 20 09 *06 02=x08 21.8=*24 086 =*0.02 0.53=004 0.02=001
ME” 3.0 6.3 2.5 429 * 07 372*+09 15=*05 09 =07 174+ 20 087 *0.03 041 = 0.05 0.04 = 0.01
Balsha 5.0 5.5 23.5 358 + 0.7 356 21 19 *03 05=*06 26226 099 *0.05 0.73 =0.08 0.05=* 0.01
Kostolac 3.2 6.8 15.0 380 +08 353*14 15*03 07 *05 24421 093 *0.04 0.64 = 006 0.04 = 0.01
Tijanje 6.5 3.5 1.4 42.0 = 0.6 384 = 1.2 1.6 = 0.2 1.1 = 0.4 17.0 £ 1.5 091 = 0.04 0.40 = 0.03 0.04 = 0.01
K1 11.1 2.7 1.0 439 x 06 389 *09 0806 06=*04 159 *14 089 * 004 036 = 0.09 0.02+ 0.01
L2 7.6 3.9 0.7 447 £ 10 386 15 07 04 03 =*04 160 *12 086 * 005 036 = 0.03 0.01 +0.01
@ SML, the abbreviation for South Moravian lignite.
b ME, the abbreviation for Maritza East lignite.
Table 2
Calculated absorbance ratios, fluorescence indexes, and values of fluorescence maxima in EEM spectra with values of fluorescence intensities for lignite humic acids.
Spectrometric SML* K1 Kostolac Balsha L2 Maritza East Tijanje
characteristics
Eke/B2 0.70 £ 0.01  0.75 £ 0.01  0.74 = 0.02 0.76 * 0.03 0.76 + 0.01 0.79 * 0.05 0.74 * 0.05
Ess0/365 2.64 = 0.00 2.63 = 0.01 2.61 = 0.03 2.70 = 0.01 2.66 = 0.02 2.65 = 0.02 2.71 = 0.01
Eas4/410 411 * 0.02 414 * 0.05 3.98 = 0.01 4.18 = 0.00 4.40 * 0.15 4.15 * 0.03 4.16 * 0.02
E4/6 591 + 0.26 4.84 + 0.53 491 * 0.36 5.16 = 0.25 5.98 + 0.36 5.30 = 0.12 5.23 * 0.30
AlogK 0.75 + 0.01 0.69 = 0.02 0.69 * 0.02 0.73 = 0.03 0.77 = 0.01 0.73 + 0.03 0.73 + 0.03
FI 0.96 * 0.02 095 * 0.03 1.00 = 0.01 1.10 = 0.00 1.08 + 0.01 0.94 + 0.02 1.09 = 0.01
BIX 0.44 * 0.01 0.46 * 0.02 0.49 = 0.01 0.51 * 0.01 0.55 * 0.01 0.40 * 0.02 0.56 * 0.00
HIX 12.64 = 1.10 13.42 = 0.59 15.18 + 0.79 14.67 = 0.19 11.51 = 2.32 16.71 + 1.26 11.92 + 3.23
Milori index (10°%) 1.28 + 0.34 1.36 = 0.17 1.92 = 0.11 1.75 = 0.25 1.35 = 0.21 1.67 = 0.29 1.54 = 0.15
Ex/Em (Ip)" 505/260 (2.5) 490/260 (2.9) 495/260 (4.0), 480/265 (3.3), 485/ 460/255 (4.9), 475/ 505/260 (2.8), 475/260 (3.3), 485/

505/260 (4.1)
3.3)

255 (3.3), 495/260

255 (5.0), 500/260
(5.0)

510/265 (2.8) 260 (3.3), 495/255

3.3)

@ SML, the abbreviation for South Moravian lignite.

b Excitation wavelength (nm)/Emission wavelength (nm) and value of fluorescence intensities (Iy) for corresponding lignite humic acids, I x 10® CPS (counts per second).

Normalized Kubelka-Munk

SML

T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Fig. 1. FTIR spectra of humic acids extracted from various lignite samples. Abbreviations:
Balsha (B), Kostolac (Kos), Tijanje (Ti), Maritza East (ME), South Moravian lignite (SML).

to be less suitable as sources of humic acids for agricultural purposes.

The elemental compositions are presented in Table 1 in atomic
percent, because, in contrast to weight percent, it better reflects the
proportion of hydrogen in the structure of humic acids. Despite their
different origins, the elemental compositions of the humic acid samples
are comparable: C, 35.8-44.7 at.%; H, 35.3-38.9 at.%; N, 0.7-1.9 at.%;
S, 0.2-1.1 at.% and O, 15.9-26.2 at.%. The elemental composition of
humic acids from our sample set was similar to that of lignite humic
acids from other regions of the world [16,18,29-31].

The H/C atomic ratio is considered as an indicator of aromaticity
and, for our set of samples, lay within a narrow range, i.e. from 0.86 to
0.99. It appears that the aromaticity of humic acids from Balsha lignite
was the lowest of all the samples. In lignite humic acids, the H/C atomic
ratio is generally lower than values published in previous studies
[18,29,30] and values for our samples were within the range. However,
some H/C atomic ratios for lignite humic acids with values greater than
1 have been reported [16,31,32], even though such values are mainly
characteristic of soil humic acids [16]. The O/C atomic ratio reflects the
amount of oxygen-containing groups (e.g. carboxylic acid) in organic
material. This ratio ranges from 0.32 to 0.54 in lignite humic acids, as
previously reported in the literature [18,31], with a typical value of
around 0.4 [29,30]. For our samples set, the O/C ratio was extended
over a broader range than that reported in the literature — specifically,
from 0.36 to 0.73. We assume that the higher values for the O/C ratio
for humic acids from Balsha and Kostolac lignites can be attributed to
the high ash content rather than be related to differences in the struc-
ture of humic acids. The N/C atomic ratio reflects the amount of ni-
trogen in organic material. N/C ratio values were situated at about 0.02
and 0.05 for our series of samples. Higher values of the N/C ratio
(frequently around 0.05) are characteristic of humic acids from soil and
peat, while lignite humic acids usually exhibit values < 0.05
[16,18,29,31].
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Fig. 2. EEM spectra of humic acids extracted from
various lignite samples.

Emission (nm)

3.2. UV-Vis spectrometry

UV-Vis absorbance spectra (not shown) of humic acids from lignites
are featureless and characterized by the absence of maxima and/or
minima; absorbance exponentially decreases with increasing acquisi-
tion wavelength.

In our study, lignite humic acids absorbed radiation significantly at
wavelengths between 200 and 400 nm. This indicates that the vast
majority of chromophores include aromatic groups with various de-
grees and types of substitution, such as monosubstituted and poly-
substituted phenols and different aromatic acids [33]. Some authors
have considered humic acid UV-Vis spectra to be of little usefulness,
although a number of studies have shown that the analysis of these
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spectra by means of absorption ratios may provide valuable information
on the chemical structure of humic acids that may also complement
information obtained using other analytical techniques [34]. The Eg1/3,
ratio (the ratio of absorbance at 253 nm to that at 203 nm) indicates the
presence of aromatic rings substituted predominantly with aliphatic
functional groups, or scarce substitution in aromatic rings if the ratio is
low. On the other hand, higher Egy/p, ratios are associated with the
presence of aromatic rings substituted with hydrophilic groups such as
hydroxyl, carbonyl, ester, and carboxyl groups [33]. In our study, the
values of the Egt/p, ratio ranged from 0.70 to 0.79 (Table 2). These
results suggest that the substitution of aromatic rings with oxygen-
containing functional groups was comparable for all the lignite humic
acids from our sample set. Unfortunately, experimental data on
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Fig. 3. XPS carbon (C 1s) spectra for lignite humic
acids. Functional groups: red — aromatic, blue - ali-
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comparisons with other humic acids are missing in the literature. The
frequently used E,4 /¢ ratio (the ratio of absorbance at 465 nm to that at
665 nm) reflects the degree of aromaticity and molecular weight. For
the lignite humic acids studied, this ratio demonstrated a high standard
deviation (Table 2), because absorption at wavelengths above 500 nm
was approximately zero. As a result, the Eygs/465 ratio (the ratio of
absorbance at 265 nm to that at 465 nm), being consistent with the E4 ¢
ratio, is a more appropriate ratio to determine. In addition, the ratio E,,
3 (the ratio of absorbance at 250 nm to that at 365 nm), the ratio Ess4,
410 (the ratio of absorbance at 254 nm to that at 410 nm), and A logK
(the logarithm of the ratio of absorbances at 400 nm and 600 nm) re-
flect the degree of aromaticity and molecular weight: the lower the
ratios, the higher the aromaticity and molecular weight [35,36]. It is
obvious from the date in Table 2 that differences in the absorption

ratios for lignite humic acids are not significant enough to enable
UV-Vis ratios to be used to determine the degree of aromaticity or
molecular weight. This observation is in contradiction with published
studies dealing with humic acids derived from other sources (e.g. soils).
One possible explanation could be that the examined samples originate
from coals covering the same range of rank and are probably formed by
transformations of very similar organic materials characterized by a
comparable maturity rank.

3.3. FTIR spectrometry
The FTIR spectra of lignite humic acids are presented in Fig. 1 and

their interpretation have been done according to the literature data
[37]. All the spectra contain a sharp and intensive band at 1712 cm ™!
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Table 3
Relative distribution of carbon functionalities in lignite humic acids determined by XPS.
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Lignite Aromatic Aliphatic Ether/alcohol Ketonic Pyrrole Carboxylic n-n” shake-up satellite
BE® RP” BE’ RP” BE* RP" BE® RP” BE* RP" BE* RP" BE® RP”
K1 284.3 34.3 285.0 29.7 286.0 16.9 286.9 8.6 287.9 2.7 288.9 6.1 290.6 1.8
ME® 284.7 17.4 285.0 43.1 286.1 14.4 286.8 11.0 288.0 2.9 289.0 9.4 290.8 1.3
Balsha - - 284.9 59.2 286.0 16.6 286.8 11.3 288.2 1.7 289.0 11.1 - -
Kostolac 284.5 10.0 285.0 47.0 286.0 18.6 286.9 11.2 288.1 1.8 288.9 10.2 290.4 1.3
L2 284.6 19.2 285.1 23.5 286.0 18.3 287.0 16.0 287.9 7.1 289.1 12.4 291.3 3.5
Tijanje 284.8 13.9 285.0 45.0 286.1 17.7 286.9 10.3 288.0 3.3 289.1 8.1 290.0 1.8
SML! 284.7 23.1 285.0 35.0 286.0 14.4 286.8 13.9 288.0 4.9 289.2 7.3 290.8 1.5

2 BE, binding energy (in eV).

P RP, relative proportion (in%) of each functional group corresponding to fitted curves in Fig. 3.

¢ ME, the abbreviation for Maritza East lignite.
4 SML, the abbreviation for South Moravian lignite.

corresponding to carboxylic groups, which are also indicated by the
broad band centred at about 2625cm™' resulting from the OH
stretching vibrations of the hydrogen-bonded COOH. Another dis-
tinctive band occurring at 1610cm ™' can be assigned to stretching
C=C groups in aromatic rings, even though C=CO vibrations of con-
jugated carbonyl groups cannot be completely excluded. Three out-of-
plane C—H deformation bands were observed in the 900-700 cm ™!
region and were assigned to aromatic structures with isolated aromatic
hydrogens (880 cm™!), two adjacent hydrogen per ring (830 cm™1),
and four adjacent hydrogens (776 cm ™). The first of these bands was
observed only as a weak shoulder in the spectra, while it was entirely
missing in the humic acids from South Moravian and Kostolac lignites.
In the case of humic acids from Balsha and Kostolac lignites, the posi-
tion of the band was shifted to 810 cm ™! probably due to the presence
of mineral matter. The appearance of aliphatic chains is revealed in the
3000-2700 cm ™! zone, where the asymmetric and symmetric C—H
stretching of methylene groups at 2925 cm ™! and 2850 cm ™%, respec-
tively, can be resolved. The deformation vibrations of methylene and
methyl groups occur in the spectra at 1440 cm ™' and 1380 cm ™. The
broad band centred at about 3200 cm ™' indicates the presence of OH
groups. The main differences among the spectra of lignite humic acids
appear in the regions 1100-1150cm ™! and 1320-1150cm™'. The
latter region is characterized by a shoulder at 1270 cm ™' and a weak
band at 1223 cm ™! corresponding to the C—O vibration in aryl ethers,
and to the C—O stretching and O—H bending of carboxylic acids and/or
phenolic units, respectively. In comparison with other samples, the
humic acids from Balsha lignite did not contain the vibration at
1223 cm ™. In the first region, only a band at 1110 cm ™ is present in
the spectra of humic acids isolated from Balsha and Kostolac lignites,
which most probably arises from the Si-O vibration in silica. The band
at 1040 cm ~ ! is dominant in the spectra of humic acids from Balsha and
Kostolac lignites, mainly due to the high ash content, whereas it is
absent in the sample isolated from L2. The other samples contain this
band with a lower intensity. The appearance of the band at 1040 cm ~*
is most probably associated with the Si-O stretching vibration in silica,
although a contribution from alcohol and alkyl ethers cannot be ex-
cluded in this region. Bands and shoulders at wavenumbers less than
700cm ™! are attributed to mineral matter, from which bands at
522cm™! and 473cm™! are the most obvious. The bands at
3696cm Y, 3622cm ™Y, 935cm ™}, 522cm ™Y, and 473 cm ™! clearly
show the presence of kaolinite in the humic acids originating from
Balsha and Kostolac lignites. The FTIR spectra show that the studied
samples mainly differ with respect to the content of inorganic con-
stituents.

3.4. Fluorescence spectrometry

A number of studies have demonstrated the relevance of fluores-
cence spectrometry in characterizing and discriminating between
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different types of humic substances [34]. To the best of our knowledge,
there is very little available information about the application of this
method for the study of coal humic acids.

The Fluorescence index (FI) is a recently developed parameter used
to distinguish terrestrially- and microbially-derived organic matter and
is defined as the ratio of emission intensities at 450/500 nm for emis-
sion spectra measured at an excitation wavelength of 370 nm. The lit-
erature reports that the FI is about 1.9 for aquatic and microbial sources
and about 1.3 for terrestrial and soil sources [38,39]. In the present
study, FI values for lignite humic acids ranged between 0.94 and 1.10
(Table 2) and is in the region of humic acids of terrestrial origin. With
respect to scant previously published results and ours, it appears that
the FI value for coal humic acids is ~1 [39].

Another index has recently been proposed to assess the relative
contribution of autochthonous organic matter, called the biological
index (BIX). The index is calculated from the ratio of emission in-
tensities at 380/430 nm at an excitation wavelength of 370 nm. Values
of BIX greater than 1 correspond to biological and microbial origins,
whereas humic acids with lower values of the index are considered to
contain little autochthonous organic matter [39,40]. For lignite humic
acids in this study, the calculated BIX values ranged from 0.40 to 0.56
(Table 2) and indicate low autochthonous components. Unfortunately,
the absence of experimental data does not allow comparison with other
studies.

To determine the degree of aromaticity in humic acids by means of
fluorescence spectrometry, the Zsolnay index or humification index
(HIX) [27] and Milori index [26] are commonly applied. HIX is calcu-
lated as the ratio of the areas of two regions (435-480nm and
300-345nm) using a fixed excitation wavelength of 254 nm. Milori
index represents the total area under an emission spectrum using a fixed
excitation wavelength of 440 nm. The HIX and Milori indexes reflect
higher aromaticity if their values increase. Subtle differences among the
values of both indices (Table 2) suggest that the examined samples have
a similar degree of aromaticity. This assumption is consistent with the
results from the UV-Vis spectrometry experiments. It appears that
fluorescence spectrometry, as well as UV-Vis spectrometry, is also un-
able to reliably distinguish the degree of aromaticity among individual
lignite humic acids, although these techniques are commonly used. In
accordance with our conclusions, NMR data published in literature
[18,19,41] reveal that aromaticity of lignite humic acids varies within a
narrow range from 46 to 52%, reflecting a similar degree of ar-
omaticity.

EEM spectra or EEM contour maps of the studied lignite humic acids
(Fig. 2) were not corrected for Rayleigh scattering peaks, appearing in
the form of diagonal bands. First order and second order Rayleigh
scattering peaks occur at the same wavelength as the excitation light
and at twice this wavelength, respectively. The first notable observation
from the EEM spectra is that humic acids contain fluorophores which
ultimately participate in the fluorescence of lignites. Individual EEM
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Fig. 4. XPS nitrogen (N 1s) spectra for lignite humic
acids. Red and blue curves correspond to pyrroles and
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spectra are characterized by peaks of maximum intensity which differ
in their number and position, and correspond to specific fluorophores
or fluorophore families. The values of the fluorescence intensity and
excitation-emission wavelength pairs of the main peaks in the EEM
spectra from our samples set are presented in Table 2. The maxima are
only located at excitation wavelengths in the ultraviolet region in the
range 255-265nm and at emission wavelengths in the range
460-510 nm. These maxima lie within the region referred to as the A
region, according to the terminology proposed by Coble [42]. It is ob-
vious that humic acids are characterized by significant spectral over-
lapping and peak broadening due to their heterogeneous nature. The
fluorescence region (Ax = 400 nm, Ay, = 470 nm), designated as V,
occurring usually in coal humic acids [35,43], was not observed in the
spectra from our samples. Maxima in this region are associated with

129

intramolecular charge-transfer states, rather than with independent
fluorophores such as linearly condensed aromatic rings [44] or lipids
[5]. The absence of the V domain in the examined samples can be ex-
plained by the different methods used to isolate and purify humic acids
from the original matrix. The discrepancy between our results and al-
ready published spectra could also be due to the fact that the latter were
collected up to excitation wavelengths lower (220 nm) than those em-
ployed in our study (240 nm) [45]. It is worth noting that the char-
acteristic C domain for humic substances originating from soils and
peats with fluorescence maxima corresponding to excitation/emission
wavelength pairs of 320-360/420-460 nm was also not observed in our
spectra. More detailed scrutiny of the EEM spectra and their fluores-
cence maxima reveals that they differ from each other in contour plots
and the number and values of their excitation/emission wavelength
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Table 4
Relative distribution of nitrogen functionalities in lignite humic acids determined by XPS.
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Table 5
Relative distribution of sulfur functionalities in lignite humic acids determined by XPS.

Lignite Pyrrole nitrogen Ammonium nitrogen Lignite Sulfide/thiophene Sulfoxide Sulfone

BE" (eV) RP" (%) BE" (eV) RP” (%) BE" (eV) RP" (%) BE(eV) RP"(%) BE"(eV) RP" (%)
K1 400.2 82.3 402.3 17.7 Tijanje 163.8 69.4 165.9 10.1 168.0 20.5
ME® 400.3 71.5 401.9 28.5 Maritza East  163.8 60.3 165.8 6.8 168.0 329
Balsha 400.1 70.1 402.1 29.8 K1 163.5 66.9 165.3 12.1 167.7 21.0
Kostolac 400.1 76.8 402.3 23.2 SML® 163.9 69.5 165.8 3.7 168.0 26.8
L2 400.1 71.6 402.2 28.4
Tijanje 400.3 78.8 402.0 21.2 @ BE, binding energy.
SML* 400.3 80.6 402.3 19.4 b RPp, relative proportion of each functional group corresponding to fitted curves in

2 BE, binding energy.

b RP, relative proportion of each functional group corresponding to fitted curves in
Fig. 4.

¢ ME, the abbreviation for Maritza East lignite.

d SML, the abbreviation for South Moravian lignite.

pairs. Hence, providing that the same extraction and purification pro-
cedures are used, EEM spectra could be used as a potential fingerprint
and for rapid differentiation among humic acids derived from various
coal basins, as well as to distinguish the parent lignites. For the humic
acids in our sample set, typical maxima were restricted to wavelengths
in the range 255-265/460-510 nm, suggesting that all of them have
similar structures and components. Some maxima for the different
humic acids occur at the same, or very similar excitation/emission
positions (e.g. 260/505nm), implying that the fluorophores in these
humic acids are either the same or from the same fluorophore family.
Using the differences in wavelength and fluorescence intensity, various
structural units in the humic acids can be elucidated. At nearly the same
excitation wavelength, some peaks in region A shift toward a longer
emission wavelength, while the fluorescence intensity remains sub-
stantially unchanged. The shorter emission wavelengths measured in
the EEM spectra can be associated with simple aromatic structures (1-
to 3-ring) and low molecular weight components. In contrast, the
longer emission wavelengths can indicate the presence of condensed
aromatic rings and electron-withdrawing groups such as carbonyl-
containing substituents, and hydroxyl and alkoxyl groups. It is well
known that polycyclic aromatic hydrocarbons fluoresce at wavelengths
ranging from 310 to > 400nm when subjected to excitation at
245-280nm [46]. The lower emission wavelengths between 340 and
430 nm could be associated with three-ring and/or four-ring aromatic
structures, whereas higher emission wavelengths over 430 nm could be
attributed to more than four-ring aromatic structures [46-49]. Ac-
cording to a recently published work [5], region A can be ascribed not
only to aromatic ring systems but also to lipids such as steroids.

3.5. XPS analysis

XPS spectrometry is a surface analysis technique capable of sup-
plying chemical composition to a depth of several nanometers under
the sample surface.

XPS carbon 1s spectra were fitted after spectra deconvolution and
seven chemical states were distinguished, see Fig. 3. Components as-
sociated with (1) unsubstituted aromatic carbon, (2) aliphatic carbon,
(3) ether/alcohol carbon, (4) ketonic carbon, (5) pyrrole/amide carbon,
(6) carboxylic carbon, and (7) s-rt* shake-up satellite from the aromatic
structure were present in all the C 1s spectra, except for humic acids
prepared from Balsha lignite, whose resolved-curves did not contain
peaks (1) and (7). The binding energy values, chemical assignments,
and experimental area percentages for each component of the C 1s
spectra of lignite humic acids are listed in Table 3. Inasmuch as a un-
ique binding energy is expected per type of oxidized function regardless
of whether it belongs to a saturated or aromatic chain, it was not
possible to estimate the aromaticity of humic acids [50]. For the same
reason, the abundance of phenolic groups could not be deduced from
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Fig. 5.
¢ SML, the abbreviation for South Moravian lignite.

the spectra. In this case, not only phenolic groups cannot be dis-
tinguished from non-aromatic hydroxyl but they also overlap with ether
carbons [50]. Only minor differences were observed in the distribution
of the carbon forms between the studied samples, despite differences in
the origin of lignite humic acids. As mentioned above, the near binding
energy of the aromatic and aliphatic carbon does not reliably quantify
the contributions of both components; it is preferable to consider the
total amount. XPS spectra show that the total proportion of functional
groups containing a heteroatom (O or N) decreases according to the
sequence ether/alcohol (about 14-19%) > C=0 (about
9-16%) > COOH (about 6-12%) > pyrrolic/amide (about 2-7%).
These results are consistent with, and complementary to those obtained
from UV-Vis spectrometry (especially in the case of the Eg, gt ratio)
and fluorescence spectrometry because they reflect very similar dis-
tribution of structural groups in individual humic acids.

For the XPS nitrogen (1s) signals, two peaks were fitted as shown in
Fig. 4. The peaks were centred at about 400.0 eV and 402.2 eV, and can
be assigned to pyrroles/amides and ammonium groups, respectively
[50,51]. It is not possible to distinguish unequivocally between pyrrolic
and amide nitrogen in the XPS spectra due to their very close binding
energies [52,53], although we refer to the 400.0 eV peak exclusively as
indicative of pyrrolic nitrogen. Amides are relatively easily transformed
into heterocyclic nitrogen and the resulting pyrroles generally represent
the predominant fraction of organic nitrogen in lignites. Amides are
more characteristic of soil humic acids than the lignite ones due to their
lower degree of transformation in soil [50]. The data in Table 4 clearly
demonstrate that pyrrolic nitrogen (70-82%) is the most abundant form
of organic bound nitrogen in lignite humic acids, followed by the am-
monium groups (18-30%).

Using the XPS method, the presence of sulfur was detected in all
samples, but XPS sulfur signals could only be fitted for the four humic
acids isolated from Tijanje, Maritza East, K1 and South Moravian lig-
nites. The S2p spectra line of lignite humic acids and peak-splitting
results are presented in Fig. 5. They indicate three different structural
groups with binding energies of about 163.8 eV, 165.9 eV, and 168.0 eV
corresponding to sulfide and thiophene, sulfoxide, and sulfone type
sulfur functionalities, respectively. The first peak with the lowest
binding energy represents the sum of contributions of sulfide and
thiophene because their signals overlap due to their very close binding
energies. The occurrence of sulfoxides and sulfones is probably asso-
ciated with the surface oxidation of sulfur-containing functional groups
in humic acids. The XPS analysis shows that sulfur occurs primarily in
the form of sulfides and thiophenes (67-69%) in lignite humic acids,
and a smaller proportion in the form of sulfone (21-33%) and sulfoxide
(4-12%), see Table 5.

The above results show that the studied humic acids are very similar
and that the ash content and yield of humic acids from the studied
lignites are the only decisive factors with respect to applications in
agriculture.
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Fig. 5. XPS sulfur (S 2p) spectra for lignite humic
acids. Functional groups: red - sulfide/thiophene,
green - sulfone, and blue - sulfoxide. (For interpreta-
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4. Conclusion

The yields of lignite humic acids under study ranged from 3.0% to
11.4%, depending on the source and the experimental conditions of
isolation.

Lignite humic acids contain fluorophores in the A region which can
be related to aromatic ring systems and also to lipids such as steroids.
EEM spectra of lignite humic acids have typical maxima in the range
320-360/420-460 nm. Contrary to our expectations, neither area C nor
area V were observed in the EEM spectra of lignite humic acids. EEM
spectra of lignite humic acids can be used as fingerprints to distinguish
humic acids isolated from different lignites and source lignites.

UV-Vis, FTIR, XPS and fluorescence spectrometric methods de-
monstrate that lignite humic acids are mutually very similar, i.e. with
respect to aromaticity, molecular weight, and functional groups. It
appears that ratios and indices from UV-Vis and fluorescence spectro-
metry, although they are commonly used, are unable unambiguously to
differentiate among the degrees of aromaticity and molecular weights
of lignite humic acids. The explanation could be that they cover the
same range of coal rank and are formed by the transformation of very
similar organic materials with a comparable degree of maturity. The
variation of functional groups in lignite humic acids shows that they
decrease according to the sequence aliphatic/aromatic carbons (about
42.7-64.0%) > ether/alcohol (about 14-19%) > C=O0O (about
9-16%) > COOH (about 6-12%) > pyrrolic (about 2-7%). Lignite
humic acids contain nitrogen in the form of pyrrolic (70-82%) and
ammonium (18-30%) groups. Sulfur is present in the form of sulfides
and thiophenes (67-69%), sulfone (21-33%), and sulfoxide (4-12%),
the latter two probably arising from the surface oxidation of sulfur-
containing functional groups in humic acids.

It seems that the ash content and yield of humic acids from the
studied lignites are the only decisive factors with respect to applications
of humic acids in agriculture.

In the future, we will focus on the characterization and comparison
of humic acids from lignites structured by predominant angiosperms of
coal-forming vegetation.
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Dalsi odborna prace, ktera byla publikovana v prestiznim casopise Fuel vzeSla
z potreby komplexniho pristupu pri charakterizaci huminovych kyselin (HK)
izolovanych z ligniti pochazejicich z rozli¢nych evropskych panvi. Konkrétné se jednalo
o vzorky lignitd, jejichZ naleziSté byla situovana v oblastech stfedni a vychodni Evropy.
Hnéda uhli, geograficky spadajici do oblasti jizni Evropy byly ziskany z nasledujicich
uhelnych panvi: Balsha a Maritza East (Bulharsko), Dragacevo-Tijanje a Kostolac
(Srbsko). Ostatni vzorky ligniti byly ziskany z nalezisté Konin (Polsko) a jihomoravské
uhelné panve (lokalita Mikulcice), ktera je severnim vybézkem videnského naleziSté
téchto kaustobiolitli. Studium a komplexni charakterizace izolovanych HK byla zaloZena
na vSestranném pristupu badani, ktery zahrnoval tradicni abéZné pouzivané
instrumentalni techniky, jako je elementarni a termicka analyza, UV/Vis a infracervena
spektrometrie. Na druhou stranu, byla tato studie doplnéna pokrocilymi
spektrometrickymi metodami (fluorescenéni spektrometrie excitatné-emisniho
mapovani, ktera je znama pod oznaCenim jako EEM arentgenové fotoelektronové
spektrometrie XPS), které jak se ukazalo, tak se staly nepostradatelnymi
instrumentalnimi technikami v oblasti studia OM resp. huminovych latek. Toto tvrzeni
nabyva takika dogmatického rozméru, pokud si uvédomime, Ze tyto kaustobiolity jsou
pro sviij vysoky obsah HK ptedurceny kizolaci téchto biokoloidnich sloucenin, jejichz
neméné vyznamné uplatnéni lze nalézt v podobé pidnich pomocnych latek (PPL). Je
zirejmé, Ze preparaty na bazi HK podléhaji jistym legislativnim zdkonlim, at uZ mame na
mysli ty tuzemské (zdkon ¢ 156/1998 a¢. 308/2000 Sb.) anebo ty, které jsou jim
nadrazené (zakony EU), a z toho vyplyva jista celoevropska snaha tyto PPL jednoznacné
kvantifikovat.

Extrakcni vytézky lignitickych HK se pohybovaly pomérné vuzkém rozmezi
(konkrétné od 3,0 hm.% do 11,4 hm. %), priCemZ nejvyssi extrakcni vytézek téchto
biokoloidnich sloucenin byl zaznamenan v pripadé jihomoravského lignitu.

Vysledky zelementarni analyzy, FTIR spektrometrie a strukturnich parametri
vypoctenych z UV/Vis aemisnich fluorescen¢nich spekter naznacuji, Ze jednotlivé
vzorky hnédouhelnych HK jsou si vzajemné velmi podobné, pokud jako hodnotici
kritéria jsou pouZita aromaticita, stiedni molekulovd hmotnost M, a v neposledni radé
i obsah specifickych funkcénich skupin a substituentli, kterymi jsou substituovany
aromatické jednotky izolovanych HK. Nicméné na zakladé peclivé interpretace
infracervenych spekter byla nalezena dominantnéjsi diference, ato v pripadé
absorp¢niho pasu lokalizovaného v oblasti vino¢tli 1110 cm-1, ktery lze jednoznacné
priradit valencni vibraci Si-O vazeb v silikatech, jako je kaolinit a dickit, které maji
prevazné Al3+ kationy situovany v oktaedrické poloze. Interpretace tohoto absorpcniho
pasu byla velmi uleh¢ena v souvislosti vysokého obsahu nespalitelného podilu tj. popela,
kterymi se vyznacuji vzorky HK Balsha a Kostolac.

Vsechny lignitické HK byly charakterizovany pouze jednou fluorescencni doménou A
(&) - fulvic-like, ktera byla lokalizovana v oblasti vinovych délek 255-265/460-505 nm
(Aex/Aem). Jak je doloZeno v predeslych publikacich, tak tato fluorescen¢ni doména je
obvykle spojovana s rizné substituovanymi jednoduchymi aromatickymi systémy anebo
lipidy, jako jsou steroidy. Na tomto misté je nutné fici, Ze oproti nasemu ocCekavani
nebyly v prislusnych EEM spektrech identifikovany dalsi fluorescen¢ni maxima, ato C
(a) - humic-like anebo V, které byly pozorovany ve vodnych a chloroformovych



extraktech téchto kaustobioliti. Nicméné je zapotiebi zdliraznit, Ze EEM spektra HK
izolovanych zligniti Ize pouzit jako otisky prstl (fingerprint) krozliSeni HK
pochazejicich z rliznych prirodnich zdroji tzn. raselina, ptida, sediment, sladkovodni
zdroje, antropogenni OM aj.

Ackoliv by se na prvni pohled mohlo zdat, Ze absorp¢ni poméry a fluorescenc¢ni indexy
nejsou schopny vyznamnéjSi senzitivity k prostudovani jednotlivych strukturnich
a morfologickych zmén izolovanych HK, tak na druhé strané lze rici, Ze lignitické HK
vznikaji pfeménou velmi podobného organického materialli se srovnatelnym stupném
zralosti.

Rentgenova fotoelektronova spektrometrie (XPS) odhalila, Ze organicky dusik je
v hnédouhelnych HK vazan ve formé pyrroli (70-82 %) a amoniovych kationli (18-
30 %). Dale, sira je majoritné pritomna ve formeé sulfidli a thiofenti (67-69 %). Nicméné
ve struktuie téchto HK byly identifikovany i nezanedbatelnd mnoZstvi siry, které je
vazdna v podobé sulfonyli (21-33 %) asulfoxidi (4-12 %). Posledni dvé zminéné
varianty organické siry jsou pravdépodobné ukazateli povrchové oxidace siry, ktera je
pritomna v téchto HK.

V obecném pohledu na dosazené vysledky mliZeme konstatovat, Ze obsah popela
a extrakéni vytézek HK bude dominantnim kritériem pro pouZiti téchto kaustobioliti
v oblastech, jako jsou PPL, plidni kondicionéry, rlistové stimulanty aj.
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Abstract

In the current work, humic acids (HAs) isolated from natural compost and unamended and
amended soils in a medium-time field experiment were characterized to evaluate the effects of
the amendment at rates of 124, 239 and 478 t/ha on their chemical, compositional and struc-
tural features. The impact of the application of compost on their properties was observed over
3 years. Humic acids were characterized using spectral methods and elemental analysis.
Humic acid isolated from compost was predominantly aliphatic, with a larger content of nitro-
gen and low degree of aromaticity and humification. The typical maximum (280/345 nm) of
HA obtained from compost lies within the T (tryptophan-like) region, which can be ascribed
to proteinaceous organic materials. On the other hand, the HAs obtained from amended soil
were mainly aromatic in character, with a larger distribution of oxygen-containing functional
groups, molecular weight and greater aromaticity. Fluorophores of HAs obtained from
amended soil lie within the C (humic-like) region with typical maxima centred in the
range 430-450/500-540 nm, occurring usually in HAs isolated from soil, peat and lignite.
According to ultra-violet/visible and Fourier-transform infrared (FTIR) spectroscopy, the lar-
ger oxygen contents of these HAs are associated with the substitution of aromatic rings by
oxygen-containing functional groups such as carboxylic, hydroxyls and ethers. On the basis
of FTIR spectra, it was shown that HAs obtained from amended soil 2 and 3 years after com-
post application were enriched by peptid, aromatic and polysaccharide compounds absorbing
at 1540, 1515 and 1040/cm, respectively.

Introduction

Humic substances are one of the most widely distributed classes of natural organic compounds
on earth and are found in water, soils and sediments such as lignite, leonardite and peat
(Doskodil et al., 2015, 2017, 2018). Humic substances are heterogeneous mixtures of sub-
stances formed by the chemical and biological transformation of the plant, animal and micro-
bial materials and have not yet been properly chemically defined. They are operationally
divided into three classes (fulvic acid, humic acid (HA) and humin) on the basis of their alka-
line and acid solubility. Humic acids are soluble at pH > 2, fulvic acids are soluble under all pH
conditions and humin is insoluble at all pHs.

Humic acids play an important role in soils, as can be seen from the literature. For example,
soil HAs represent an important source of macro and micronutrients for plants and microor-
ganisms (Schulten and Schnitzer, 1997; Pedra et al., 2008), contribute significantly to the acid-
base buffering capacity of soils (Chen et al., 1994), play an important role in metal speciation
in soil (Senesi, 1992), interact with organic xenobiotics (Swift et al., 1995), affect soil biological
activity (Garcia and Hernandez, 1997) and are able to bind mineral particles together, promot-
ing a good soil structure and thereby improving aeration and moisture retention (Piccolo and
Mbagwu, 1994).

Soils with small contents of organic matter exhibit limited fertility and low production
levels and greater exposure to degradation, erosion and desertification (Albaladejo et al.,
1994; Brunetti et al., 2007). However, soil organic matter content is influenced strongly by
agricultural management practices, with intensive cropping often leading to the loss of soil
organic matter (Duong et al,, 2012).

Consequently, the use of organic amendments such as composts, manures, or crop residues
has become a well-established management practice to improve and/or restore soil organic
matter in agricultural ecosystems (Garcia-Gil et al., 2004a, 2004b; Serramia et al., 2013). It
has also been reported that municipal solid waste compost promotes microbiological activity
(de Aratjo et al., 2010).

The effects of compost on soil are expected to depend on several parameters, e.g. compost
quality, soil type, the method used to apply compost to the soil, application rate and
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environmental conditions. Compost quality itself depends on a
multiplicity of factors, the main ones being the nature of the com-
posted matter, availability of oxygen in the composting pile and
composting time (Bernal et al., 1998; Adani et al., 2007).

The composition of soil organic matter after compost amend-
ment is changed mainly by increases in lignin and alkyl/aromatic
carbon of composts (hydrophobic carbon); also compost-derived
polysaccharides are mineralized preferentially (Leifeld et al., 2002;
Aguiar et al., 2013). However, lignin may also be substantially
degraded during the composting of grass straw (Horwath et al.,
1995). A few studies have also shown increases in soil carbon,
nitrogen and cation exchange capacity after compost application
(Gonzalez-Vila et al, 1999; Ouédraogo et al, 2001; Leifeld
et al., 2002; Adani et al, 2006). Compost HAs are known to be
different from typical soil HAs (Montoneri et al., 2003; Adani
et al., 2006; Enev et al., 2014). Compost HAs have higher carbon
and nitrogen contents and lower oxygen contents than soil HAs.
Humic acids from soils are commonly accompanied by higher
total acidity (Adani et al., 2006). Nuclear magnetic resonance
spectra indicate that most carboxyl groups in compost HAs are
in amide form, whereas free carboxylic groups prevail in soil
HA (Adani et al., 2006).

The amount and quality of HAs in composts are considered
important indicators of their biological maturity and chemical
stability and a guarantee of their safety and performance in soil
(Benitez et al., 2000; Romero et al., 2007; Senesi et al., 2007).

Among the various analytical methods which can be used to
characterize HAs from organic materials, ultra-violet/visible
(UV-Vis) and fluorescence spectrometry are particularly valuable
approaches (Fuentes et al., 2006). Numerical indices derived from
these analytical methods have proven to be useful for evaluating
the degree of humification of HAs extracted from organic materi-
als of diverse origin (Brunetti et al, 2007).

The objective of the current work was to examine the impact of
compost application on the nature and content of HAs in soil
from the Czech Republic. To better understand the effect of com-
post in amending the soil, experiments were performed over the
medium-term (3 years) and isolated HAs were characterized
by means of elemental analysis and spectrometric methods.
Information on the modification of soil organic matter induced
over time by the addition of compost addition over the time is
still quite limited, especially in the case of soils in Central
Europe, where composting conditions (precipitation, tempera-
ture, etc.) may differ from other parts of the world.

Materials and methods
Compost, soil and experimental design

Natural compost (NC) was obtained from the Crop Research
Institute (CRI) in Prague, Czech Republic. The field experiment
was conducted on a dark brown soil with low organic C content
classified as a Luvic Chernozem (FAO 2006) in an experimental
plot located at CRI Prague-Ruzyné, Czech Republic. The experi-
mental design included non-irrigated 3 x 3 m* plots of cropped
grassland and plots amended with NC at the rates of 124
(NC124), 239 (NC239) and 478 (NC478) t/ha in the first year
(2008) of the experiment. One plot was not amended and repre-
sented the control soil (NCO0). The main constituents of the com-
post were freshly cut grass, leaves, wood chips and a limited
amount of straw. Three replicates were performed for each treat-
ment. After the first year of compost application and then

V. Enev et al.

subsequently in late March of each year from 2009 to 2011, sur-
face soil sub-samples (Ap horizon, 0-15 cm depth) were collected
using soil probes of 53 mm internal diameter. A composite soil
sample was then obtained for each treatment by mixing equal
amounts of three corresponding soil sub-samples.

Soil and compost analysis

The pH and electrical conductivity (EC) were measured on a 1:5
sample/ultra-pure water (weight/weight) extract after shaking for
60 min (Garcia-Gil et al., 2004a, 2004b). The elemental compos-
ition of control soil and compost was determined using an EA
3000 CHNS/O analyser (Euro Vector, Pavia, Italy). Samples
(12-15 mg) were packed in tin capsules and placed in an oven
for combustion at 980 °C using pure oxygen as the combustion
gas and pure helium as the carrier gas. Calibration curves for car-
bon (C), hydrogen (H), nitrogen (N) and sulphur (S) were
obtained using sulphanilamide as a reference standard sample.
The moisture and ash content were determined using a Q50
TGA analyser (TA Instruments, New Castel, Delaware, USA).
Organic C content was determined as the weight loss from 200
to 430 °C (Pallasser et al., 2013). The samples were heated at a
rate of 10 °C/min to an end temperature of 950 °C under a flow
of atmospheric air. The results are presented in Table 1.

Isolation of humic acids

One, 2 and 3 years after compost application using the modified
procedure recommended by the International Humic Substances
Society (Swift, 1996), HAs were extracted from compost,
unamended control soil and soils amended with 124, 239 and
478 t/ha and sampled. Briefly, air-dried samples were decalcified
with 0.1 mol/l hydrogen chloride (HCl) in the ratio of 1:10 (sam-
ple/solution) and the suspensions were then washed with distilled
water until almost neutral pH was achieved. All samples were sha-
ken overnight with 0.1 mol/l NaOH and 0.1 mol/l pyrophosphate
solution under N, using a sample/extractant ratio of 1:10. After
centrifugation at 2700 x g for 30 min, HAs were precipitated
from the supernatant by means of acidification to pH <2 with
6 mol/l HCl and further separated by centrifugation at 2700 x g
for 20 min. Precipitated HAs were treated (twice) with a mixture
of 0.5 vol. % HCI-HF over a period of 24 h and subsequently sepa-
rated in the centrifuge. Humic acids were purified and dialyzed
using a Spectrapore membrane (MWCO 1000) until free CI™
ions were washed out and finally freeze-dried.

Humic acids analysis

All samples were incinerated at a heating rate of 10 °C/min from
room temperature to 900 °C under air atmosphere. The weight
loss occurring at 105 °C was measured and taken as the moisture
content. The final residue, after heating to 900 °C, was measured
and taken as the ash content. The elemental composition was
determined by a CHNSO Flash 1112 Microanalyser (Carlo
Erba, Milano, Italy). The oxygen content was calculated according
to the relationship % oxygen=100—(C+H+N+S) % and the
data obtained were corrected for moisture and ash content.

The UV/V is spectra of aqueous solutions were measured by a
Hitachi U-3900 spectrophotometer (Hitachi, Tokyo, Japan) in the
wavelength range of 200-900 nm. The absorption coefficients of
HAs were calculated from the absorbance (Chen et al., 1977;
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Table 1. pH values; electrical conductivities (EC); organic C, moisture, ash
content and elemental compositions of control soil and natural compost

Parameters measured Control soil Natural compost
pH 6.7+0.24 7.8+0.09
EC (mS/cm) 0.2+0.03 1.4+0.13
Moisture (wt. %) 1.9+0.12 2.2+0.04
Ash (wt. %)? 90.0+0.38 18.5+0.23
Organic C (g/kg)® 36.1+0.29 314.5+0.67
C (at. %)° 13.4+0.09 29.3+0.13
H (at. %)° 68.8+0.22 50.6+0.19
N (at. %)° 0.8+0.04 2.5+0.09
S (at. %)° nd° nd°

0 (at. %)° 17 +0.00 17.6+0.00
C/N 16.99 11.62

“Moisture-free basis.
PMoisture-free and ash-free basis.
“None detected.

Kumada, 1987; Korshin et al., 1997; Peuravuori and Pihlaja,
1997).

Fourier-transform infrared (FTIR) spectra of powdered sam-
ples of HAs were recorded on a Nicolet iS50 spectrometer
equipped with a deuterated lanthanum o alanine doped triglycine
sulphate (DLaTGS) detector (Thermo Fisher Scientific, Waltham,
USA). Infrared spectra obtained in Attenuated Total Reflection
(ATR) mode were chosen as it required no sample or potassium
bromide (KBr) preparation and therefore presented less oppor-
tunity for analyst-induced variation between samples. A disadvan-
tage of the transmission technique with KBr is that, under certain
conditions, the deprotonation and/or decarboxylation of car-
boxylic functional groups in humic substances may be catalyzed
(Davis et al., 1999). For these reasons, ATR infrared spectroscopy
was used. All spectra were recorded over the range 4000-400/cm
at 4/cm resolutions and were the average of 128 scans (Fernandes
et al., 2010; Vergnoux et al., 2011). The spectrum of air on clean
dry ATR diamond crystal was used as the background for infrared
measurement. Thermo Scientific Omnic spectroscopy software
was used to obtain the spectra and the Advanced ATR algorithm
was used to correct for band intensity distortion, peak shifts and
non-polarization effects.

Fluorescence spectra were recorded in aqueous solutions of
10 mg/l HAs using a FluoroLog luminescence spectrophotometer
(Horiba Scientific, New Jersey, USA). The pH-value of samples
was adjusted to seven using standard phosphate buffer.
Emission spectra were recorded over the range 380-600 nm at a
constant excitation wavelength of 360 nm. The excitation spectra
were recorded over the range 300-500 nm at a fixed emission
wavelength of 520 nm (Senesi et al., 1991). Total luminescence
spectra were obtained in the form of an excitation/emission
matrix (EEM) by scanning the emission over the wavelength
range 300-600 nm, with the excitation wavelength increasing in
5nm steps from 240 to 550 nm (Alberts and Takacs, 2004;
Valencia et al, 2013). The EEM spectrum of ultra-pure water
(Mili-Q) was obtained and subtracted from the EEM spectra of
all samples examined to decrease the influence of 1st- and 2nd-
order Raman scattering (Chai et al., 2012). The emission spectra
of samples were scanned from 460 to 650 nm with an excitation

wavelength of 440 nm and the total area under these fluorescence
spectra was calculated as the Milori index (Milori et al., 2002).

Inner filter effect correction method

The fluorescence intensity values (in counts/second - CPS) of
samples were corrected using the method devised by Lakowicz
(2006). This method uses the relationship:

Fcorr = Igops X 10[(%)]

ey
where F.,,, and F,, are the corrected and uncorrected fluores-
cence intensities and A and A.,, are the absorbance values at
the excitation and emission wavelengths. The path of the exciting
light is assumed to be equal to the path of the emitted light.
Primary inner filter effects are corrected as well as secondary
inner filter effects.

Results
Soil and compost

Several chemical and physical properties of soil and compost,
including pH, EC, moisture, organic C and ash content, elemental
composition and C/N ratio are shown in Table 1. The compost
exhibited a slightly alkaline pH, higher EC and organic C values,
higher amounts of C, H, N and O and a C/N ratio (Giusquiani
et al., 1995). The control soil exhibited a slightly acidic to neutral
pH, lower EC, lower contents of biogenic elements (C, N) and a
higher C/N ratio.

Humic acids

Extraction yield, elemental composition, atomic ratios

The extraction yields, elemental composition, ash contents and
atomic ratios of HAs isolated from compost, control soil and
amended soils are listed in Table 2. The elemental composition
of NC-HA is markedly different from that of any soil HAs
where there are higher H, N contents and lower C, O contents,
lower amounts of ash and lower C/H, C/N and O/C ratios.
These properties suggest that NC-HA is freshly and quickly
formed and possibly incorporates protein-like and aliphatic mate-
rials. With respect to NC0-HA, the HAs isolated after 1 year from
the amended soil had larger H and N contents and smaller C and
O contents and C/H, C/N and O/C ratios. The HAs isolated after
2 and 3 years from the amended soil had similar and/or larger C
and N contents and a smaller C/N ratio when compared with
HAs from control soil.

Ultra-violet/visible spectrometry

The UV/Vis absorbance spectra of HAs isolated from compost
and unamended and amended soils were featureless and charac-
terized by the absence of identifiable maxima and/or minima
with decreasing absorbance at increasing acquisition wavelength
(not shown). Samples of different HAs absorbed light at wave-
lengths ranging between 200 and 700 nm. The values of different
indexes calculated from the UV/Vis spectra are presented in
Table 3. As can be seen, parameters obtained for NC differ
from the values determined for HAs isolated from unamended
and amended soils. The lowest Eg1/Eg, ratio was determined for
NC-HA, the highest for NC487-3-HA. This means that this
ratio increases with NC amendment and for years after compost
application. The E,/Eg ratio for NC-HA was larger than that for
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Table 2. Extraction yields, ash content, elemental composition and atomic ratios of humic acids (HAs) isolated from the control soil (NC0), NC and NC-amended

soils
Yield Ash C H N S (0]
Origin of HA sample (g/kg)? (wt. %)? (at. %)° C/H o/C C/N
NC 18.5 0.44 311 49.0 53 0.2 14.4 0.63 0.46 5.87
NCO-1 3.5 1.46 40.1 38.6 2.8 0.2 18.3 1.04 0.46 14.26
NCO0-2 4.9 1.49 38.8 40.9 2.9 0.2 17.2 0.95 0.44 13.30
NCO0-3 4.1 1.89 38.8 40.7 2.8 0.2 17.4 0.95 0.45 13.89
NC124-1¢ 6.2 1.16 35.1 44.4 4.9 0.3 15.3 0.79 0.44 7.16
NC124-2¢ 4.1 2.63 37.2 43.1 4.5 0.2 15.0 0.86 0.40 8.27
NC124-3¢ 4.5 1.80 38.0 41.2 4.2 0.2 16.4 0.92 0.43 9.04
NC239-1¢ 8.7 1.12 34.5 45.4 4.8 0.2 15.1 0.76 0.44 7.19
NC239-2¢ 9.7 3.03 36.3 43.7 3.9 0.2 15.9 0.83 0.43 9.31
NC239-3¢ 4.4 1.00 38.8 40.7 3.0 0.2 17.3 0.95 0.45 12.77
NC478-1¢ 9.4 1.92 33.2 47.6 4.9 0.2 14.1 0.70 0.42 6.76
NC478-2¢ 6.9 2.24 37.6 44.1 3.2 0.2 14.9 0.85 0.40 11.75
NC478-3¢ 6.4 2.09 384 39.0 3.1 0.2 19.3 0.98 0.50 12.39

*Moisture-free basis.
PMoisture-free and ash-free basis.

“Soils amended with NC at a rate of 124 t/ha sampled 1, 2 and 3 years after compost application, respectively.
94Soils amended with NC at a rate of 239 t/ha sampled 1, 2 and 3 years after compost application, respectively.
°Soils amended with NC at a rate of 478 t/ha sampled 1, 2 and 3 years after compost application, respectively.

Table 3. Spectroscopic properties of HAs isolated from the control soil (NCO),

NC and NC-amended soil

Fluorescence

UV-visible parameter parameter
Origin of Eer/ Ea/ Es/
HA sample Bal E¢P A Log K° Eie Aqzo % (10%)°
NC 0.39 7.35 1.11 5.22 0.88
NCO-1 0.69 492 0.69 2.41 2.10
NC0-2 0.69 4.87 0.69 2.41 2.08
NCO-3 0.70 4.87 0.68 2.41 4.08
NC124-1° 0.61 5.83 0.79 438 2.00
NC124-2f 0.71 481 0.70 3.20 2.48
NC124-3 0.70 4.48 0.65 2.37 431
NC239-18 0.59 6.08 0.85 4.42 1.50
NC239-28 0.67 5.38 0.73 3.43 1.48
NC239-38 0.71 437 0.64 2.37 4.30
NC478-1" 0.47 6.91 0.91 461 171
NC478-2" 0.58 5.46 0.79 3.40 1.93
NC478-3" 0.74 4.80 0.67 2.41 3.36

“Ratio of absorbances at 253 and 203 nm in the UV spectrum.
PRatio of absorbances at 465 and 665 nm in the Vis spectrum.

“Difference of Log absorbances at 400 and 600 nm in the Vis spectrum.

dRatio of absorbances at 250 and 365 nm in the UV spectrum.
Milori index: area under fluorescence emission spectra with ey =440 nm.
fSoils amended with NC at a rate of 124 t/ha sampled 1, 2 and 3 years after compost

application, respectively.

Soils amended with NC at a rate of 239 t/ha sampled 1, 2 and 3 years after compost

application, respectively.

"Soils amended with NC at a rate of 478 t/ha sampled 1, 2 and 3 years after compost

application, respectively.

any soil HAs, whereas the values for amended soil HAs were
higher 1 and 2 years after compost application than the corre-
sponding values for NCO-HA. The E,/E¢ ratios for HAs isolated
3 years after soil amendment were smaller than those for
NCO0-HA. These results suggest the humification of organic mat-
ter in the soil. The optical parameter A Log K for NC-HA was lar-
ger than that for unamended and amended soils, whereas A Log K
values for amended soil HAs were larger 1-2 years after compost
incorporation than those for HAs isolated from control soils. The
highest value of the E,/E¢ ratio was obtained for NC-HA. The E,/
Es, E»/E; and A Log K ratios were constant in over time for
NCO0-HA and decreased gradually for HAs isolated from all stud-
ied amended soils.

Fourier-transform infrared spectroscopy

The ATR-FTIR spectra of HAs isolated from soils amended with
124, 239 and 478 t/ha of compost are shown in Fig. 1(b)-(d),
together with those of NC-HA and NCO-HA Fig. 1(a). The
main features of these spectra can be described as follows: an
intensive broad band at about 3400-3300/cm is present in all
spectra and is attributed to H-bonded OH groups and, secondar-
ily, to the N-H stretching of various functional groups. The band
and the shoulder occurring at about 2935-2925 and 2850/cm are
ascribed to the asymmetric and symmetric C-H stretching of CH,
groups and are more intensive in NC-HA than in soil HAs. An
intensive band is apparent at 1715-1710/cm, due to the C=0
stretching of COOH, the relative intensity of which increases
with years after compost application. An intensive broadband
with two peaks occurs in the region between 1650 and 1620/cm
and is the result of aromatic C = C skeletal vibrations, the C=0
stretching of quinone and amide groups (amide I band) and the
C = O stretching of H-bonded conjugated ketones, which is rela-
tively less intensive in NC-HA than in soil HAs. A band or
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Fig. 1. ATR-FTIR spectra of humic acids isolated from: (a)
control soil after 1, 2 and 3 years (NCO-1, NCO-2 and
NC0-3) and compost (NC); (b) soils amended with 124 t/
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and NC124-3); (c) soils amended with 239 t/ha of com-
post for 1, 2 and 3 years (NC239-1, NC239-2 and

Number of waves/cm

shoulder is present at around 1540/cm, which is ascribed to N-H
deformation and the C =N stretching of amides (amide II band),
which is more intensive in NC-HA than in soil HAs. A band is
apparent at 1520-1515/cm, due to the aromatic C = C stretching
of lignin residues, the relative intensity of which increases with
years after compost application. A band at about 1460/cm, attrib-
uted to aliphatic C-H, is evident exclusively in sample NC-HA
and appears as a weaker band in soil HAs. A band at about
1420/cm, preferentially ascribed to O-H deformation and C-O
stretching of phenolic OH, is apparent in all samples. A band at
about 1376-1373/cm, is possibly the result of the C-H deform-
ation of CH, and CHj groups and/or to the asymmetric stretching
of COO — groups, which is relatively more intensive in NC0-HA.
An intensive broad band at about 1280-1220/cm is generally
ascribed to the C-O stretching and O-H deformation of
COOH groups and the C-O stretching of aryl ethers and phenols,
which is more intensive in soil HAs than in NC-HA. A faint band
or shoulder at 1129-1127/cm, attributed to the C-O stretching of
various alcoholic and ether groups, is present in all spectra.
Further, a band appearing at 1080/cm is assigned to the silicate
impurities (Si-O stretching vibration). Finally, a variable absorp-
tion band at about 1040/cm, which is generally attributed to the
C-O stretching of polysaccharides and polysaccharide-like sub-
stances and/or Si-O silicate impurities, which is relatively more
intensive in NC-HA than in soil HAs. The ATR-FTIR spectra

NC239-3); and (d) soils amended with 478 t/ha of com-
post for 1, 2 and 3 years (NC478-1, NC478-2 and NC478-3).

of HAs isolated from NC-amended soils are similar to one
another and to those of NC0-HA.

Fluorescence spectroscopy

The value of the corrected fluorescence intensity (CFI) of NC-HA
is much lower than that of NC0-HAs, whereas the CFI values of
HAs isolated from NC-amended soils are larger and decrease with
increasing amounts of compost added to the soil. The fluores-
cence emission, excitation and EEM spectra of the examined
HAs are shown, respectively, in Figs 2 and 3. Representative fluor-
escence emission spectra of control soil HAs, NC-HA (Fig. 2(c))
and NC-amended soil HAs (Fig. 2(d)) are shown in Fig. 2. The
main feature of the emission spectra is a unique, typical, broad-
band with its maximum centred at a wavelength that is shorter
for NC-HA (470 nm) than for any soil HAs (496-507 nm).
Natural compost-amended soil HAs feature an emission max-
imum at a slightly longer wavelength than that of the emission
maximum for NC0-HA.

The fluorescence excitation spectra of control soil HAs,
NC-HA (Fig. 2(a)) and NC-amended soil HAs (Fig. 2(b)) are
shown in Fig. 2. The fluorescence excitation spectrum of
NC-HA is featureless and characterized by the absence of identi-
fiable maxima with decreasing fluorescence intensity at increasing
acquisition excitation wavelength. The excitation spectra of
NCO0-HA feature one prominent band at a longer wavelength
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Fig. 2. Fluorescence excitation and emission spectra of HAs isolated from (a, ) control soil after 1, 2 and 3 years and compost (NC); (b, d) soils amended with
compost at the rates of 124, 239 and 478 t/ha sampled 1, 2 and 3 years after compost application.

(363-364 nm) and a less intensive peak at 428-431 nm. The exci-
tation spectra of NC-amended soil HAs are similar to one another
and to those of NC0-HAs. However, with respect to NC0-HAs,
NC-amended soil HAs exhibit a less intensive major band in
the intermediate-wavelength region (357-365 nm) and a minor
band at 420-437 nm.

Figure 3 shows the fluorescence spectra (EEM contour maps)
of the HAs in the current study. The fluorescence EEM spectrum
of NC-HA is characterized by four unique fluorophores centred at
excitation/emission wavelength pairs (EEWP) of 250/420, 280/
420, 305/425 and approximately 270/350 nm, the last appearing
as a less intensive peak. The presence of peak C (humic-like
organic compounds) centred at the EEWP of 305/425 nm indi-
cates the formation of HAs in compost. The fluorescence EEM
spectra of NCO-HAs are characterized by two prominent fluores-
cence maxima at the excitation/emission wavelength pairs of 270/
500 nm and 430/505-510 nm. The EEM spectra of NC-amended
soil HAs feature EEWPs with similar excitation/emission wave-
lengths as those of the EEWPs of NC0-HAs. The values of the
fluorescence intensities and excitation/emission wavelength pairs
of the main peaks in the EEM spectra are presented in Table 4.
The Milori index is capable of reflecting very accurately the
humic features of the different HAs considered; this is evident
from Table 3. The smallest degree of humification was observed
in NC-HA. The Milori index values for NC-amended soil HAs
increased with increasing years after compost application.

Discussion

It was found that the extraction yield for the NC-HA sample was
much higher than that for the NCO-HA sample, whereas the
yields of NC-amended soil HAs were higher than those of HAs

isolated from control soil. These results are in general agreement
with previous studies of compost HAs and unamended and
amended soil HAs (Plaza et al., 2003; Garcia-Gil et al., 2008).

The application of compost resulted in an increase in H and N
contents and a decrease in C and O contents in NC-amended soil
HAs, especially 1 year after soil amendment, which resulted in a
diminution of the C/H, C/N and O/C ratios. The increase in N
contents may feasibly be attributed to the incorporation of
N-containing functional groups of a proteinaceous nature into
native soil humic molecules (Campitelli et al., 2006; Pedra et al.,
2008). In agreement with data published previously on similar
types of soil HAs (Senesi et al, 2007), these results suggest a
decrease in C/H, C/N and O/C ratios with the organic
amendment.

The UV/Vis absorbance spectra of HAs isolated from all stud-
ied samples were featureless and characterized by the absence of
identifiable maxima and/or minima with decreasing absorbance
at increasing acquisition wavelength. The same trend may be
observed in humic substances isolated from soils and composts
of different origin (Chen et al, 2002; Fuentes et al, 2006;
Aranda et al,, 2011). Humic acids generally show strong absorb-
ance in the UV/Vis range, particularly in the UV region, because
of the presence of chromophores containing aromatic groups with
various degrees and types of substitution such as mono- and/or
poly-substituted phenols and different aromatic acids (Korshin
et al, 1997). The Egp/Eg, ratio (the ratio of absorbance at
253 nm to that at 203 nm) is low for compounds in which the
aromatic rings are largely substituted with aliphatic functional
groups, whereas higher Egpy/Ep, ratios are associated with the
presence of O-containing functional groups e.g. hydroxyl, car-
bonyl, ester and especially carboxyl groups on the aromatic ring
(Korshin et al., 1997; Moran Vieyra et al., 2009; Valencia et al.,
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Fig. 3. Fluorescence excitation-emission matrices (EEMs) of HA samples isolated from compost (NC); control soil after 1, 2 and 3 years (NC0-1, NCO-2 and NCO0-3);
soils amended with 124 t/ha of compost for 1, 2 and 3 years (NC124-1, NC124-2 and NC124-3); soils amended with 239 t/ha of compost for 1, 2 and 3 years
(NC239-1, NC239-2 and NC239-3); and soils amended with 478 t/ha of compost for 1, 2 and 3 years (NC478-1, NC478-2 and NC478-3).

2013). These results suggest that the substitution of aromatic rings
with aliphatic functional groups is higher for NC-HAs than for
HAs obtained from unamended and amended soils (Moran
Vieyra et al, 2009). On the other hand, higher Egy/Ep, ratios
for HAs isolated from control and amended soils are associated

with the presence of aromatic rings substituted with polar groups
such as hydroxyl, carbonyl, ester and carboxyl functional groups
(Fuentes et al., 2006). Furthermore, in the current study, HAs iso-
lated 3 years after soil amendment with the two larger NC doses
(NC239 and NC478) exhibited Epy/Ep, ratios greater than the
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Table 4. Position of the excitation-emission wavelength pairs of the main peaks and values of fluorescence intensities of HAs isolated from the control soil (NCO0), NC

and NC-amended soil

Main fluorescence peaks

1% maximum (peak A;)

2" maximum (peak A,)

3" maximum (peak C) 4™ maximum (peak T)

Origin of HA sample EEWP (nm)? Ir (CPS)° EEWP (nm)? I (CPS)° EEWP (nm)? Ir (CPS)° EEWP (nm)? I (CPS)°
NC 250/420 3.51 280/420 3.00 305/425 2.26 280/345 1.70
NCO-1 270/500 4.74 nd® nd 430/505 1.05 nd nd
NCO0-2 270/500 4.90 nd nd 430/505 1.05 nd nd
NCO-3 270/500 9.03 nd nd 430/510 2.02 nd nd
NC124-1¢ 270/505 4.41 nd nd 425/510 1.00 nd nd
NC124-2¢ 270/500 5.63 nd nd 440/510 1.20 nd nd
NC124-3° 270/505 9.20 nd nd 430/510 2.12 nd nd
NC239-1° 270/505 3.47 nd nd 420/505 0.79 nd nd
NC239-2° 270/490 3.57 nd nd 425/510 0.76 nd nd
NC239-3° 270/505 9.15 nd nd 430/510 2.07 nd nd
Nc478-1f 270/495 3.72 nd nd 430/510 0.84 nd nd
NC478-2f 270/500 431 nd nd 430/510 0.98 nd nd
NC478-3f 270/495 7.25 nd nd 430/510 1.65 nd nd

Excitation/emission wavelength pair (Aex/Aem) at the maximum fluorescence intensity.
bl x 10° CPS (counts per second) of main fluorescence peaks.
“Not detected.

9Soils amended with NC at a rate of 124 t/ha sampled 1, 2 and 3 years after compost application, respectively.
®Soils amended with NC at a rate of 239 t/ha sampled 1, 2 and 3 years after compost application, respectively.
fSoils amended with NC at a rate of 478 t/ha sampled 1, 2 and 3 years after compost application, respectively.

corresponding ratios for control soil HAs. The frequently used E,/
Eg and E,/E; ratios reflect the degree of aromaticity and the
molecular weight of HAs of different origins. It is obvious that
differences between the absorption ratios for NC-HA and for
HAs obtained from unamended and amended soils are enough
for UV/Vis ratios to be used in determining the degree of aroma-
ticity or molecular weight. The E4/Eq and E,/E; ratios for NC-HA
were much larger than those for HAs isolated from control soil,
whereas the values for amended soil HAs increased as a conse-
quence of NC application. In contrast, the absorption coefficients
for HAs obtained from amended soils decreased 2 and/or 3 years
after compost application. Higher values of the absorption ratios
(E4/Eg, E»/E; and A log K) for NC-HA are associated with the
presence of lower molecular weight and/or more aliphatic struc-
tures. According to the optical parameter A log K, HAs obtained
from the unamended and amended soils used in the current study
were similar to types A and/or B in Kumada’s classification sys-
tem (Kumada, 1987). These types of HAs, especially type A, are
characterized by higher stability, a higher degree of aromaticity
and relatively lower concentration of aliphatic structures when
compared with NC-HA (Barancikova et al., 1997; Rivero et al,
2004; Uyguner and Bekbolet, 2005). These results suggest the
incorporation of structural units of NC-HA into soil HAs
(Senesi et al., 2007).

The assignment of the main infrared spectral bands in HAs is
based on references (Hay and Myneni, 2007; Senesi ef al., 2007;
Droussi et al., 2009; Barje et al, 2012). The main differences
among the spectra of NC-HA and HAs obtained from
unamended and amended soils are in the regions 1720-1600/
cm, 1550-1500/cm and 1040/cm. The first region is characterized

by two sharp bands at 1720/cm and 1650-1620/cm corresponding
to the C=0 vibration in carboxylic acids and to the C=C
stretching of aromatic rings and/or the C=O stretching of
amide I units, respectively. In contrast with other samples,
NC-HA did not contain the vibrations at 1720/cm. The band at
1720/cm is dominant in the spectra of HAs isolated from
amended soil, mainly due to the contents of carboxylic acids.
The latter region is characterized by sharp and/or weak bands
at 1540/cm and 1515/cm corresponding to the N-H bending
and C-O stretching of amide II groups and to C=C stretching
in the aromatic ring. The band at 1540/cm is more evident in
FTIR spectra of HAs obtained from the amended soil than in
spectra of control HAs. In contrast with other samples, the HAs
from NC did not contain the specific vibrations at 1515-1510/
cm. The band at 1040/cm is most probably associated with
C-O stretching vibrations in polysaccharides and/or polysacchar-
ides-like groups; although a contribution from primary alcohol
and silica cannot be excluded in this region. The ATR-FTIR spec-
tra of HAs isolated from amended soils showed a pronounced
polysaccharide and/or polysaccharide-like band that was evident
in soil HAs 2 and/or 3 years after compost application. In agree-
ment with data published previously on similar types of humic
substances (Olsen et al., 2015), the polysaccharides present in
compost are primarily of plant and microbial origin. The results
of ATR-FTIR analysis agree with those obtained by means of
elemental composition and absorption ratios, suggesting a preva-
lent aliphatic structure, a larger presence of N-containing groups
(band amide I, IT) and lower contents of carboxyl and carbonyl
functional groups in NC-HA in comparison soil HAs (Garcia-
Gil et al, 2004a, 2004b; Pedra et al., 2008). Furthermore, the
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trends of absorption bands and their relative intensities confirm
those of compositional data according to which the spectra of
HAs obtained from amended soil are more similar to spectra of
HAs isolated from NC than to spectra of control HAs (Brunetti
et al., 2007; Bertoncini et al., 2008).

Fluorescence spectroscopy was used as a technique for classi-
fying and distinguishing between humic substances of different
origins and natures (Kalbitz et al, 2000; Chen et al, 2002).
Individual EEM spectra are characterized by peaks of maximum
intensity which differ in their number and positions and corres-
pond to specific fluorophores or fluorophore families (Senesi
et al., 1991). From the domains described, the fluorescence of
HAs lies predominantly in the region of peak A (peak A; and
A;), which is characteristic of HAs (Coble, 1996; McKnight
et al., 2001; Sierra et al., 2005; Rodriguez et al., 2014). In general,
the peaks at intermediate excitation wavelengths (250-280 nm)
and longer emission wavelengths (>380 nm) are related to fulvic-
like organics (Coble, 1996; Peiris et al., 2011). Region A, referred
to as the fulvic-like region, is associated with the presence of poly-
cyclic aromatics with three to four fused benzene rings and two to
three conjugated systems in unsaturated aliphatic structures (He
et al., 2011). The different components derived from lignin and
other degraded plant tissues are possible contributors to the fluor-
escence of fulvic-like fluorophores (Albrecht et al., 2015). The
maxima at 305-440/425-510 nm for the current sample set
represent isolated fluorophores in the visible region; therefore,
the maximum of this fluorescence domain has been denoted as
peak C (humic-like). The peaks at longer excitation wavelengths
(>280 nm) and longer emission wavelengths (420-540 nm) are
related to humic-like organic compounds (Alberts and Takacs,
2004; Parlanti et al., 2000; Birdwell and Engel, 2010). Region C,
denoted as the humic-like region, corresponds to polycyclic
aromatics with five to seven fused benzene rings (Chen et al,
2003). For HA isolated from NC, a typical maximum lies within
the T region and is thus restricted to wavelengths at 280/345 nm.
Protein-like organic materials are labile organics under microbial
activity and are predominant, e.g. wastewater, compost, manure,
municipal solid waste etc. (Marhuenda-Egea et al, 2007;
Hudson et al, 2008; Wan et al, 2012; Yu et al, 2013). The
EEM data for excitation wavelengths shorter than 280 nm and
for intermediate emission wavelengths (345-360 nm) are related
to protein-like compounds, including tryptophan-like materials
(Coble, 1996; Henderson et al., 2009). The protein-like region
indicates the presence of proteinaceous materials and monoaro-
matic compounds (dos Santos et al., 2010). The prevalence of
fluorescence peaks and of bands with low CFI at short wave-
lengths, such as those measured for the peaks of NC-HA, is asso-
ciated with the presence of structures of wide molecular
heterogeneity and small molecular weight, a small degree of aro-
matic polycondensation, a small level of conjugated chromo-
phores and a small degree of humification (Senesi et al., 1991).
Lower CFI values for NC-HA may be ascribed to more complex
structures, but also to higher contents of metals, which presum-
ably reduce the fluorescence intensity by quenching phenomena
(Traversa et al, 2014). In contrast, the long wavelengths and
large CFI of prominent peaks of HAs obtained from unamended
and amended soils may be ascribed to the presence of extended,
linearly-condensed aromatic ring networks and of other unsatur-
ated bond systems capable of a great degree of conjugation with
respect to large molecular sizes and extensively humified macro-
molecules (Senesi et al., 1991). The position of peak C (humic-
like) in the region of excitation wavelengths (420-440 nm) for

HAs isolated from control and amended soils suggests that car-
boxylic groups predominate over phenolic groups (Rodriguez
et al., 2014).

According to the EEM spectra, fulvic- and/or humic-like
organic compounds were the main components of the current
sample set. In the current study, a tryptophan-like compound
was one of the main components in HA isolated from NC.

To determine the degree of aromaticity and humification in
humic substances by means of steady-state fluorescence spectros-
copy, the Milori index was used (Milori et al., 2002). Higher
values of the Milori index reflect higher degrees of aromaticity
and humification. For HA isolated from NC in the current
study, the calculated fluorescence parameter was 0.88, indicating
a low degree of aromaticity and humification. In the present
study, Milori index values for HAs obtained from amended soil
ranged between 1.48 and 4.31 and increased with time after com-
post application. Differences among the values of control HAs
and HAs obtained from amended soil 1 and 2 years after compost
application suggest that the HAs isolated from amended soil have
a higher degree of aromaticity. This assumption is consistent with
the values of the absorption coefficients E4/E¢, E»/E; and A log K
obtained from the spectrometry experiments.

In the current study, different yields of HAs ranging from
3.5 g/kg to 18.5 g/kg were extracted from NC and soils. The HA
isolated from NC had a predominantly aliphatic character and a
low degree of aromaticity and humification. The nitrogen content
of NC-HA was relatively large and included nitrogen functional
groups such as amides (including protein-like components).
The EEM spectrum of NC-HA shows that fluorophores occur
predominantly in regions A (fulvic-like) and T (tryptophan-like)
and these maxima are in the range 240-280/400-500 nm and
270-280/345-360 nm, while, HAs obtained from amended soil
have a considerable aromatic character, a larger molecular weight
and higher degrees of aromaticity and humification. Further, the
oxygen contents of HAs isolated from amended soil were shown
to have increased 2 and 3 years after compost application. The
results of UV/Vis and FTIR spectroscopy suggest that the substi-
tution of aromatic rings with oxygen-containing functional
groups such as carboxylic, hydroxyls (including phenols and pri-
mary alcohols) and ethers was greater for HAs obtained from
amended soil. Uniquely, the HAs isolated from amended soil
also contain maxima in the C (humic-like) region which are in
the range 430-450/500-540 nm. The EEM spectra of HAs can
be used as fingerprints to distinguish between HAs isolated
from different origins, i.e. soil and compost.
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Snahou mnoha evropskych zemi, ale iCeské republiky je efektivni nakladani
s biologicky rozloZitelnymi odpady (BRO), které by omezilo ukladani této organické
hmoty na béZné sklddky komundlniho odpadu. Aby byla naSe predstava o této
problematice ucelend, tak si zde poloZme vycet hlavnich producentli biologicky
rozloZitelného odpadu. Jedna se zejména o odpady zemédélské, zahradnické, lesnické,
potravinarského a celulézarského primyslu, dale bychom mohli do této kategorie
zaradit odpady pochazejici z koZzedélného a papirenského priimyslu, tak jako i odpady
Cistirenskych a vodarenskych kalt. Nicméné posledni dva jmenované druhy BRO si
zaslouzi zvySenou naSi pozornost, ato zejména zdlvodu jejich moZného
environmentalniho rizika pfi jejich zpracovani a nasledného pouZziti ve formé kompostt
¢i jinych stabilizovanych forem OM. Tato obezietnost vyplyva zcasto nadlimitnich
koncentraci tézkych kovii, antropogennich organickych sloucenin, jako jsou barviva,
1éciva, PAH (polyaromatic hydrocarbons) v téchto odpadnich surovinach. V dneSni dobé
je nakladani stémito odpady reprezentovano dvéma hlavnimi cestami, a to bud
v podobé jejich prlimyslového kompostovani, anebo pouZiti jako vstupni suroviny pri
vyrobé tzv. biouhlu. Na tomto misté je nutné rici, Ze pravé pyrolyzni zpracovani
Cistirenskych avodarenskych kali je velmi dobrou alternativou zpracovani téchto
environmentalné rizikovych odpad.

Pokud bychom méli v kratkosti definovat proces kompostovani, tak se jedna o aerobni
exotermni preménu biologicky rozloZitelného materialu na stabilni OM, ktera je bohata
nejen na obsah HL, ale také na dalsi organické slouceniny vykazujici jistou biologickou
aktivitu.

V této souvislosti byl publikovan odborny ¢lanek s ndzvem: ,The medium-term effect
of natural compost on the spectroscopic properties of humic acids of Czech soil”.

Design této studie spocival ve strednédobém sledovani vlivu aplikace kompostu na
strukturni a chemické vlastnosti ptidnich HK izolovanych z Cernozemé luvické. Tento
maloparcelni pokus byl realizovan na pltdé Vyzkumného tustavu rostlinné vyroby
v Praze-Ruzyni. Na pokusna policka o rozmérech 3x3 m byl aplikovan prirodni kompost
ve trech riznych davkach, ato 124, 239 a 478 t-ha-1, ktery byl nasledné zapraven do
nejsvrchnéjsiho plidniho horizontu A,. Celkovd doba tohoto pokusu trvala 3 roky,
pricemz jednotlivé neporusené plidni vzorky byly odebirany po kazdém roce inkubace
kompostu. Hlavnimi surovinami pro zaloZeni kompostu byly cerstvé posecenda trava,
listi, difevni Stépka a omezené mnoZstvi slamy. Jednotlivé vzorky HK byly izolovany
z nativni a oSetifené plidy, tak iz prirodniho kompostu, ktery byl na pokusna policka
aplikovan. Hlavnim metodickym pristupem této studie bylo ovéfit do jaké miry je
schopna organicka hmota resp. ,mladé HK“ ptitomné v kompostu ovlivnit stavajici ptidni
HK, a to zejména z morfologického, chemického a strukturniho pohledu. Za timto ticelem
byly vybrany termické aspektrometrické instrumentalni techniky  tzn.
termogravimetricka a elementarni analyza, UV/Vis, FTIR a fluorescenc¢ni spektrometrie.

Extrakeni vytézky HK jasné ukazuji, Ze bezprostredné po aplikaci kompostu dochazi
v pudé kjejich evidentnimu zvySeni, avSak v delSim ¢asovém horizontu je jejich urcita
cast eliminovana v procesu mineralizace, jejimiZ kone¢nymi produkty jsou COz a H:O.
Ale na druhou stranu lze vidét, Ze urcita ¢ast OM je vii¢i mineralizaci netec¢nd, a stava se
tak plnohodnotnou soucasti ptidni organické hmoty resp. HK.



Nicméné, co bylo v této studii zajimavé, je, Ze v diisledku aplikovaného kompostu byly
ptidni HK charakterizovany vysSsim obsahem reaktivnich funké¢nich skupin, jako jsou
karboxylové, -OH fenolické, etherové a alkoholové, které plni nezastupitelnou tlohu pri
vyzivé rostlin a ptidnich mikroorganismi. JelikoZ je humifikace dynamickym a v kazdém
okamZiku stale probihajicim biochemickym procesem, tak vznik téchto funkcénich skupin
je silné zavisli na uplynulé dobé od aplikace organické hmoty do pidy.

Dale bylo zjisténo, Ze po aplikaci a nasledné inkubaci kompostu jsou plidni HK
signifikantné charakterizovany vys$Sim stupném aromaticity a stfedni molekulové
hmotnosti M,, o éemZ nejen vypovidaji vypoc¢tené absorp¢ni koeficienty a fluorescenéni
indexy, ale i absorp¢ni pasy lokalizované pri 1510 cm-1, které jsou zpravidla pripisovany
valentni symetrické vibraci C=C vazeb aromatickych struktur pochazejicich
z dekompozice ligninu.

VEEM spektru vzorku HK izolované z prirodniho kompostu byly lokalizovany tii
fluorescenéni domény, z nichz dvé byly klasifikovany jako A (&) - fulvic-like a tretimu
fluoroforu byl ptipsan pivod T (8) - tryptofan-like, ktery byl lokalizovan v oblasti
vinovych délek 280/345 nm (Aex/Aem). Tento fluorofor je v pribéhu humifika¢niho
procesu zcela eliminovan, avSak lze predpokladat, Ze se stava soucasti nové vzniklych
anebo postupné ,zrajicich“ ptidnich HK. Tato hypotéza je velmi vérohodné podpoiena
vysledky z elementarni analyzy a infracervené spektrometrie, kde jak se ukdazalo, se
zdaji byt vhodnymi markery posouzeni, jak atomovy pomér C/N, tak i absorpctni pas
odpovidajici valen¢ni symetrické vibraci C-N adeformacni vibraci N-H vazeb
v sekundarnich amidech.

Tato studie jednozna¢né ukazala nezastupitelnou udlohu termickych
a spektrometrickych technik pri studiu a charakterizaci HK, které jsou v dynamickém
procesu humifikace predmétem neustalych strukturnich, chemickych a morfologickych
zmén.
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The increasing numbers of kept horses create problems with processing horse manure as important local
waste. This work was focused on horse manure vermicomposting in a real-field continuous-feeding sys-
tem under controlled conditions, and on the complex study of the maturity and stability of the produced
vermicompost. Commonly used simple indicators such as the C/N ratio, N-NH4/N-NO3 ratio, DOC or ion
exchange capacity, and also more advanced spectroscopic and thermoanalytic techniques were used and
applied on the humic substances isolated from the vermicompost during its maturation (12 months in
total). When compared with the original horse manure, vermicomposting decreased the aliphatic,
protein-like, and polysaccharide humic components, whereas vermicomposting increased the aromatic-
ity and contents of oxygen-containing functional groups. The typical tryptophan-like fluorophores in the
manure, corresponding to the freshly produced organic matter of biological or microbial origin, were pro-
gressively transformed to humic-like fluorophores during vermicomposting. The most thermally labile
humic fraction disappeared quickly during the very early vermicomposting stages. The results of spectro-
scopic and thermogravimetric analyses suggest that stable and mature vermicompost was produced after

6-9 months of vermicomposting, which was also supported by biologically-based maturity indicators.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The global horse population is about 58 million (FAOSTAT,
2018). The increasing numbers of horses kept within or near urban
areas creates environmental problems, as there is a lack of arable
land for spreading manure and insufficient methods or capacity
for manure storage (Hadin et al., 2016). Manure is typically applied
to soils as fertilizer for agricultural production due to its favorable
physico-chemical properties. However, manure is also considered
as an environmental pollutant (He et al., 2016). Leaching or runoff
of nitrogen and phosphorus impair both ground - and surface
waters (Hooda et al., 2000). Manure can also increase global cli-
mate change via emissions of methane and nitrous oxide
(Leytem et al., 2011).

Manure has little stability (Moral et al., 2005), but it is very suit-
able for composting or vermicomposting. Garg et al. (2005) studied
the effect of various animal wastes (manures) on the growth and
reproduction of an epigeic earthworm Eisenia foetida under identi-
cal laboratory conditions. The net biomass gain/earthworm in dif-

* Corresponding author.
E-mail address: hanc@af.czu.cz (A. Hanc).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.wasman.2019.08.032
0956-053X/© 2019 Elsevier Ltd. All rights reserved.

ferent animal manures was in the order of:
sheep > donkey > buffalo > goat ~ cow =~ horse > camel. The num-
ber of cocoons produced per earthworm per day in different wastes
was in the order: sheep>cow ~ horse ~ goat > camel > don-
key > buffalo. The increase in the number of earthworms was
39.5-fold in horse manure and 26-fold in cow manure. Stability
can be distinguished as temporary (caused by, for example, lack
of water in the raw material) or permanent (creation of stable
humic substances). The amount and especially the quality of
organic substances in products of biomass recovery are considered
as important indicators of their biological maturity and chemical
stability (Peev et al., 2017). The humified fraction of organic matter
is resistant to microbial degradation, and thus is important for
maintaining long-term soil fertility (Bernal et al., 2009).
Immature and slightly stabilized “compost or vermicompost”
can cause many problems when stored and used. Oxygen-free
spaces are formed, which in turn spontaneously smell and produce
substances toxic to plants. Continued decomposition of these
unstable materials after their application to the soil has a negative
influence on plant growth due to decreasing oxygen and/or avail-
able nitrogen with associated phytotoxic effects (Jeong et al.,
2017). They also release nutrients more quickly and can promote
the re-development of pathogenic microorganisms. Immature
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composts can contain high levels of ammoniacal nitrogen and
ammonia, organic acids, or slightly soluble compounds that can
reduce seed germination and root plant growth. On the other hand,
a stable and mature compost or vermicompost exhibits complete
organic matter decomposition, and has significant sorption and
ion exchange properties, and releases nutrients gradually, and thus
optimizes the soil solution composition. In addition, mature vermi-
compost is not an odor problem without access to the air and dur-
ing long-term storage (Wichuk and McCartney, 2010).

The stability can be precisely assessed using instrumental tech-
niques such as elemental analysis (CHNS/O), ultraviolet-visible
spectroscopy (UV/Vis), Fourier-transform infrared spectroscopy
(FTIR), and fluorescence spectroscopy or thermogravimetric analy-
sis (TGA). Elemental analysis is a basic chemical characteristic of
humic acids that quantitatively determines the contents of C, H,
N, O, S in their molecules. The content and ratio of each element
reveals the specialties of humus substances (Droussi et al., 2009).
The UV/vis technique is used to determine the maturity of compost
by measuring the rate of humification in wavelength ranges from
about 200 to 800 nm or greater (Gieguzynska et al., 1998). The FTIR
spectroscopy is a qualitative technique for differentiating func-
tional groups of organic substances, and is usually utilized in the
investigation of soil organic matter, organic wastes, and their com-
post (Amir et al., 2010). Fluorescence Excitation-Emission Matrix
(EEM) spectroscopy is among the most promising tools for charac-
terising heterogeneous organic matter by providing comprehen-
sive information on the composition, properties, and behaviour
of the samples (Coble et al., 2014; Ohno and He, 2011). Given its
sensitivity, selectivity, and non-destructive nature, EEM is widely
used to differentiate the changes and transformations of OM in
natural environments (Albrecht et al., 2015; Wu et al., 2009).
TGA is an easy method which aids in illustrating the end product
by providing chemical characteristics of samples (Wu et al., 2011).

Humification of organic matter during composting is mani-
fested by the formation of humic substances which consist of a
humic and fulvic acid fraction (Inbar et al., 1990). Several different
structural models of humic acids (HAs) have been suggested
(Stevenson, 1994; Al-Faiyz, 2017). HAs are synthesized as the most
important by-product during composting, because they are widely
utilized for the sorption of nutrients and remediation of environ-
mental pollution (Yuan et al., 2017).

The aim of the study was to evaluate the process of vermicom-
posting of horse manure in a continuous-feeding system with a
focus on the quality of HAs produced. Based on the results, the
optimal time of vermicomposting and the use of the vermicompost
can be predicted. The novelty of the work consists in more accu-
rately determining the stability of vermicompost from horse man-
ure using advanced spectroscopic techniques, unlike commonly
used simple indicators such as the C/N ratio, N-NH3/N-NO3 ratio,
or cation exchange capacity. Thus far, experimental data on humic
acids isolated from vermicompost of horse manure are missing and
this is the first study. Diffuse Reflectance Infrared Fourier Trans-
form (DRIFT) technique was used for characterization of humic
acids, although this method is routine. Infrared spectra obtained
by means of a DRIFT were chosen as it required no mechanical
treatment of the sample (transmission technique, e.g. tablet press-
ing) and therefore less opportunity for analyst-induced variation
between samples can be presented.

2. Material and methods

2.1. Feedstock and vermicomposting set-up

The experiment was set up at a family vermicomposting com-
pany in Kyjov, Czech Republic (N 49°1.61737, E 17°7.32838').

150 cm
/ ( [ ] (] \ V: 0-13 cm; 5 weeks
/ [ J ( J [ \ IV: 13-26 cm; 3 months
/ [ ) (] X III: 26-39 cm; 6 months
/ [ ) [ ) ® \ II: 39-52 cm; 9 months
/ [ J e ( J \ I: 52-65 cm; 12 months

@ samples

Fig. 1. Diagram of the continuous-feeding vermicomposting system with horse
manure at a family vermicomposting company in Kyjov, Czech Republic.

The concrete container for vermicomposting occupied a ground
plan 4 x 1.5 m, and was placed in a stone room to avoid the influ-
ence of weather conditions, especially precipitation (Fig. 1). The
temperature of the vermicomposted material partially copied the
outside temperature of the temperate climate. However, the high
temperatures in the summer and the low in the winter were mod-
erated by being placed in a container in the room even though it
was without air conditioning. The bedding layer consisted of
mature horse manure with earthworms (Eisenia andrei), with a
density of about 50 earthworms per liter (10 g of earthworms
per kilogram), and was placed first. Subsequent 5 cm layers of
mature horse manure were added every week to avoid high tem-
perature above 35 °C that is lethal to earthworms. Selected
physico-chemical properties of the feedstock used are shown in
Table 1.

Besides the raw horse manure samples, other samples were
taken up from the cross profiles of different depths. Depth place-
ment and the average age of each layer were as follows:

V: 0-13 cm, 5 weeks

IV: 13-26 cm, 3 months
III: 26-39 cm, 6 months
II: 39-52 cm, 9 months
I: 52-65 cm, 12 months

Potential earthworms were separated, counted, and weighted.
The resulting vermicompost sample without earthworms was
divided into 3 parts and treated as required for laboratory analyses.
One part of the vermicompost sample was stored at 4 °C until the
pH and electrical conductivity (EC) could be determined. The sec-
ond part was dried at 30 °C to a constant weight and ground. This
was then used for analyses of the total and available contents of
elements and the ion exchange capacity (IEC). The third part of
the vermicompost sample was frozen at —20 °C and then lyophi-
lized for subsequent determination of the groups of microorgan-
isms by the phospholipid fatty acid (PLFA) method.

2.2. Chemical and biological analyses

Measurements of active pH and EC (1:5 w/v) were conducted
with use of a WTW pH 340 i and Testo 240, respectively according
to EN 13037. The CHNS Vario MACRO cube analyzer (Elementar
Analysensysteme GmbH, Germany) was used for determination
of total carbon (Cy) and nitrogen (Nio). The total contents of P,
K, and Mg were determined by decomposition utilizing a wet
method in a closed system with microwave heating using an Ethos
1 microwave system (MLS GmbH, Germany). The contents of
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Table 1
Selected physico-chemical properties of the horse manure used in the experiment.
Dry matter [%] Volatile solids pH/H,0 EC [uS cm™] C/N Pror. [mg kg™] Kot [mg kg™'] Mgior. [mg kg™']
Horse manure 26.7+2.0 809+13 79+0.1 1039 + 202 33.1+13 5200 + 400 20800 + 1200 4400 + 300

Values are means + SD (n = 3).

ammonium nitrogen (N-NH3), dissolved organic carbon (DOC), and
the available portions of P, K, and Mg were determined in calcium
chloride/DTPA (CAT) solution (0.01 mol 1-! CaCl, and 0.002 mol 1!
diethylene triamine pentaacetic acid (DTPA)) at a ratio of 1:10 (w/
v) according to the International BSI Standard EN 13651. The NH3-
N and NO3-N contents in the extracts were measured colorimetri-
cally using a SKALAR SANPLUS SYSTEM®. The element concentra-
tions were determined using inductively coupled plasma optical
emission spectrometry (ICP-OES, VARIAN VistaPro, Varian, Aus-
tralia) with axial plasma configuration. The ion-exchange capacity
(IEC) was determined conductometrically (Vachalova et al., 2014).
Samples for the PLFA analysis were extracted in triplicate using a
mixture of chloroform, methanol, and phosphate buffer (1:2:0.8;
v/v/v). Detailed description of the method is shown in Snajdr
et al, (2011).

2.3. Extraction of humic acids

Humic acids were extracted from horse manure before and after
the vermicomposting process using a modified procedure recom-
mended by the International Humic Substances Society (Swift,
1996). Briefly, air-dried samples were demineralized with 0.1 M
HCI at a ratio of 1:10 (sample/solution), and the suspensions were
then washed with distilled water until an almost neutral pH was
achieved. All samples were shaken overnight with 0.1 M NaOH
and 0.1 M pyrophosphate solution under N, using a sample/extrac-
tant ratio of 1:10. After centrifugation at 2700 x g for 30 min,
humic acids were precipitated from the supernatant by means of
acidification to pH < 2 with 6 M HCl, and further separated by cen-
trifugation at 2700 x g for 20 min. Precipitated humic acids were
treated (twice) with a mixture of 0.5 vol% HCI-HF over a period
of 24 h, and subsequently separated in the centrifuge. Humic acids
were purified and dialysed using a Spectrapore membrane (MWCO
1000) until free CI~ and F~ ions were washed out and finally
freeze-dried. The samples were left to equilibrate in the ambient
laboratory atmosphere at about 25 °C, which resulted in the final
equilibrium moisture. Strictly speaking, that which is isolated from
vermicompost and/or compost is not a true humic acid, such as
HAs extracted from coal, soil, and peat (Stevenson, 1994). In this
work we will use this designation for our isolated samples, which
were obtained by the standard extraction method. The designation
of extracted humic acids is as follows: humic acid isolated from
raw horse manure - HARHM; humic acid isolated after 5 weeks
of the vermicomposting process - HA5W; humic acids isolated
after 3, 6, 9, and 12 months of the vermicomposting process -
HA3, HA6, HA9, and HA12.

2.4. Humic acids analysis

2.4.1. Elemental analysis

The elemental composition of all humic acids was determined
using an EA 3000 CHNS/O analyser (Euro Vector, Pavia, Italy). Sam-
ples (1-1.5 mg) were packed in tin capsules and placed in an oven
for combustion at 980 °C using pure oxygen as the combustion gas
and pure helium as the carrier gas. Calibration curves for carbon
(C), hydrogen (H), nitrogen (N), and sulphur (S) were obtained
using sulphanilamide as a reference standard sample. The percent
oxygen content was calculated by the difference, and the data

obtained were corrected for moisture and ash content. All samples
were incinerated at a heating rate of 10 °C/min from room temper-
ature to 900 °C under air atmosphere. The weight loss occurring at
105 °C was measured and taken as the moisture content. The final
residue, after heating to 900 °C, was measured and taken as the ash
content.

2.4.2. UV)Vis spectrometry

UV/Vis spectra were obtained on a Hitachi U-3900H UV/Vis
spectrometer (Hitachi, Tokyo, Japan) by recording the absorption
spectra between 200 and 900 nm. Samples were measured in a
10 mm quartz cuvette and with a standard phosphate buffer blank
(0.1 M NaH,PO,4, Na,HPO,).

2.4.3. FTIR spectrometry

FTIR spectra were obtained by means of a Diffuse Reflectance
Infrared Fourier Transform (DRIFT) technique using a Nicolet iS50
spectrometer (Thermo Fisher Scientific, Waltham, USA). Approxi-
mately 4 mg of powdered HA samples were homogenized with
400 mg of KBr in an agate mortar, and then transferred to the sam-
ple holder cup of the diffuse reflectance accessory. All spectra were
recorded over the 4000-400 cm ™! range at a resolution of 4 cm™!
and were the average of 512 scans. The KBr infrared grade spec-
trum was used as the background for DRIFT measurement.

2.4.4. Fluorescence spectroscopy

For fluorescence analysis, HAs were dissolved at a concentration
of 10 mg L™! of organic carbon in standard phosphate buffer. The
pH-value of solutions was adjusted to seven using phosphate buf-
fer. All spectra were obtained on a FluoroLog fluorescence spec-
trometer (Horiba Scientific, New Jersey, USA) with a scan speed
of 600 nm min~!, using excitation and emission slit bandwidths
of 5 mm. Total luminescence spectra (TLS) were obtained by scan-
ning the emission and excitation wavelengths over the range 300-
600 nm and 240-550 nm, with the emission and excitation incre-
ment set at 5 nm. The sample cell with humic acid solution was
kept at a temperature of 20 °C during each measurement. The
EEM spectrum of ultra-pure water (Mili-Q) was obtained and sub-
tracted from the EEM spectra of all samples examined to decrease
the influence of 1st- and 2nd- order Raman scattering. Primary and
secondary inner filter effects were corrected. The fluorescence
intensity values of samples (in counts per second, CPS) were cor-
rected using the method devised by Lakowicz (Lakowicz, 2006).

2.4.5. Thermogravimetric analysis

Thermal degradation of the isolated HAs was performed using a
Q5000 TG analyzer (TA Instruments, New Castel, Delaware, USA)
with +1°C temperature accuracy and #0.1% mass accuracy.
Approximately 3-5mg of powdered HA was introduced into a
platinum pan. The sample was heated at a heating rate of 10 °-
Cmin~! from room temperature to 1000 °C under a flow of nitro-
gen (20 cm® min1).

2.5. Statistical analysis
Statistical analyses were performed using STATISTICA 12 soft-

ware (StatSoft, Tulsa, USA). Due to the inhomogeneity of the data,
a non-parametric statistical analysis of the comparison of several
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independent groups using the Kruskal-Wallis test was used. Spear-
man's correlations were explored between the parameters at the
0.05 probability levels.

3. Results and discussion
3.1. Selected physico-chemical properties

As is evident from Table S1 (Supplementary material), the
greatest dry matter content was found in the top layer. The
increase of humidity with the age of the layers could be explained
by vermicomposting in the concrete container without runoff to
maintain a closed loop. Dry matter content in the bottom layer sta-
tistically differed from the top layer. Volatile solids decreased grad-
ually caused by the loss of CO,. In the oldest layer, there were 80%
and 58% of volatile solids of the vermicomposted material in the
top layer and of the original horse manure, respectively. The pH
values ranged from 7.75 to 8.74 which corresponds to Hanc et al.
(2019) who vermicomposted distillery residues together with
straw. EC initially increased over time and later decreased. The
highest value was found in the 3rd layer. Some authors dealing
with vermicomposting reported an increase trend of EC during
the process due to degradation of the organic matter and the
release of the mineral salts (Hanc and Chadimova, 2014). Nonethe-
less, the other studies have shown a decreasing trend for EC
(Dominguez et al., 2018). The nitrogen content gradually increased
with the age. This was due to the loss of organic matter causing a
relative increase in the content of elements. Value of the C/N in the
top layer (19.3) was significantly lower compared to the feedstock
(33.1) due to a rapid transformation of organic matter through the
earthworms. The decrease in the C/N ratio towards the lower lay-
ers is in agreement with the study of Hanc et al. (2017) who vermi-
composted household biowaste under large-scale
vermicomposting conditions. The decrease of C/N during one year
ranged from 16.1 to 10.4. The C/N ratio of vermicompost mainly
depends upon rate of C and N mineralization in waste stuff during
the decomposition process (Negi and Suthar, 2018).

Table S2 shows parameters of maturity such as N-NH, N-NHZ/
N-NO3, DOC, IEC and IEC/C,. With increasing age and depth, the
maturity of vermicompost should increase. This was confirmed
for all maturity parameters, although the differences were non-
significant between the layers due to the use of strict non-
parametric statistical test. The most marked decrease by 60% in
N-NH; was observed between layers V and IV. The differences
between the other layers were lower. The proportion of the most
active fraction of carbon expressed as DOC in the Ci fluctuated
between 2.6 and 2.9%. A very strong correlation was found
between the two parameters (R=0.98, p <0.05). Similarly, DOC

positively correlated with C/N ratio (R=0.87, p <0.05). The pro-
cesses of mineralization and humification during vermicomposting
may result in changes in ion-exchange properties, which can be
expressed and quantified by IEC. The IEC increased from 22 mmol.
100 g~! (layer V) to 28 mmol, 100 g~! (layer Il and I). It was lower
than in mentioned experiments of Hanc et al. (2017, 2019), where
the values ranged from 52 to 60 mmol, 100g~! and 55 to
71 mmol, 100 g, respectively. The IEC/Cq ratio that takes into
account the mineralization of organic matter increased to 1.4 in
the oldest layer but it was lower than in vermicompost from
household biowaste (3.3) and distillery residues (2.0) found in
studies of Hanc et al. (2017, 2019). Changes in total and available
phosphorus, potassium, and magnesium contents in layers are
illustrated in Fig. 1S.

3.2. Earthworms and microorganisms

Most earthworms were in the youngest layer (Table S3) which
corresponds to Castkova and Hanc (2019). The number of earth-
worms in this layer accounted for 73% of the total number. There
were only 3 earthworms on average in the oldest layer of vermi-
compost, which made up 0.14% of the total number. It can be
explained by a lack of food substrate for earthworms, probably
the accumulation of some transformed compounds which might
be toxic to the earthworms, as well as the lack of aeration. Simi-
larly, the highest earthworm biomass proportion was found in
top layer V (73%), followed by layer IV (25%), layer III (0.10%), layer
I1(0.5) and layer 1 (0.03%). Due to the lack of suitable food for earth-
worms, the average weight of earthworms in the bottom layers
was lower by 30% compared to upper layers.

The total microbial biomass decreased usually directly propor-
tional with the ages of the layers (Fig. 2S). The difference between
the youngest layer (156 pg PLFA g~! dw) and the oldest layer
(72 pg PLFA g~ ! dw) was 45%. With the increase in manure conver-
sion into vermicompost and hence with a decrease in heterogene-
ity, the standard deviation among the taken samples also
decreased. Microbial biomass positively correlated with number
and biomass of earthworms (R = 0.85, p < 0.05 for both parameters)
which demonstrates that vermicomposting is the cooperation of
earthworms and microorganisms. The lowest bacterial/fungal ratio
(11) was found in the youngest layer and gradually increased to 28
in layer IL

3.3. Yields, ash contents and elemental analysis
The extraction yields, elemental composition, ash contents, and

atomic ratios of HAs isolated from raw and vermicomposted horse
manures are summarized in Table 2.

Table 2

Extraction yields, ash contents, elemental compositions, and atomic ratios of HAs.
Origin of HA Yield Ash C H N 0 H/C o/C C/N

(g kg 1) (wt. %)° (at. %)°

HARHM1¢ 13.1+£1.8 14+0.1 36.69 +0.15 46.39+£0.16 2.67+0.10 14.25 1.26 0.39 13.72
HASW! 25.7+33 1.7+03 38.16 £0.22 43.36+0.10 2.14 +0.06 16.34 1.14 0.43 17.82
HA3¢ 222+14 1.7+04 38.29+0.16 43.01+0.08 2.22+0.05 16.88 1.12 0.44 17.28
HAG' 26.6+0.9 14+0.1 38.44£0.45 42.97 £0.15 2.17 £0.02 17.15 1.12 045 17.70
HA9® 26.2+0.9 1.6+04 38.44+0.65 42.67 £0.16 2.15+0.04 17.18 1.11 0.45 17.90
HA12" 28.7+29 1.6+09 38.42 £0.47 42.36 +0.07 2.29 +0.08 17.94 1.10 0.47 16.76

Values of extraction yield, ash content and elemental compositions are means + SD (n = 3).

¢ On moisture-free basis.

> On moisture-free and ash-free basis.

HA isolated from raw horse manure.

HA isolated from vermicompost of average age 5 weeks.
HA isolated from vermicompost of average age 3 months.
HA isolated from vermicompost of average age 6 months.
HA isolated from vermicompost of average age 9 months.

c
d
e
f
g
" HA isolated from vermicompost of average age 12 months.
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The yield of HAs ranged from 13.1% to 28.7% depending on the
time of the vermicomposting process. The greatest yield (28.7%)
was obtained for HA isolated from vermicompost which was com-
posted for 12 months. In contrast, the least yield (13.1%) was deter-
mined for HA extracted from raw horse manure. In addition, yields
depend on the procedures selected for isolating and purifying the
HAs (Doskocil et al., 2018). Similarly, the ash content of HAs can
depend both on the origin of the source material as well as on
the sample purification procedure. The ash content of HAs isolated
from raw horse manure and our sample set of vermicomposts was
similar. Slightly greater ash contents were observed for HAs origi-
nating from vermicomposts of average ages 5 weeks and 3 months.

The elemental compositions are shown in Table 2 in atomic per-
cent (at. %), because, in contrast to weight percent (wt. %), it better
reflects the content of hydrogen in the structures of humic sub-
stances. The carbon content increased slightly during the vermi-
composting process, while the hydrogen content decreased. The
nitrogen level decreased in the first stages of vermicomposting
and then very slightly increased at the end of this process. A
greater increase in oxygen content was observed for the HAs
extracted from vermicomposts compared with HAs isolated from
raw horse manure. The elemental composition of HAs from our
sample set was similar to that of HAs extracted from different com-
posts and/or vermicomposts from other studies (Enev et al., 2018;
Li et al., 2011).

The H/C atomic ratio is considered as an indicator of the degree
of aromaticity, and, for our samples, lay within a range (i.e. from
1.10 to 1.26). The aromaticity of HAs isolated from raw horse man-
ure was the least of all the samples, whereas it increased during
the vermicomposting process. The H/C level decreased with the
vermicomposting process, which could be attributed to an increase
of the aromatic and/or a decrease of the aliphatic structures. In the
studied HAs, the H/C atomic ratio is similar to values published in
previous studies (Senesi, 1989; Zhang et al., 2015). The O/C atomic
ratio reflects the amount of oxygen-containing functional groups
(e.g. carboxylic and phenolic) in humic substances. The O/C atomic
ratio significantly increased during the composting process. These
results suggest that during vermicomposting, a progressive trans-
formation of the polysaccharides and polysaccharide-like com-
pounds to other oxygenated compounds such as aromatic
carboxylic acids and phenols occurs. The C/N atomic ratio reflects
the amount of nitrogen in humic substances. The C/N ratio values
were in the range from 13.72 to 17.90. The C/N ratio obtained in
this study for the HA isolated from raw horse manure was rela-
tively small, indicating that the organic matter of raw material
contained a large amount of nitrogenous substances. The C/N level
significantly increased at the first stage of the vermicomposting

Table 3
UV/Vis and FTIR calculated ratios.

process, which could be attributed to a decrease in the amounts
of nitrogen-containing compounds, such as protein and protein-
like substances.

3.4. UV/Vis spectroscopy

The UV/Vis absorbance spectra of HAs isolated from all studied
samples were typically featureless and characterized by the
absence of identifiable maxima and/or minima with decreasing
absorbance at increasing acquisition wavelength (not shown).

In our study, HAs absorbed light significantly at wavelengths
ranging between 200 and 700 nm. Absorption in this UV/Vis region
indicates that the vast majority of the chromophores include aro-
matic rings with various degrees and substitution types, such as
monosubstituted and polysubstituted phenolic compounds and
various monoaromatic and/or polyaromatic acids (Korshin et al.,
1997). A number of studies have shown that the analysis of UV/
Vis spectra by means of absorption ratios may provide valuable
information on the chemical structure and properties of HAs, that
may also complement the information obtained using other ana-
lytical methods, such as potentiometric titration, size exclusion
chromatography, NMR etc. (Asakawa et al., 2011; Ephraim et al.,
1995; Novak et al., 2015) The Egy/Eg, ratio (the ratio of absorbance
at 253 nm to that at 220 nm) is small for compounds in which the
aromatic rings are largely substituted with aliphatic functional
groups, whereas greater Egr/Eg, ratios are associated with the pres-
ence of oxygen-containing functional groups e.g. hydroxyl, car-
bonyl, ester and especially carboxyl groups on the aromatic ring
(Korshin et al., 1997; Enev et al., 2018). In our study, the Egy/Eg,
ratio values ranged from 0.50 to 0.54 (Table 3). These results sug-
gest that the substitution of aromatic rings with polar functional
groups was comparable for the vermicompost HAs. The Egr/Eg,
ratio for HA isolated from raw horse manure was less than that
for any vermicompost HAs. The frequently used E4/Eg ratio (the
ratio of absorbance at 465 nm to that at 665 nm) reflects the
degree of aromaticity and the molecular weight of humic sub-
stances of different origins (Li et al., 2011). For the HAs studied, this
ratio demonstrated less sensitivity (Table 3), because absorption in
the 500-800 nm range was approximately zero. For this reason, it
is appropriate to utilize the E;/E4 ratio (the ratio of absorbance at
265 nm to that at 465 nm), as it is consistent with the E4/Ee. In
our study, the E,/E; ratio values ranged from 9.31 to 11.11
(Table 3). The E;/E4 ratio for HAs isolated from raw horse manure
was much less than those for vermicomposted HAs. The E,/E,4 val-
ues followed an upward waving trend with increased composting
time. It is apparent from the data in Table 3 that non-humic sub-
stances (e.g. lignin, polysaccharides, and protein-like substances)

Origin of HA UV/Vis ratios FTIR intensity ratios
EET/EBZ E4/E6 EZ/E4 lAr/IAI(1 IAr/ICOOHb

HARHM® 0.50 £ 0.00 7.77 £0.03 9.31+0.14 1.10 1.08
HASW! 0.52 +0.00 8.56+0.13 9.62 + 0.05 1.14 1.02
HA3¢ 0.53 +0.00 8.66 + 0.05 10.11£0.31 1.14 1.01
HA6' 0.52 £0.01 8.40+0.38 9.87+0.18 1.28 0.99
HA9® 0.52 £0.01 8.69+0.17 10.91+0.24 1.30 0.99
HA12" 0.54 + 0.00 8.53+0.40 11.11+0.10 1.39 0.97

Values of UV/Vis ratios are means + SD (n = 3).

3 FTIR ratio calculated as ratio of intensity at 1510 cm™' to intensity at 2940 cm™".

b

HA isolated from raw horse manure.

HA isolated from vermicompost of average age 5 weeks.
HA isolated from vermicompost of average age 3 months.
HA isolated from vermicompost of average age 6 months.
HA isolated from vermicompost of average age 9 months.

c
d
e
f
g
" HA isolated from vermicompost of average age 12 months.

1
1

FTIR ratio calculated as ratio of intensity at 1510 cm™"! to intensity at 1420 cm™".
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were transformed into humic substances during vermicomposting,
thus increasing the humification and stability of the vermicom-
post. This observation is in good agreement with published studies
regarding HAs derived from composts (Li et al., 2017).

3.5. FTIR spectroscopy

The DRIFT spectra of HAs are shown in Fig. 2, and interpretation
of their absorption bands was conducted according to the litera-
ture data (Stuart, 2004).

Table S4 shows overview of the main absorption bands which
were identified in the FTIR spectra. All the spectra of vermicompost
HAs contain a sharp and intensive band at 1710 cm™! correspond-
ing to carboxylic groups, whereas it is absent in the sample isolated
from raw horse manure. The carboxylic groups are also indicated
by the broad band centered at about 2640 cm™! resulting from
the O—H stretching vibrations of the hydrogen-bonded COOH
which forms dimers. A band at about 1420 cm™!, preferentially
ascribed to C—O—H in-plane bending of carboxylic groups, is
apparent in all sample sets. The degree of carboxylic content was
determined using the Ia/Icoon ratio (the ratio of the intensity at
1510 cm™!' to the intensity at 1420 cm™'). The content of the car-
boxylic groups is greatest for the HA isolated from horse manure
after 12 months of vermicomposting. Further, the content of COOH
groups increases with the composting time. Another significant
band occurring at 1600 cm~! can be assigned to stretching C=C
groups in aromatic rings, eventually C=0 stretching of H-bonded
conjugated ketones and quinones. This band was observed only
as a weak shoulder in the spectrum of HA isolated from raw horse
manure. Another aromatic band is apparent at 1510 cm™!, due to
the aromatic C=C stretching of lignin residues, the relative inten-

4000 3600 3200 2800 2400

— HARHM |

—— HASW |

— HA3

— HA6
“HA9

—— HAI12

£

1600 1200 800 400

Normalized absorbance (a.u.)

4000 3600 3200 28002400 1600 1200 800 400
Wavenumber (cm ™)

Fig. 2. DRIFT spectra of HAs isolated from raw horse manure and vermicomposts of
different ages.

sity of which decreases with the vermicomposting process. This
is supported by the In/Ia ratio (the ratio of the intensity at
1510 cm™! to the intensity at 2940 cm™!), which was used to esti-
mate the degree of aromaticity. The intensity ratio (Table 3) shows
that the aromaticity of HAs increases during the vermicomposting
process. These results are in good agreement with the elemental
analysis (and H/C ratios) listed in Table 2. Two out-of-plane C—H
deformation bands were observed in the 850-760 cm™! region
and were assigned tri-substitution per ring (840 cm™!), and di-
substitution per ring (768 cm™!). The first of these bands was
observed as a sharp and intensive band in the all spectra, while
the second of these bands was found as a weak band and/or shoul-
der. The broad band centered at about 3310 cm™' corresponds to
the O—H stretching of various functional groups, which are con-
nected with an intermolecular hydrogen-bond. The appearance of
aliphatic chains is observed in the 3000-2800 cm™! range. The
presence of aliphatic groups is revealed by the band at
2940 cm !, which is attributed to asymmetric C—H stretching in
methylene groups. A band at about 2850 cm™, attributed to sym-
metric C—H stretching of —CH,— groups, is evident exclusively in
HA isolated from raw horse manure. The deformation vibrations
of the —CH,— and —CHs groups occur in the spectra at
1454 cm™'. All the spectra of HAs contain a sharp and intensive
band at 1662 cm™! corresponding to secondary amide groups
(amide II). Many authors consider the band at 1660 cm™! to be
an indicator of protein-like substances (Calderén et al., 2011;
Enev et al., 2018). The main differences among the spectra of
HAs appear in the fingerprint regions 1280-1200cm~! and
1145-1000 cm™!. The first region is characterized by a weak band
and/or shoulder at 1260 cm™! and a relatively intense band at
1230 cm™! corresponding to the C—O vibration in aryl ethers,
and to the C—O0 stretching and O—H bending of phenols. In com-
parison with other samples, the HAs isolated from raw horse man-
ure did not contain the vibration at 1260 cm~!. The relative
intensity of this band increased with the vermicomposting time.
The latter region is characterized by a sharp band at 1130 cm™!
and a shoulder and/or weak band at 1090 cm™! corresponding to
the C—0—C vibration in various alkyl ethers, and to the C—O
stretching of secondary alcohols. In the spectra of all samples,
the band at 1090 cm~! gradually reduces with increasing vermi-
composting time and its relative intensity decreases. The band at
1037 cm™! is dominant in the spectrum of HAs isolated from raw
horse manure, mainly due to the large polysaccharide substance
content. The other samples contain this band with a lesser inten-
sity. Bands and shoulders at wavenumbers less than 650 cm™'
are attributed to mineral matter such as kaolinite, from which
bands at 644 cm~!, 536 cm™! and 500 cm™! are the most obvious.

3.6. Fluorescence spectroscopy

The fluorescence spectra or EEM contour maps of the studied
HAs (see Fig. 3) were not corrected for Rayleigh scattering peaks,
which appear in the form diagonal bands.

The Rayleigh scattering corresponds to the line in the EEM spec-
tra where excitation wavelength equals emission wavelength. The
first observation from the EEM contour maps is that humic sub-
stances contain fluorophores which are responsible in the fluores-
cence of composted and/or vermicomposted organic materials
(Benitez et al., 2000; Mobed et al., 1996; Xing et al., 2012). The
excitation-emission wavelength pairs of the main peaks in the
EEM spectra and their fluorescence intensity values from our sam-
ple set are listed in Table 4.

The maxima are located at excitation wavelengths in the ultra-
violet region (e.g. UVA, UVB, and UVC region) in the 250-390 nm
range and at emission wavelengths in the 340-480 nm range. Sev-
eral fluorophores have been reported previously in the literature,
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Fig. 3. EEM spectra of HAs isolated from raw horse manure and vermicomposts of different ages. Individual fluorophores of the HAs samples are marked with the

corresponding symbols (A, T, C1, C2) and arrows.

such as peak A at 240-280/400-500 nm (excitation/emission
wavelengths pair), peak C at 300-380/400-500 nm, peak M at
290-310/370-410 nm, peak B at 270-280/300-315 nm, and peak
T at 270-280/345-360 nm (Coble 1996; Birdwell and Engel,
2010). Non-humic fluorophores indicative of biological activity
and/or protein-like material include tyrosine-like peaks and
tryptophan-like peaks (Birdwell and Engel, 2010). From the
domains described (Fig. 3) the fluorescence of raw horse manure
and vermicomposted materials lies primarily in the peak A region,

which is characteristic of humic substances. However, there are
maxima having excitation wavelengths greater than 400 nm
(including those for terrestrial HAs). The fluorescence region
(400-480/460-550 nm), referred to as V (Alberts and Takacs
2004; Rodriguez et al., 2013, Enev et al., 2014), usually occurs in
coal and/or soil HAs, and was not determined in the spectra from
our samples. The absence of the peak V in the examined samples
can be explained by the lesser average age of the vermicomposts,
which did not exceed one year. The characteristic C domains (des-
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Positions of excitation-emission wavelength pairs for fluorescence peaks and values of fluorescence intensities for HAs isolated from raw horse manure and different

vermicomposts.

Origin of HA Fluorescence peak region

A C T

C1 c2

Ex/Em (nm) Ir (CPS)? Ex/Em (nm) Ir (CPS)? Ex/Em (nm) Ir (CPS)? Ex/Em (nm) Ir (CPS)?
HARHM" 250/460 0.70 275/335 0.55
HA5W*¢ 255/480 0.84 275/340 0.40
HA3¢ 250/475 1.01 280/335 0.50
HA6¢ 250/460 0.94 275/340 0.40
HA9' 250/445 1.06 335/440 0.61 390/435 0.35
HA128 270/450 1.10 330/440 0.68 385/440 0.52

3 Jr x 105 CPS (counts per second) of fluorescence peaks.

HA isolated from raw horse manure.

HA isolated from vermicompost of average age 5 weeks.
HA isolated from vermicompost of average age 3 months.
HA isolated from vermicompost of average age 6 months.
HA isolated from vermicompost of average age 9 months.
HA isolated from vermicompost of average age 12 months.

b

d

f

g
ignated as humic-like fluorophores) for humic substances originat-
ing from soils, peats, lakes, and rivers, with fluorescence maxima
corresponding to excitation/emission wavelength pairs of 300-
380/400-500 nm, were observed in HAs after 9 and 12 months of
the vermicomposting process. Because HA9 and HA12 have a
greater contribution from fluorophores C compared to humic sub-
stances originating from soils and peats, we chose the designation
C1 and C2 and for all maxima located in this region. Peaks C1 and
C2 (330-335/440 nm and 385-390/435-440), which occur only in
HAs after 9 and 12 months of the vermicomposting process, exhib-
ited the greatest excitation wavelength of all the EEM spectra and a
lesser fluorescence intensity than the peaks in region A. We con-
clude that the maximum position is probably related to single aro-
matic systems and substituents. Some authors (Sierra et al., 2005;
Rodriguez et al., 2013) have suggested that the C domain can be
attributed to the presence of hydroxybenzoic acids and other sub-
stituted phenolic units originating from lignin, hydroxycoumarin-
like structures, xanthone and/or quinoline derivatives which orig-
inated from degraded plant materials. According to previous stud-
ies, peak C may be interpreted such as fluorophores from
autochthonous microbial processes (McKnight et al., 2001). The
comparison of EEM spectra of HAs from vermicompost and HA-
like fractions (HAL) from vermicomposted winery and distillery
wastes (Romero et al., 2007) suggests that HAL fractions may also
participate in the fluorescence of HAs in the C region. Moreover,
the presence of peaks with an emission wavelength greater than
470 nm is in agreement with previous studies which suggest such
maxima originate from intramolecular charge-transfer states,
rather than from independent fluorophore families in humic sub-
stances (Boyle et al., 2009). This assumption is consistent with
the values of the absorption coefficients Egy/Eg, and Ia:/Icoon
obtained from the spectrometry experiments. It indicated that
the time of the composting process could increase the content of
humic-like materials in the HAs from the vermicomposting prod-
uct. For most of the HAs (HA isolated from raw horse manure
and HAs extracted from vermicomposts younger than 9 months),
typical maxima lie within the T region and are thus restricted to
wavelengths in the 275-280/335-340 nm range, suggesting they
all have similar structures and components. According to this T
domain, protein-like compounds were decomposed during the first
nine months of vermicomposting (Fig. 3). In contrast, the fulvic-
like compounds increased slightly during the vermicomposting
process. The location of the C1 and C2 domains were independent
of the excitation and emission wavelengths without any trend with
respect to the composting time. Compared with the T domain loca-

tion of protein-like compounds (peaks T at 276-281/340-370 nm)
(Baker, 2001; Lannan et al., 2013), the locations of tryptophan-like
peaks of the HA samples all showed a blue shift in terms of emis-
sion wavelengths. Fluorophore families at the intermediate excita-
tion wavelengths (250-280 nm) and shorter emission wavelengths
(<380 nm) are related to soluble microbial by-product-like materi-
als (Coble, 1996). Protein-like fluorophores were found to occur at
enhanced levels in compost originating from municipal solid waste
(MSW), sewage sludge (SS), and/or wastewater (WW) (Benitez
et al.,, 2000; Wei et al., 2007; Pan et al., 2018). Further, the
tryptophan-like compound may have originated by different man-
ures where tryptophan is present as ‘free’ molecules or bound in
proteins and/or humic substances (Wang et al., 2014).

Using the differences in the location of peaks (fluorophores) and
fluorescence intensity, various structural units in the humic sub-
stances can be elucidated. At nearly the same excitation wave-
length, some peaks in region A, fluorophores which correspond
to the fulvic-like compounds, shift toward a lesser emission wave-
length, while the fluorescence intensity increases. The shorter
emission wavelengths and greater fluorescence intensity measured
in the EEM spectra can be associated with simple aromatic struc-
tures and low average molecular weight components. In contrast,
the longer emission wavelengths can indicate the presence of con-
densed aromatic rings and electron-withdrawing functional
groups such as carbonyl-containing substituents, and hydroxyl
and alkoxyl groups. It is well known that polycyclic aromatic
hydrocarbons (PAHs) fluoresce at emission wavelengths from 400
to 500 nm when subjected to excitation at 250-380 nm. Hence,
the emission wavelengths ranging from 340 to <430 nm could be
associated with three-ring and/or four-ring aromatic structures
(Doskocil et al., 2018). The PAHs with four or more aromatic ring
per fluorophore emit light in the 400-500 nm wavelengths range.

3.7. Thermogravimetric analysis

Subsequently, all the studied HAs were subjected to detailed
thermogravimetric analysis. The respective thermograms (TGA
and DTG) are shown in Fig. 4. It can be clearly seen that the weight
of all the HAs samples drops in a stepwise manner.

TGA curves separated into two main groups. The first group con-
tained only one member - the humic acid isolated from the original
manure, whereas all composted HAs were concentrated in the sec-
ond group. More detailed information can be seen in the DTG curves
(Fig. 4b). The DTG curve for the HA isolated from original manure
indicates three principal weight-loss steps are located around 240,
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Fig. 4. Thermogravimetric analyses (a) TGA; (b) DTG) and results for HAs isolated from raw horse manure (wine curve), vermicompost of average ages 5 weeks (black curve),
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330, and 410 °C. The second step represents the largest weight-loss
step and will be called the main peak; in fact, its dominating shape
distorted the other two peaks in shoulders. The DTG curves obtained
for HAs isolated from vermicomposts also demonstrate the first two
peaks, while the last peak practically disappeared. Moreover, the
temperatures of the peak maxima were shifted to higher tempera-
tures when compared with the DTG record of the HA extracted from
original manure. The differences among the vermicomposted HAs are
not significant. The differences among the HAs isolated from various
vermicomposts are not significant. The shifts indicate that the corre-
sponding compounds in HAs obtained from vermicomposts are of
greater thermal stability than in the HA isolated from the original
manure. In other words, the most thermally labile components
seemed to be consumed during the composting process. On contrary,
the disappearance of the third peak points to the degradation of the
most stable thermal fractions.

The thermal behaviour of organic matter from natural compost
with recycled compost in this study was somewhat different from
the behaviour reported for composts prepared from agricultural
wastes where only two peaks in the 200-600 °C range were reported
(Dell’Abate et al., 2000). Three peaks are reported for some types of
soil HAs or soil organic matter (Capel et al., 2005; Montecchio
et al., 2006). The overlapping character of our TG records points to
the continuous complex mixture without components of sharply dif-
ferent thermal stability. The first peak (shoulder) is attributable to
the loss of organic volatiles and decomposition of the least stable
fractions (e.g., decarboxylation of organic acids); loss of residual
(bound) moisture also cannot be excluded. The main degradation is
produced by the combustion of polysaccharides or aliphatic com-
pounds (Montecchio et al., 2006). The last peak (shoulder) could be
attributable to the decomposition of aromatic moieties. Because it
was not distinct in the HAs isolated from vermicomposts it could also
represent original polymers depolymerized during the composting
process into less stable oligomers or monomers. Further, it can be
hypothesized that the shoulder disappearance is due to the release
of (labile) organics from the organo-mineral fractions by the action
of agents released by decomposing microorganisms. In any case, it
is seen that the most thermally stable fraction disappears during
the first stages of the composting process.

4. Conclusion

In this study, advanced spectroscopic techniques and thermo-
gravimetric analysis combined with the routine measurements of
chemical indicators such as the content of biogenic elements, C/N

ratio, N-NH;/NO3 ratio, DOC, and ion exchange capacity brought
new information on manure vermicomposting in a real-field
continuous-feeding system, and enabled the complex characteriza-
tion of HAs isolated from original horse manure and vermicom-
posts of different ages. Fluorescence spectroscopy (TLS) is a
relatively simple and effective technique to study the maturity
and stability of the produced vermicompost.

Horse manure vermicomposting resulted, over time, in an
increase in pH, IEC, IEC/Cior, Niotr Prots Kiotr Mo, Kavair and a
decrease in dry matter, volatile solids, C/N ratio, N-NHj;, N-NH/
N-NO3, DOC, Payaii, Mgavai, number and earthworm biomass, and
microbial biomass including fungi and bacteria. Thus, the maturity
of the vermicompost improved.

The results suggest that vermicomposting decreased the alipha-
tic, protein-like, and polysaccharide humic components, whereas
vermicomposting increased the aromaticity and contents of
oxygen-containing functional groups (e.g. carboxylic, phenolic,
and etheric groups in the HAs). The typical tryptophan-like fluo-
rophores lie within the T region (275/335 nm), which can be
ascribed to the freshly produced organic matter of biological or
microbial origin. This non-humic component was progressively
transformed to humic-like fluorophores during vermicomposting.
Humic-like fractions with Ex/Em wavelength pairs of 330-
335/400 nm and 385-390/435-440 nm were observed after nine
months of vermicomposting. These fluorophores lie in the EEM C
region, which implies that the components are of the same form,
or from very similar fluorophore families. Fulvic-like fluorophores
were observed in the EEM spectra of HAs throughout the vermi-
composting period. EEM spectra are comparable to fingerprints
for HAs during the vermicomposting, and they can be regarded
as indicators to assess the maturity of vermicomposts.

Spectroscopic characterization is a useful and relatively quick
way of obtaining new knowledge on vermicomposting of manure
in a real-field continuous-feeding system.
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Jednou z moZnych cest jak vyznamné urychlit primarni fazi kompostovani a naslednou
stabilizaci vloZeného biologicky rozlozitelného odpadu (BRO) je vyuziti specifickych
druhi rozkladac¢li, kam zpravidla radime wurcité zastupce dekompozi¢nich
mikroorganismli termofilniho typu (bakterie rodu Thermus a Bacillus sp.) anebo
bezobratlé Zivocichy raddu Haplotaxida (napft. Eisenia andrei). Pokud jsou pti zakladani
kompostu ajeho nasledném kompostovani vyuZivany ziZaly, tak vtéto souvislosti
mluvime o tzv. vermikompostovdni. Na tomto misté je nutné podotknout, Ze dostatecné
nevyzraly a malo stabilizovany kompost mize zplisobovat mnoho environmentalnich
problémi ¢i rizik. Jedna se predevSim o vyraznou mobilitu fosforu a dusiku, které
mohou byt velmi lehce vyluhovany do plidniho prostiedi, pokud je takto nestabilni
kompost pouzit jako prirodni hnojivo. Toto tvrzeni nabyva na vaze, kdy je jako vychozi
surovina pouzita chlévskd mrva anebo statkovy hniij s vyraznym podilem moctvky. Je
nadmiru jasné, Ze v téchto pripadech je nejen ohroZen, plidni ekosystéme, ale i rozsahlé
zdroje podzemnich vod. Dal$im faktorem negativné ovliviiujicim rdst rostlin je
pokracujici dekompozice ne zcela rozloZzeného kompostu, v diisledku ¢ehoZ je velmi
rychle spotfebovavan kyslik, jehoZ insuficience primarné nahrava vzniku fytotoxickych
latek. Pouziti nezralych kompostii ma velmi casto za ndasledek kolonizaci ptidniho
prostredi patogennimi mikroorganismy, které mohou vlivem deStovych srazek
kontaminovat zdroje podzemnich a artézskych vod. Tyto komposty rovnéz obsahuji
vysoké hladiny amoniakalniho dusiku, organickych kyselin améné rozpustnych
sloucenin, které snizuji kliceni semen a rist korenového systému rostlin. Naproti tomu,
vyzralé a stabilni komposty jsou cennymi zdroji nejen huminovych latek (HL) alehce
hydrolyzovatelnych organickych slouc¢enin (DOM), ale irozsahlé skupiny vyzivovych

Vv7s

prvki tzn. draslik, fosfor, hot¢ik, atd.

Hlavnim backgroundem odborného ¢lanku s nazvem: ,,Characterization of humic acids
in a continuous-feeding vermicomposting system with horse manure“ bylo komplexni
zhodnoceni procesu vermikompostovani, ato na zakladé podrobného studia
a charakterizace HK, jejichZ geneze a kvalitativni vlastnosti byly sledovany po celou
dobu kompostovaciho procesu. Za timto tcelem byly pouzity piistupy vychazejici nejen
z teoretické afyzikalni chemie, ale ity, které vsobé nesou aspekty biologické
a mikrobiologické analyzy.

Hlavnim metodickym pristupem této studie bylo ovérit, zda jsme schopni nalézt
néjaky specificky ukazatel tzn. marker, na jehoZ zdkladé bychom byli schopni
jednoznacné urcit okamzik, kdy jiz vermikompostovany material nepredstavuje
environmentalni a toxické riziko, a to z hlediska jeho nasledného pouziti jako ,zeleného”
hnojiva. Obecné, organickd hmota kompostovaného anebo vermikompostovaného BRO
obsahuje celou radu organickych sloucenin, které se nachazeji v urcitych fazich
chemické premény, atudiz by bylo takifka nemozZné studovat tento slozity chemicky
systém vjeho nativni podobé. Naproti tomu, je velmi dobfe zndmo, Ze v priibéhu
dekompozice OM jsou zjednotlivych stavebnich jednotek, které jiz prosly urcitou fazi
premény ,syntetizovany“ stabilni frakce OM, kam zpravidla fadime huminové latky, 1épe
reCeno HK. Z toho vyplyva, Ze pravé tyto biokoloidni slou€eniny se zdaji byt vhodnymi
indikatory jakosti resp. zralosti kompostii a vermikompostii. Dals$i neocenitelna vyhoda
téchto sloucenin spociva v tom, Ze jsme schopni tyto biokoloidni latky pomérné velmi



lehce izolovat z ptivodni matrice, aniz bychom se dopustili jejich vyznamné kontaminace
ostatnimi organickymi slou¢eninami pfitomnymi v ptivodni matrici OM.

Za ucelem studia a kvalitativni charakterizace téchto biokoloidnich sloucenin byly
vybrany jak termické a spektrometrické instrumentalni techniky, tak imetody
mikrobiologické analyzy.

Extrak¢ni vytézky HK jasné poukazuji na velmi rychlou dynamiku jejich geneze
v pribéhu vermikompostovani kotiského hnoje, jelikoz jiz v prvotni fazi kompostovani
tzn. po péti tydnech se jejich obsah zvysil takika dvojndsobné. Nicméné si mlzeme
povSimnout, Ze tento trend byl v dalSich fazich vermikompostovaciho procesu nahrazen
jistym zlomem, od kterého se obsah HK zvySoval jen velmi pozvolna anebo ziistaval
takfka neménny tj. stari kompostu 6-12 mésici. Lze jasné dolozit, Ze pravé od této doby
se HK stavaji spiSe strukturné stabilnéjSimi resp. jejich molekularni morfologie je
vyznamné pozmeénovana chemickymi procesy, jako jsou kondenzace, demethylace
a oxidace.

Tyto vysledky jsou ve velmi dobré shodé se zavéry vyplyvajicich zinfracervené
spektrometrie (DRIFT), kdy jako hodnotici kritéria byly pouZity absorp¢ni poméry
vypovidajici o aromati¢nosti/alifaticité a relativnim obsahu karboxylovych funk¢nich
skupin, kterymi jsou aromaticka jadra HK substituovana. V celkovém pohledu na ziskané
vysledky Ize konstatovat, Ze v pribéhu kompostovani dochdzi uvzniklych HK
k evidentnimu narfistu aromaticity a obsahu reaktivnich -COOH funk¢nich skupin.
Avsak pomérné zajimavym zjisténim vtéto studii bylo, Ze v pribéhu
vermikompostovaciho procesu dochazi ik postupnému sniZzeni stredni molekulové
hmotnosti M, izolovanych HK. Jistou pritaZlivost tohoto zji$téni miZeme vidét zejména
v tom, Ze v pripadé geneze prirodnich HK, at' uz jsou izolovany ze sediment, raseliny,
pldy (prirodnich ekosystémii) se s jejich postupnym staifim zvySuje i jejich molekulova
hmotnost. Tento fenomén lze jednoduSe vysvétlit tim, Ze ,Cerstvé” HK izolované
z vermikompostu obsahuji doposud ne zcela degradované biopolymerni slouceniny, jako
je lignin, celuléza, bilkoviny atd. viz napf. absorpcni pasy odpovidajici sekundarnim
amidlim, ligninu a v neposledni radé i polysacharidiim.

Jak se ukazalo, tak ksignifikantnimu posouzeni zralosti vermikompostu lze bez
jakychkoliv pochybnosti pouzit instrumentalni techniku fluorescenc¢ni spektrometrie
resp. méreni excitaCné-emisnich spekter (EEM). Jako indikatory zralosti a stability
(vermi)kompostl lze pouzit specifické fluorescentni domény, které jsou tradicné
rozdéleny na dvé skupiny, a to na: (i) huminové fluorofory a (ii) ne-huminové fluorofory,
které odpovidaji bilkovinnym slouceninam a polypeptidovym fragmentiim. V EEM
spektrech HK primeérného staii 1-6 mésicii byly identifikovany fluorescen¢ni domény T
(8) - tryptofan-like, které byly lokalizovany takika pii stejnych vinovych délkach
excitace a emise tzn. 275-280/335-340 nm (Aex/Aem). Naproti tomu, vzorky HK, které
byly izolovany z vermikompostl starsich jak 6 mésicli, byly od téchto ne-huminovych
fluorofort prosté, avSak vjejich EEM spektrech byly spatfeny dvé nové fluorescencni
domény. BliZe se jednalo o fluorofory, které lze dle zavedené klasifikace specifikovat
jako C (a) - humic-like, jejichZ presna pozice v EEM spektrech byla dana nasledujicimi
vlnovymi délkami: (i) C1 (a1): 330-335/440 nm (Aex/Aem) a (if) C2 (a2): 385-390/445-
440 nm (Aex/Aem)-



JelikoZ se tzv. ne-huminové fluorofory mohou obvykle vyskytovat ivHL a DOM
znacného stari a ktomu odpovidajici stabilité, tak jako vhodny marker k posouzeni
stability a z ni vychazejiciho kritéria environmentalniho rizika ¢i fytotoxicity byla ur¢ena
piitomnost humic-like fluoroforti ve sledovanych EEM spektrech. Jinymi slovy, vyse
zminéné fluorescenéni domény lze sjistou vyhodou pouzit k posouzeni zralosti
vermikompostli, a moznd, iobecné primyslové kompostovanych BRO, pfi jejichz
dekompozici nebylo pouZito specifickych rozkladact, jako jsou kalifornské Zizaly.

Na zakladé mikrobiologické analyzy (populace hub, bakterii, aktinomycet, gram-
pozitivnich a gram-negativnich bakterii) bylo zjisténo, Ze nejvyssi vyskyt téchto
rozkladac¢i byl vnejmlads$i vrstvé vermikompostu tzn. staifi 5 tydnt. Obdobnych
vysledkl bylo dosaZeno iv pripadé, kdy byly vjednotlivych vrstvach vermikompostu
pocitany pritomni jedinci Eisenia andrei. Jednotlivé populace téchto rozkladaci se
kvantitativné sniZovaly ve sméru od nejmladsi vrstvy, aZ po tu nejstarsi tzn. stari 1 roku.
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Abstract: Lignohumate, as an industrially produced analog of natural humic substances, is studied
from the point of view of its diffusion properties. This work focuses on its permeation ability,
important in agricultural and horticultural applications, connected with its penetration into plant
organs as leaves and roots. The hydrogel based on agarose was used as a model material for the
diffusion of lignohumate. Two types of experiments were realized: the diffusion of lignohumate
in the hydrogel diffusion couple and the diffusion of lignohumate from its solution into hydrogel.
The diffusion coefficient of lignohumate in the hydrogel was determined and used for the modelling of
the time development of concentration profiles. It was found that the model agrees with experimental
data for short times but an accumulation of lignohumate in front of the interface between donor and
acceptor hydrogels was observed after several days. The particle size distribution of lignohumate
and changes in the E4/Eq ratio used as an indicator of molecular weight of humic substances
were determined. The results showed that the supramolecular structure of lignohumate can react
sensitively to actual changes in its environs and thus affect their mobility and permeability into
different materials. A filtration effect at the interface can be observed as an accompanying phenomenon
of the re-arrangement in the lignohumate secondary structure.

Keywords: lignohumate; supramolecular nature; diffusion; spreading; hydrogel

1. Introduction

Lignohumate is an industrially produced analog of natural humic substances, produced by thermal
processing of technical lignosulfonate, which is based on the oxidation and hydrolytic destruction of
lignin-containing raw material [1,2]. It can promote plant growth and therefore it is widely used for
agricultural and horticultural purposes [2-8]. It was found that its application can reduce leaching of
nitrogen into the soil solution [2], reduce the toxic effect of pesticides, improve the nitrogen balance of
soils, increase the basal respiration of the soil, and has a positive effect on soil biological activity [9].

Lignohumate together with other humic and humic-like substances has a complex conformational
arrangement and can be perceived as supramolecular structures, the functioning of which is determined
by the composition, size of molecular units, and weak intermolecular forces [10]. A major aspect of
the supramolecular arrangement is its stabilization by weak dispersion forces, where hydrophobic
and hydrogen bonds are responsible for their apparent large molecular size [11]. In solutions, humic
and humic-like substances can be micelle-like, supra-molecular assemblies of small entities and their
secondary structure can change significantly with changing concentration and pH [12-21]. In soils,
humic substances are spatially arranged in decreasing order of polarity. This means that highly polar
supramolecular subunits shield less polar subunits against the free soil solution and form layers of
decreasing polarity [22].
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Initially, the term “lignhohumate” was characterized by Springer [23] as the humic material
with lower ripeness and nitrogen content and a relatively high proportion of sulfonic acidic groups
(as distinguished from the “true” soil humic material). Lignohumate has structure and properties
similar to humic substances isolated from native matrices. During its production, the lignosulfonate is
transformed into a humic-like material (by means of a higher temperature and pressure). Chemical
changes ongoing in the transformation are similar to the humification of plant litter in nature [2].
The final product (lignohumate) usually has a lower nitrogen content and higher content of sulfonic
acidic groups as well as other O-containing groups (hydroxyl, carbonyl, carboxyl, ether and ester ones)
in comparison with humic substances isolated from peat, soils, and sediments. In comparison with
native humic substances, the lignohumate can be characterized by the presence of simple structural
components of wide molecular heterogeneity, smaller molecular size and weight [2,24].

Present studies of lignohumate are focused mainly on its agricultural and horticultural
applications [2-8]; therefore, studies dealing with its structural characterization and other properties
are relatively scarce. Some works [2,24] used chemical (elemental analysis) and spectral (UV/VIS,
FT-IR nad 3 C-NMR) methods for the characterization of lignohumate and its comparison with
humic material extracted from different natural matrices. The diffusion of lignohumate through plant
cuticles was studied in our previous work [8]. The cuticle was placed between two cuvettes filled
by agarose hydrogels. The donor hydrogel was enriched by lignohumate, the acceptor hydrogels
was prepared without it (i.e., with zero initial concentration of lignohumate), and the transport of
lignohumate through cuticle was monitored. This work is focused on the intrinsic diffusion in the
hydrogels. The diffusion couple was assembled by means of the donor and acceptor hydrogels, but no
cuticle was placed between them and both hydrogels were in immediate contact at the interface.
In consideration of the heterogeneous structure of lignohumate [1,2,24] and unusual results obtained
for transport properties of agarose hydrogels containing humic substances [25], the diffusion of
lignohumate in agarose hydrogels should be investigated in detail. If the diffusion is realized in the
two hydrogels, the lignohumate has a concentration gradient in both parts (donor and acceptor).
In contrast, the solution can be stirred, therefore it has no concentration gradient in the donor solution.
Therefore, the diffusion of lignohumate from its aqueous solution into agarose hydrogel was also
investigated in this work.

2. Results and Discussion

The first experimental task was to determine the diffusion coefficient of lignohumate in the
agarose hydrogel on the basis of experimental data obtained for the diffusion couple described
above. If the couple is composed of hydrogels of the same nature, differing only in the lignohumate
content, the diffusion coefficient should be the same in both parts of couple—the donor and acceptor
hydrogels—in conditions in which the diffusion coefficient in not dependent on the concentration of
diffusing particles [26-28]. Mathematical description of diffusion in the diffusion couple is relatively easy.
Before the start of diffusion, the donor hydrogel has a constant concentration of lignohumate ¢y in the
whole cuvette volume, whereas its concentration in the acceptor hydrogel is zero. If both parts of the
diffusion couple can be considered as semi-infinite mediums (meaning that the concentrations on the
outside borders of the couple are constant and do not change in time during diffusion), the solution of

second Fick law is [26-28]
x

2Dyt
where ¢y is the concentration of lignohumate at position x in time ¢ and Dj, is the effective diffusion

coefficient of lignohumate in hydrogel. It can be seen that the concentration of the diffused component
on the interface (c;) is time independent and equal to cy/2.

)
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Total diffusion flux m; which goes through the interface between donor and acceptor hydrogels
(x = 0) in time t can be calculated as [26-28]

| Dyt
my = Cq 711 (2)

Equation (2) assumes that there is no accumulation of lignohumate at the interface, i.e., the diffusion
flux from the donor hydrogel to the interface is equal to the diffusion flux from the interface into the
acceptor hydrogel.

In Figure 1, the examples of experimental data are shown. As expected, the amount of lignohumate
in the donor hydrogel decreased gradually as it diffused through the interface into the acceptor hydrogel.
Our results confirm that the experimentally determined dependency of m; on Vt is linear up to a
critical time, when the requirement of semi-infinite mediums is not fulfilled. Therefore, only the data
corresponding with the abovementioned conditions are fitted by Equation (2).
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Figure 1. The time development of total amounts of lignohumate in donor (blue) and acceptor (red)
hydrogels (a); experimental data fitted by Equation (2) (b).

The diffusion coefficient of lignohumate in agarose hydrogel D, was calculated on the basis of
Figure 1b and Equation (2). Its value was determined as 1.46 X 10719 m?/s (+8.66 x 10712 m?%/s),
which agrees with values determined for humic substances by some other authors [29-33].
Cornel et al. [29] studied the diffusion of humic acids fractionated by means of ultrafiltration.
They determined the diffusion coefficients between 3.8 X 107! and 1.6 x 107!Y m?/s dependent
on pH, ionic strength, temperature, and humic molecular weight. The dependence of the diffusion
coefficient on molecular weights (according to the Stokes-Einstein equation) was weaker in comparison
with the results obtained for synthetic polymers. This anomalous behavior of humic acids was
interpreted to be an artefact of the determination of molecular weights by ultrafiltration. The authors
concluded that true molecular weights of humic fractions were substantially lower than the nominal
values of ultrafiltration. Pinheiro et al. [30] used voltammetric techniques for the determination of
diffusion coefficients of humic and fulvic acids and their metal complexes. They obtained results in
the range of from 5 x 107!2 to 2 x 10! m?/s for humic acids and their complexes and from 6 x 101!
to 1.2 x 10712 m?/s for fulvic acids and their complexes. Lead et al. [31] studied the diffusion of humic
and fulvic acids isolated from the Suwannee river (standard of International Humic Substances Society)
by means of the fluorescence correlation spectroscopy. They determined the diffusion coefficients
in the range of (2-3) x 1071 m?/s. They observed the aggregation of humic substances at lower pH
values. No effect of concentration and ionic strength was observed. Lead and Wilkinson [32] used the
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same method for the determination of diffusion coefficients of different humic substances in water and
agarose hydrogel. In general, their results were in the range of (1.9-2.3) x 1071 m?/s for all samples
under all conditions. Diffusion coefficients determined for hydrogel were approximately 10-20% lower
in comparison with water, mainly due to increased path lengths and tortuosity. They assumed that
large aggregates of humic substances were excluded from the hydrogel. In their subsequent work [33],
the results obtained by means of the fluorescence correlation spectroscopy and classical diffusion cells
were compared. Decreases in diffusion coefficients observed for some humic samples in hydrogel
were too large to be explained by the tortuosity and obstructive effects of the hydrogel pore structure.
Very hydrophobic humic substances were probably prevented from penetrating the hydrogel because
of their aggregation. They stated that a potential complexation of humic substances with the hydrogel
fibers is not important and can be neglected. In contrast, the diffusion coefficients of humic acids in
water determined in ref. [34] were much lower. They varied between 2.3 X 10712 and 8.6 x 10712 m?/s
in the case of values measured by means of dynamic light scattering. The values based on voltammetry
were in the range of 4.4 x 1072 and 1.3 x 107! m?/s.

The value of the diffusion coefficient (determined in this work) was used for the calculation of the
diffusion profile according to Equation (1). A comparison of experimental data with the computed
curve is shown in Figure 2. It seems that our experimental data are in a good agreement with the
simple mathematical model and the concentration of lignohumate at the interface between donor and
acceptor hydrogels (c;) can be considered as the half cyp. However, an interesting phenomenon was
observed when the diffusion was continued for several days. We can see that that one point close to the
interface from the donor part is higher than the half cy after one day of diffusion (Figure 2), as well as
when the diffusion was prolonged (Figure 3a). After several days, the concentration of lighohumate on
the outside border of the donor part decreased and the concentration close to the interface increased
(Figure 3b). A concentration jump was observed at the interface for longer times. What is the reason
for this? It is not easy to explain. One possibility is a filtration effect. The pore size of agarose hydrogel
was determined by a simple spectrophotometric method [35] in our previous work [36]. Their average
diameter was determined as 360 nm. The Z-average diameter of lignohumate decreased with the
increasing concentration of its solution and its value was ~37 nm for 0.1% wt. content (Figure 4a).
This means that the pore size exceeds the Stokes hydrodynamic radius of lignohumate by almost
ten times.
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Figure 2. Concentration profile of lignohumate in agarose hydrogel after one day. The blue points
belong to the donor hydrogel (distance x < 0), and the red points belong to the acceptor hydrogel
(distance x > 0).
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Figure 3. Concentration profiles of lignohumate in agarose hydrogel after two (a) and ten (b) days.
The blue points belong to the donor hydrogel (distance x < 0), the red points belong to the acceptor
hydrogel (distance x > 0).

700

600 -

400 -
300 ¥

200 A

Z-average diameter (nm)

0.001

0.01 0.1

lignohumate (% wt.)

(a)

EJ/Eg (-)

polydispersity (-)

; %
08 - ¥ :
X
06 {<— % x
. ¥ ¥ i ks
X
04
X
02 X
: % g
0 : : .
0.0001 0.001 0.01 0.1 1

lignohumate (% wt.)

(b)

zeta potential (mV)

Figure 4. Z-average diameter and E4/E, ratio (a); polydispersity and zeta potential of lignohumate in
the dependence on its concentration in aqueous solution (b).

The polydispersity for 0.1% wt. lignohumate content was approximately 0.5, zeta potential
around —40 mV. More negative zeta potential indicated a higher stability of particles of lignohumate.
Many authors (e.g., [37-39]) used the ratio of absorbance at 465 to 665 nm (E4/Eg, so called index of
humification) as an indicator of the average molecular weight and size and with the oxygen content of
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humic materials. The E4/E¢ ratio is usually <5 for humic acids [1,24,37,38,40]. However, it was found
that the values of the humification index E4/E¢ is higher than 5 for the content of lighohumate above
0.01% wt. (see Figure 4a). It may be indicative of the presence of O-containing functional groups
(hydroxyl, carbonyl, carboxyl, and ester groups) and lower molecular weight.

As can be seen, the E4/Eg ratio corresponds with the Z-average size of lighohumate, and therefore
it may be considered as an indicator of its molecular size during the diffusion in the agarose hydrogel.
However, the situation is more complex. In Figure 5, the intensity, volume, and number particle
size distributions of lignohumate are shown. While the intensity and volume size distributions were
tri-modal, their number-based distribution was mono-modal because the number of big particles
occupying a large volume was very low. Despite the fact that the majority of lignohumate particles
are smaller than the average pore size in the hydrogel, some of them can be limited in their motion,
which can result in their higher concentration close to the interface. Some studies showed that the
average size diameter is not a suitable parameter for characterizing humic substances and should be
used only conditionally as the apparent mean particle size in comparison with other works [41,42].
As can be seen in Figures 4 and 5, the relatively high polydispersity and multi-modal character of
particle size distributions can support this conclusion. This means that the lignohumate can contain
more fractions with different mobilities. The knowledge of particle size distribution is thus very
important. The colloidal stability can thus affect their molecular organization and re-arrangement in
the studied system.
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Figure 5. Intensity (a), volume (b) and number (c) particle size distributions of lignohumate with
concentration 0.001% wt. (blue), 0.01% wt. (green), 0.1% wt. (red) and 1% wt. (black).
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In the case of globular particles, their diffusion coefficient decreases with the square of diameter:
D = kgT/(6mnr). 3)

where D is the diffusion coefficient (equal to Dj in hydrogel and to Ds in solution), kp is the
Boltzmann constant, T is the temperature, 7 is the viscosity of the medium and r is the diameter of the
diffusing particle [26,27,36]. The re-arrangement (e.g., aggregation and destruction of weak bonds in
supramolecular structure of lignohumate) can result in changes in the size of particles, their mobility
and the potential accessibility of active sites for other constituents in present natural systems.

As can be seen in Figure 6, the E4/Eg ratio of lignohumate in the hydrogel changes with the position
in the diffusion couple. The values of absorbance in the acceptor hydrogel for distances >20 mm
were too low, and therefore the E4/Eg ratio was not calculated for these distances from the interface.
If we compare Figures 3 and 6, we can see that the increase in lignohumate concentration in the donor
hydrogel is connected with the decrease in the E4/E¢ ratio. This means that bigger particles cumulated
in front of the interface and can pass through it only with difficulty. Simultaneously, the donor hydrogel
is deprived of smaller particles diffused through the interface into the acceptor hydrogel, which caused
the increase in the E4/Eg ratio past the interface. Changes observed in particle size distributions during
the diffusion can result in changes in lighohumate molecular organization. Smaller particles are leaving
the donor hydrogel and the bigger particles accumulate in front of the interface. If smaller particles
were constituents of the supramolecular structure of lignohumate and disappeared from the donor
hydrogel, the remaining bigger particles accumulated in a relatively thin layer re-arranged and a new
spatial organization of present particles can be established. New bonds between particles can form
and others are destroyed. The supramolecular structure changes are dependent on the amount and
composition of the present particles.

(a)

Lk xxFgxxkxx X &k XX

Ey/Eq (-)
-
X

40 30 20 10 0 10 20 30 40
distance (mm)

(b)

E,JEq (-)
%
&

40 30 20 10 0 10 20 30 40
distance (mm)

Figure 6. E4/Eg ratio in agarose hydrogel after two (a) and ten (b) days. The blue points belong to the
donor hydrogel (distance x < 0), while the red points belong to the acceptor hydrogel (distance x > 0).
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In order to investigate the diffusion of lignohumate in agarose hydrogel in detail and understand
the observed differences between the mathematical model for the diffusion couple (Equation (1)) and
the obtained experimental data (Figure 3), the diffusion of lignohumate from its solution into the
hydrogel was studied. As described above, the particle size distribution and the stability of molecular
organization are strongly influenced by the content of lignhohumate in its solution. The decrease in
its concentration is connected with the decrease in the colloidal stability and increase in the average
diameter and polydispersity. On the other hand, the decrease in lignohumate content in the solution
caused by its diffusion into the hydrogel is connected with the depletion of smaller particles and
re-arrangement of the supramolecular structure of lignohumate. As we can see in Figure 7, the E4/E¢
ratio decreases with the continuing diffusion, which indicates the increase in the particle diameter.
The increase in particle size is connected with a faster mobility of smaller particles and their diffusion
into the hydrogel as well as the re-organization of the supramolecular structure of lignohumate.
In contrast, the E4/E¢ ratio in the vicinity of the interface in hydrogel has a maximum. This means that
the first layer in the hydrogel is gradually saturated by smaller particles from the solution and these
particles can leave it and diffuse into more distant layers of the hydrogel. It seems that particles of
lignohumate in the hydrogel are bigger than its particles dissolved in solution (mainly at the start of
the experiment). It is impossible to determine a particular size on the basis of the value of E4/Eg ratio.
This ratio should be considered as an indicator of the changes in particle size, and therefore it can indicate
such processes as the formation of aggregates and disintegration of bigger agglomerates. It is necessary
to take into consideration many factors and circumstances. One of these is the fact that it is difficult to
compare particle size in different mediums—in solution and in hydrogel. The absorbance (used for
the calculation of E4/Eg ratio) must be corrected according to the effect that the absorbance of pure
medium has subtracted from that measured for lignhohumate in a given medium at a given wavelength.
Our previous results [14,25] show that the addition of humic substances into agarose hydrogels can
affect their behavior mainly from the point of view of its rheological properties. The hydrogels enriched
by humic substances were more liquid in comparison with the pure agarose hydrogel and had a lower
ability to resist mechanical stresses. Therefore, the background correction by means of the absorbance
of pure agarose hydrogel can shift the values of E4/E ratio at the interface between different mediums.

65 7
x
P !
6.4 X X .
6 X x
,L t
6.3 | X
—_— —_—~ X X
o X = 54
62 il
x
4
6.1 -
6 . . . 3 . ’ .
0 50 100 150 200 0 50 100 150 200
time (h) time (h)

(@) (b)

Figure 7. E,/Eg ratio of lignuhumate in its solution during its diffusion into the hydrogel (a);
time development of E4/E¢ ratio of lignohumate in the hydrogel at a distance of 0.5 mm from the
interface (b).

On the other hand, the behavior of lignohumate in different mediums can differ. Although the
size of pores is sufficiently large in the comparison with lignohumate particles [36], the environs of
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lignohumate can influence its molecular organization. The secondary structure of lignohumate is thus
sensitive to its concentration and the medium in which it is located. The particle size distribution and
the E4/E¢ ratio can change with the position in hydrogel as a result of proceeding diffusion, different
mobilities of particles, their content in a given locality, etc. Therefore, the supramolecular structure of
lignohumate can react sensitively on actual changes in the lignohumate arrangement and surrounding
medium, which can affect their mobility and permeability into different materials. As mentioned above,
the lignohumate is frequently used in agricultural and horticultural applications. Nowadays, foliar
applications of fertilizers and bio-stimulants complement standard root fertilization [8,43]. Diffusion
processes play an important role in both methods of fertilization because the application of fertilizers
is connected with the penetration into plant organs such as leaves and roots. The supramolecular
structure of lignohumate and its ability regarding structural re-arrangement thus can influence its
mobility and permeability into plants.

3. Materials and Methods

3.1. Chemicals

Agarose (AG; routine use class; CAS 9012-36-6) was purchased from Sigma-Aldrich (St. Luis,
MO, USA). Lignohumate A was kindly provided by Amagro (Prague, Czech Republic). It represents
a commercial mixture of humates and fulvates prepared by thermal conversion of technical
lignosulfonates under strictly controlled conditions [1,2,44]. Its main characteristics, such as elemental
composition and structural features, can be found in refs. [1,8,24].

The particle size distribution and zeta potential of lignohumate in water (0.005-10 g-dm™3)
were measured by means of a Zetasizer Nano ZS with backscattering detection (Malvern Instruments Ltd.,
Worcestershire, UK) The diameter of particles was calculated by means of the Z-average function (based on
the Stokes-Einstein equation, assuming particles to be spherical) [29,40,45,46].

3.2. Preparation of Hydrogels

The method of preparation of hydrogels was described in detail in our previous studies [8,14,25,36].
The preparation of hydrogels was based on the thermo-reversible gelation of AG aqueous solution.
AG was dissolved in deionized water or in an aqueous solution of lignohumate, then heated (80 °C)
and stirred to obtain a transparent solution, and finally sonicated to remove gases. Afterwards, the
solution was poured into the PMMA spectrophotometric cuvette (inner dimensions: 10 X 10 X 45 mm).
The donor hydrogel for diffusion couple was prepared from 1% wt. AG solution containing 0.1% wt.
of lignohumate. The acceptor hydrogel was prepared using 1% wt. AG solution (free of lignohumate).
The pure agarose hydrogel prepared in the same way as the acceptor one was also used for the diffusion
experiments monitoring the transport of lignohumate from its aqueous solution (0.1% wt.).

The size of pores in agarose hydrogel was determined by the spectrophotometric method published
by Aymard et al. [35]. The average diameter of pores was determined as 0.36 um [36].

3.3. Diffusion Experiments

Two types of diffusion experiments were realized. The first one was the diffusion of lignohumate
in the diffusion couple formed by the donor and acceptor hydrogels, while the second one was the
diffusion of lignohumate from its solution into the hydrogel.

3.3.1. Diffusion Couple

The diffusion couple was realized by connecting two cuvettes filled by agarose hydrogels, as
described in ref. [8]. The donor hydrogel contained homogeneously dispersed lignohumate (0.1% wt.),
and the acceptor hydrogel was prepared as a pure one without lignohumate. During the diffusion
experiments, all the diffusion couples were placed in a closed container above water level (in order to
maintain constant humidity of the surroundings). Experimental conditions (relative humidity 100%,
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temperature 25 °C) were held constant during the whole experimental period. The diffusion from the
donor into the acceptor part of couple was monitored in time. The concentration profiles of lignohumate
in both hydrogels were determined by means of UV/VIS spectrometry (Varian Cary 50 UV/VIS
spectrophotometer, Agilent Technologies Inc., Santa Clara, CA, USA). The spectra were measured at
various distances from the interface by means of the spectrophotometer equipped with the special
accessory providing controlled fine vertical movement of the cuvette in the spectrophotometer [8,25,47].
The collected spectra (at different positions in hydrogels) were used for the calculation of the
concentration profiles of lignohumate in the diffusion couple. The diffusion fluxes were determined as
the amount of lignohumate transported from the donor hydrogel into the acceptor hydrogel through
the interface (per unit of area). These diffusion experiments were performed with ten repetitions and
data are presented as average values with standard deviation bars.

3.3.2. Diffusion from Solution into Hydrogel

The diffusion from the lignohumate solutions into the pure agarose hydrogel was realized by the
following experimental arrangement. Ten cuvettes with agarose hydrogels (without lignohumate)
were placed into five vessels filled by the solution of lignohumate (two cuvettes in 100 cm3). The initial
concentration of lignohumate in solution was 0.1% wt. The solutions in vessels were stirred continuously
(250 rpm). The decrease in the concentration of lignohumate in the solution was measured over time by
means of UV/VIS spectrometer Hitachi U3900H (Hitachi, Tokyo, Japan). The concentration profiles in
hydrogels were determined by the same method as in the case of the diffusion couple (described above).
All experiments were performed at laboratory temperature (25 °C). Data are presented as average
values with standard deviation bars.

4. Conclusions

In this study, the diffusion properties of lignohumate were studied in relation to its supramolecular
character. The lignohumate, similarly to natural humic substances, contains particles with different
sizes and shapes influencing their mobility and permeability into different materials. Since smaller
particles are faster than bigger ones, their distribution in hydrogels changes with the distance from
interface as well as with time of diffusion. The change in particle size distribution can result in the
re-arrangement of secondary structure of lignohumate. The accumulation of bigger humic particles
was observed in the donor hydrogel of diffusion couple, in spite of the fact that measured particle
sizes were sufficiently small in comparison with pore sizes in the hydrogel. The re-arrangement of
the lignohumate secondary structure as a result of the depletion of small particles can support the
aggregation of lignohumate connected with the loss of its mobility. This phenomenon can affect the
penetration of lignohumate into plant organs in its use for agricultural and horticultural purposes,
its potential sedimentation, and in the decrease in active sites accessible for other substances in natural
systems. In contrast, the destruction of weak bonds in the supramolecular structure of lignohumate
can result in the formation of smaller particles with higher mobility. New bonds between particles
can form and others are destroyed. The supramolecular structure changes are thus dependent on the
amount and size distribution of lignohumate, its distance from the interface, and time. Our results
show that the supramolecular structure of lignohumate can react sensitively on actual changes in its
environs and thus affect their mobility and permeability into the hydrogel.
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V soucasnosti se do popredi védeckého zajmu stale vice dostava vyuZziti odpadniho
produktu lignosulfonanu, ktery je druhotnym produktem priimyslového zpracovani
dievni hmoty. NejcCastéji se s timto odpadnim produktem miliZeme setkat pri sulfitovém
zpracovani buniciny, kde tento polyelektrolyt vznika v tzv. procesu de-lignifikace surové
bunic¢iny, jehoZ primarnim prekurzorem je biopolymerni sloucenina tj. lignin.
Odstranéni makromolekul ligninu ze surové buniciny spociva v hydrolytickém Stépeni
etherovych vazeb mezi jednotlivymi stavebnimi jednotkami tohoto pomérné stabilniho
biopolymeru.

Tento odpadni produkt naSel své uplatnéni jako vychozi surovina pfi vyrobé
lignohumdtii (LH), které jsou priimyslovymi analogy ptirodnich HL. Tyto antropogenni
organické slouceniny jsou nejcastéji pouzivany jako prirodni biostimulanty v odvétvich
rostlinné a zivocisné vyroby. V kratkosti mlizeme fici, Ze tyto biopolymerni slouceniny
maji pomérné Siroké spektrum vyuziti, at' uz mame na mysli zemédélské, primyslové ci
veterinarni aplikace. V odvétvich rostlinné vyroby a zemédélstvi nasly tyto slouceniny
uplatnéni zejména pro svoje unikatni fyzikalné-chemické a biostimulac¢ni vlastnosti: (i)
vyznamné snizuji vyluhovani dusiku do ptidniho roztoku, ¢imz zlepsuji bilanci tohoto
prvku v pidnim ekosystému; (ii) jsou schopny sniZovat ekologické dopady pesticidi
a dalsich xenobiotik; (iii) piiznivé ovliviiuji bazalni respiraci plidy a biologickou aktivitu
ptidnich mikroorganism.

JelikoZ pri samotném procesu de-lignifikace je makromolekula ligninu degradovana
na velikostné a strukturné jednodussi stavebni kameny, tak se da predpokladat, Ze mezi
jednotlivymi komponenty se budou vyznamné uplatnovat slabé vazebné interakce,
stejné tak, jak je tomu v pripadé supramolekuldrniho pojeti struktury ptirodnich HL. Jak
jiz bylo zminéno v hlavni Casti této habilitac¢ni prace, tak supramolekularni struktura je
vyhradné stabilizovdna hydrofobnimi interakcemi anescetnymi pocty vodikovych
vazeb, 1épe receno mistkd. Pokud bychom méli zminit hlavni diference, kterymi se
odlisuji ty antropogenni ,HL“ od téch prirodnich, tak se zejména jednd o obsah
sulfonovych skupin, které se v prirodnich HL a DOM prakticky nevyskytuji, a pokud ano,
tak jsou indikatory sekundarni oxidace ptrirodnich matric tzn. nejsou charakteristickymi
funkénimi skupinami vznikajicimi v procesu geneze téchto biokoloidnich sloucenin.
V obecném pohledu miiZeme dale zminit, Ze lignohumaty ve svych strukturach obsahuji
vys$Si mnoZstvi kyslik obsahujicich funkcnich skupin, jako jsou hydroxylové, alkoxylové,
karbonylové, karboxylové aetherové skupiny. Nicméné je jasné, Ze vramci téchto
antropogennich sloucenin bude panovat ijista strukturni rozdilnost, ktera je prevazné
spjata s podminkami vyroby tzn. teplota, tlak, sloZeni atmosféry v reaktoru atd.
a v neposledni radé i s pivodnim druhem pouZité suroviny, jako je mékké a tvrdé dievo.

V odborné publikaci s ndzvem: ,How the Supramolecular Nature of Lignohumate
Affects Its Diffusion in Agarose Hydrogel® jsme se zabyvali studiem permeace
lignohumatu v agarézovych hydrogelech, jakoZ to vhodného modelového systému
hodiciho se k popisu transportu tohoto biostimulantu do rostlinnych organt, jako jsou
listy a koteny.

Nezbytnym krokem pro popis difuznich experimentti je faktické stanoveni difuzniho
koeficientu D, permeované slouceniny tj. lignohumatu v agar6zovém hydrogelu pomoci
tzv. difuznich pdri, které jsou tvoreny donornim a akceptorovym médiem. Pokud se obé



casti difuzniho paru povazuji za semi-nekonec¢na média, tak difuzni koeficient mize byt
vypocten dle druhého Fickova zakona:
1 x
Cxt = Ecoerfc NG (D
kde cx¢ je koncentrace lignohumatu v urcité vzdalenosti a case; Dy je efektivni difuzni
koeficient. Z matematického zapisu vyplyva, Ze koncentrace difundované sloZky na

s Y v S 7 Co
rozhrani (¢;) je Casové nezavisla a rovna 2 )

Celkovy difuzni tok me ktery prochazi rozhranim mezi darcovskym (donorovym)
a akceptorovym hydrogelem (x = 0) v Case t je definovan vztahem:

my = ¢y |—. (2)

Efektivni difuzni koeficient lignohumatu v agar6zovém hydrogelu byl vypocten na
zakladé rovnice (2) ajeho priimérnd hodnota byla stanovena na 1,46-10-10 m2-s-1,
Nasledné byla tato hodnota difuzniho koeficientu pouzita pro vypocet difuznich profilt
lignohumatu v ptipravenych hydrogelech.

Experimentalni data jasné dokladaji, Ze tento matematicky model je ve velmi dobré
shodé s faktickym priibéhem difuze realizovanym pomoci tzv. difuzniho pard. Nicméné
v této praci byly pozorovany pomérné zajimavé aspekty, které miizeme rozdélit do
nasledujicich bodi: (i) koncentrace lignohumatu donorového média v blizkosti rozhrani
byla vySsi neZ Y2co po prvnim dni difuze; (ii) po nékolika dnech probihajicim difuznim
experimentu se koncentrace lignohumatu na vnéjsi strané donorového média sniZila, ale
zarovenn byl pozorovan narlist koncentrace na vnitfni strané donorového média
(rozhrani difuzniho paru); (iii) srostoucim ¢asem difuze byly pozorovany skokové
zmény koncentraci lignohumatu. Jednou z moZnych mysSlenek, jak toto ponékud
anomalni chovani vysvétlit lze nalézt vtzv. filtratnim ucinku agarézy, jez je ve
skutec¢nosti dana priimérnymi hodnotami velikosti péra a Stokesova hydrodynamického
poloméru castic lignohumatu.

Na zakladé dynamického rozptylu svétla (DLS) byla stanovena hodnota polydisperzity
0,1 hm. % roztoku lignohumdatu ataké jeho primérnad hodnota {-potencidlu, ktera
poukazovala na pomérné vysokou stabilitu téchto disperznich castic (¢-potencial ~
-40 mV). Pomérné cennym vysledkem této studie bylo, Ze hodnoty absorpcniho
koeficientu Es/E¢ jsou dobrymi indikatory stfedni molekulové hmotnosti M,.
Interpretace distribuce velikosti ¢astic lignohumatu resp. HL je ponékud sloZzitéjsi, a to
zejména z divodu, Ze kdanému popisu lze pouzit nasledujici distribu¢ni funkce: (i)
intenzitni; (ii) objemovou a (iii) poCetni. Tuto interpretacni nevyhodu miizeme spatfit,
pokud srovname distribuc¢ni krivky intenzitni anebo objemové s krivkami pocetnimi,
které reflektuji fakticky pocet Castic urcitych velikosti. Jinymi slovy, distribu¢ni pocetni
krivka méla mono-modalni charakter, oproti ostatnim distribu¢nim ktivkam, které se
vyznacovaly tri-modalnim priibéhem. Tento eminentni rozdil je ve skute¢nosti zplisoben
tim, Ze velkych ¢astic zabirajicich velky objem bylo ve vzorku lignohumatu jen velmi
malo. AvSak v obecném pohledu na dosaZené vysledky muiZeme fici, Ze lignohumat
obsahuje vice frakci, jez se odliSuji zejména svoji pohyblivosti. Nicméné musime mit na
paméti, Ze kazdy studovany systém, at uz mame na mysli roztok lignohumatu ci



nativnich HL se vyznacuje specifickou koloidni stabilitou, ktera hraje velmi dileZitou
ulohu v jejich (supra)molekularni organizaci.

Hodnota absorpcniho koeficientu E4/Es se velmi citlivé méni s polohou v difuznim
paru, ato tak, Ze zvySeni koncentrace lignohumatu v donorové casti hydrogelu je
doprovazeno sniZenim tohoto Vis koeficientu. Ve skutecnosti to znamena, Ze vétsi frakce
lignohumatu se hromadily pred rozhranim difuzniho paru, a tudiZ mohly prochazet jen
s velkymi obtiZemi. Naproti tomu je vidét, Ze donorovy prostor efektivné opousti mensi
frakce lignohumatu, které difunduji pres rozhrani do prostoru akceptorové kyvety
(hodnoty absorpcniho koeficientu byly v tomto prostoru vyssi). Tyto zmény distribuce
velikosti Castic v donorovém aakceptorovém prostoru jasné dokladaji, Ze difuzni
procesy mohou vést k reorganizaci supramolekuldrni struktury. Jinymi slovy, v priibéhu
difuzniho procesu mohou vznikat azanikat slabé vazebné interakce, kterymi jsou
lignohumaty resp. HL formovany do tzv. supramolekuldrni struktury.

Abychom mohli podrobné porozumét mechanismu difuze lignohumatu, tak byla tato
studie doplnéna o dalsi experimenty spocivajici v difuzi této bioaktivni slouceniny
(roztok LH) do agar6zového hydrogelu. Vypoctené hodnoty absorpcniho koeficientu
E4/Es (zdrojovy roztok lignohumatu) v pribéhu difuzniho procesu Kklesaji, a proto se
miiZzeme domnivat, Ze v roztoku ziistavaji méné mobilni frakce LH, které se vyznacuji
vyssi stfedni molekulovou hmotnosti. Naproti tomu, mensi ¢astice velmi ochotné
difunduji do objemu agar6zového hydrogelu. Mimo jiné si nelze nepovSimnout, Ze
absorp¢ni koeficient v blizkosti rozhrani nabyva své maximalni hodnoty, coZ bychom
mohli interpretovat tak, Ze vrstva hydrogelu v blizkosti rozhrani je postupné nasycena
¢asticemi o niZ8i M,. Nicméné pokud porovname ziskané experimentalni data, a to jak ze
zdrojového roztoku, tak i z média akceptoru, 1ze pomérné jasné vidét, Ze difundované
frakce LH jsou v porovnani s donorovym médiem ponékud vétsi. Tento aspekt je
zejména zretelny v pocatku difuzniho experimentu tzn. 0-50 h. JelikoZ molekularni resp.
nadmolekularni organizace lignohumatu miize v riiznych prostredich probihat odliSné,
tak je zapotrebi se touto problematikou zabyvat i nadale. Na tomto misté si dovolim
uvést dalSi experimentdlni podminky, které si zaslouZi nasi zvySenou pozornost: (i)
koncentrace zdrojového roztoku LH a HL; (ii) velikost p6rd v objemu hydrogelu a s ni
spojena homogenita; (iii) hodnoty pH a iontové sily roztoku; (iv) molekularni organizace
téchto biokoloidnich sloucenin s ohledem na zvolené experimentalni podminky.
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Abstract: A sequential chemical extraction with a defined series of eluotropic organic solvents
with an increasing polarity (trichloromethane < ethyl acetate < acetone < acetonitrile < n-propanol
< methanol) was performed on peat-bog humic acid. Six organic fractions were obtained and
subjected to a physicochemical characterization utilizing methods of structural and compositional
analysis. Advanced spectroscopic techniques such as Attenuated Total Reflectance (ATR-FTIR), total
luminescence, and liquid-state '3C NMR spectrometry were combined with elemental analysis of
the organic fractions. In total, the procedure extracted about 57% (wt.) of the initial material; the
individual fractions amounted from 1.1% to 19.7%. As expected, the apolar solvents preferentially
released lipid-like components, while polar solvents provided organic fractions rich in oxygen-
containing polar groups with structural parameters closer to the original humic material. The fraction
extracted with acetonitrile shows distinct structural features with its lower aromaticity and high
content of protein-like structural motifs. The last two—alcohol extracted—fractions show the higher
content of carbohydrate residues and their specific (V-type) fluorescence suggests the presence of
plant pigment residues. The extraction procedure is suggested for further studies as a simple but
effective way to decrease the structural complexity of a humic material enabling its detail and more
conclusive compositional characterization.

Keywords: transitional peat-bog; Eutric Histosol; humic acid; organic fraction; sequential chem-
ical extraction; absorption parameters; FTIR; excitation-emission matrix; 13C NMR; aromaticity;
molecular weight

1. Introduction

Natural organic matter (by which only the non-living part should be understood here)
is an extremely complex pool of organic substances. Traditionally, its non-aqueous part was
and is studied after extraction by an alkaline agent from solid natural matrix-like soil, peat,
or coal. The alkaline extraction is criticized by some for its potential change in the structure
and composition of isolated matter [1] but this view is refuted by others [2] and this debate
remains still open [3]. Although there are attempts, increasing in number, to study the
natural organic matter directly in its natural environment, i.e., without extraction [4],
isolation of organics from natural matrix remains an important part of natural organic
matter research, which is motivated mainly by efforts to reduce the inevitable structural
complexity of the natural organic matter before subjecting it to the intended analyzes.

Besides alkaline extractants, various alternatives have been proposed and tested
which were believed to be gentler or more specific to a certain class of organic matter
constituents [5]. Hayes [5] overviewed solvent systems used for the isolation of organic
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components from soils. He states that, in contrast to the traditional mixture of aqueous
base and pyrophosphate, organic solvents are much less used, usually because of problems
with recovering solutes. As the important parameters of organic solvents, Hayes presents
the relative permittivity, the dipole moment, and the ability to make and break hydrogen
bonds. Parameters like the boiling point, density, or viscosity are said to be of minor
importance for the isolation but may be relevant in the recovery of the extracted solutes.
A useful concept for predicting solubility is the solubility parameter concept developed
mainly by Hildebrand et al. [6] and Hansen [7].

The aforementioned review [5] reports mainly on experience with the dissolution of
classically isolated humic acids (HAs) in various organic solvents. Nevertheless, there is
also a long history of work focused on the extraction or fractionation of organic matter
directly from its raw natural sources. Senesi et al. [8] were the first researchers to use
sequential extraction using organic solvents of increasing polarity to separate directly
from soil organic matter fractions and characterize them chemically and spectroscopically.
Independently on the source soil, chemical and structural properties of the extracted organic
fractions varied according to the progression of the solvent series, with some similarities
between the two successive extracts. Later on, Piccolo [9] extracted humic substances from
three soils with several dipolar aprotic solvents (dimethylsulfoxide, dimethylformamide,
acetone) applied in mixtures with dilute HCl. These mixtures were selected based on
a preceding study that found their highest extracting capacity among various organic
solvents. It is believed that the high dipole moment of the selected solvents permits
disruption of the intermolecular hydrogen bonding in a natural matrix and to separate
humic substances by the formation of strong hydrogen bonds with the solvent. The
presence of HCl should help to break the polyvalent salt bridges with the soil mineral
constituents and to keep humic substances in the protonated form which supports their
solubilization by hydrogen bonding. The used solvent mixtures revealed lower extracting
efficiency in comparison to the traditional alkaline extractants, but their extracts were of
higher purity. The extracts were less contaminated with silicate compounds, contained
a higher amount of organic carbon and oxygen-containing functional groups, and were
richer in aliphatic components [10].

Aside from the extraction studies using organic solvents, numerous efforts were made
also with fractionation procedures based on the traditional alkaline extraction process.
Li et al. [11] used the traditional alkaline extraction but in a repetitive way and obtained
eight humic fractions from the peat sample. The authors observed large variations in
molecular, chemical, and functional properties among these fractions. For example, the
O/C atomic decreased from the first to the last fraction as well as the contents of oxygen-
containing and aromatic functional groups. On contrary, the contents of aliphatic groups
increased in the same direction. The authors suggested the existence of two major subunits
in the extracted HAs. An aliphatic subunit is derived biogeochemically from lipid-rich
plant cell constituents and an aromatic subunit originating from lignin or plant tissue
materials. The aliphatic subunit is less soluble in alkaline solution whereas the aromatic
subunit is easily extracted due to its very good solubility in bases. The aliphatic subunit
should have a major impact on the binding of less or nonpolar pollutants because of its
relatively hydrophobic character. Each of the isolated fractions is then a specific mixture of
these two subunits. Furthermore, Olk [12] reported on basic fractionation of soil organic
matter into an unbound (mobile) fraction and a fraction bound to polyvalent cations. The
fractionation was performed during the standard alkali extraction by a specific ordering of
the extraction and acid-wash steps. The unbound fraction was found to cycle faster under
land use than the cation-bound fraction. Shirshova et al. [13] isolated five fractions of humic
substances from soil using three protocols. The protocols differed in the soil pre-treatment
with the benzene-methanol mixture and in the use of sulfonate or carboxylate resins as an
additional soil-pretreatment agent or as extractants. Resin-extracted materials were richer
in carboxylic and phenolic groups and exhibited a higher fluorescence emission maximum.



Agronomy 2021, 11, 587

30f19

Recently, an elaborate sequential extraction technique based also on organic liquids
was designed and called the humeomics approach [14]. Humeomics is based on the
supramolecular conception of humic substances [15] and designed as a sequential extrac-
tion procedure that releases constituents of humic supramolecular aggregate bound by
weak intermolecular forces and ester or ether linkages. During each fractionation step,
aqueous and organic fractions are obtained which are characterized for their structure by
advanced analytical techniques. The humeomics extraction was applied to humic sub-
stances previously isolated from soil by the standard alkaline extraction [14] as well as
directly on soil [16]. The authors report that the humeomics approach extracted about
2.35% higher yields of extracted soil organic carbon than the traditional alkaline extraction.

In this work, we applied an original sequential fractionation approach using organic
solvents of increasing polarity on peat HA and subjected the obtained organic fractions to
a complex physicochemical characterization utilizing methods of structural and composi-
tional analysis. Peat HA was selected as a representative of the commonly studied isolates
from natural organic matter. Fractionation according to the polarity of its constituents is
put forward as a logical, easy to implement but yet still underestimated tool for reducing
the structural complexity of an organic matter from various sources and of various origins.

2. Materials and Methods
2.1. Origin and Isolation of Humic Acids

The sample of peat used in this study was obtained from the peat-bog Branna
(48°5710.953” N; 14°48'20.587” E) located in the Trebon basin, South Bohemia, Czech
Republic. The transitional peat was classified to the FAO soil classification system as a
Eutric Histosol which corresponds to the Czech classification equivalent of an Organozem.
The peat soil was characterized by dark brown to black color, advanced decomposition of
original plant materials (i.e., sapric type of peatland), and bulk density of the homogenized
sample was determined to be approximately 0.47 g mL~!. A representative sample was
collected from the surface layer 0-30 cm. The peat was used after drying at 105 °C for 24 h
then let to equilibrate with ambient laboratory atmosphere at about 25 °C which resulted
in the final equilibrium moisture content of about 8.2% by weight. The ash content was
determined using a Q50 TG analyzer (TA Instruments, New Castel, DE, USA). The residual
weight at 1000 °C (i.e., ash content) was determined of 54.1% by weight.

The detailed information on the isolation procedure of humic acid (SBPHA) from the
peat sample is described in the Supplementary Materials (see Page S1).

2.2. Sequential Chemical Extraction

The as-extracted peat HA was subjected to the sequential chemical fractionation using
organic solvents of increasing polarities [17] in the following order: trichloromethane
(TCM), ethyl acetate (EAC), acetone (ACE), acetonitrile (ACN), 1-propanol (PRO), and
methanol (MET). The physicochemical properties of used organic solvents are shown in
the Supplementary Materials (see Table S1).

Briefly, HA was homogenized and 3500 mg was then inserted in a thimble, and Soxhlet
sequential extracted for 48-120 h. The organic fractions extracted from the peat HA were
concentrated using a rotary evaporator, and the yellow to dark brown extracts were dried
in a vacuum desiccator using anhydrous sodium sulfate as a drying medium. The solid
organic fractions will be referred to in the following text using the abbreviations of solvents
and a number indicating the order of the extraction step (i.e., from TCM1 to MET6).

2.3. Organic Fractions Analysis
2.3.1. Elemental Composition

Thermogravimetry of the extracted organic fractions was performed using a Q5000
TG analyzer (TA Instruments, New Castel, DE, USA). Approximately 5 mg of sample
was weighed into a platinum pan. During the analysis, the residual sample weight was
recorded continuously (with £0.1% mass accuracy) as the sample was heated at a heating
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rate of 10 °C min~! from ambient temperature to 1000 °C under air atmosphere. Moisture
content was determined from the relative weight loss at 105 °C, while the residual weight
at 1000 °C, was assigned to the ash content.

The relative content of organic elements in the solid organic fractions was determined
using an EA 3000 CHNS/O analyzer (Euro Vector, Pavia, Italy). Approximately 0.5-1.0 mg
of the sample was weighed in a tin capsule, the capsule was packed and combusted at
980 °C in the analyzer using oxygen as the combustion gas and helium as the carrier
gas. Calibration of the determination of relative contents of carbon (C), hydrogen (H),
nitrogen (N), and sulfur (S) from the obtained gas chromatograms were provided using
sulfanilamide as a reference standard sample. The relative oxygen content was calculated
from the residual combustible mass, and the data obtained were corrected for moisture and
ash content. The analysis was triplicated for each extracted fraction. The sulfur content was
under the limit of detection (0.5 wt.%) in all tested samples (SBPHA and organic fractions).

2.3.2. UV/Vis Spectrometry

The UV /Vis absorption spectra of alkaline aqueous solutions of the individual organic
fractions at a concentration of 10 mg L.~! were recorded on Hitachi U-3900H double beam
UV/Vis spectrometer (Hitachi, Tokyo, Japan) in the spectral range between 200 and 800 nm.
Standard phosphate buffer (0.1 M NaH;PO4, NayHPO,4) was used as a solvent of the
fractions as well as a blank solution.

2.3.3. ATR-FTIR Spectrometry

The Attenuated Total Reflectance (ATR-FTIR) technique was used for a deeper struc-
tural characterization of organic fractions. Fourier transform infrared (FTIR) spectra of the
fractions were recorded on Nicolet iS50 spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) using the Attenuated Total Reflectance (ATR) measuring technique (single-
reflection built-in diamond ATR crystal). All measurements were taken at 25 °C in the
spectral range 4000400 cm ™! at 4 cm ™! resolutions as an average of 256 scans. A back-
ground spectrum was collected from the clean dry surface of the ATR crystal in an ambient
atmosphere. Raw absorption infrared spectra with no artificial processing (such as baseline
or ATR corrections, atmospheric suppression) are presented and evaluated.

2.3.4. Fluorescence Spectrometry

For fluorescence analysis, organic fractions were dissolved at a concentration of
10 mg L~! of organic carbon in standard phosphate buffer (pH = 7). All spectra were
obtained by FluoroLog fluorescence spectrometer (Horiba Scientific, New Jersey, USA)
with a scan speed of 600 nm min~!, using excitation and emission slit bandwidths of 5 nm.
Excitation emission matrix (EEM) spectra were obtained by scanning the emission and
excitation wavelengths over the range 300-600 nm and 240-550 nm, respectively, with
the wavelength increment of 5 nm. The temperature of the sample cell was kept at 20 °C
during the measurement. The background EEM spectrum of ultra-pure water (Milli-Q)
was recorded and subtracted from the EEM spectra of the analyzed samples to eliminate
the spectral signs of 1st- and 2nd- order Raman scattering. Primary and secondary inner
filter effects were corrected according to the method proposed by Lakowicz [18]. For this
purpose, absorbance spectra of the analyzed samples were recorded on Hitachi U-3900H
UV /Vis spectrometer.

2.3.5. Liquid-state '3C NMR Spectroscopy

13C NMR spectra of the fractions were obtained using a liquid-state NMR technique
using a Bruker Avance 500 DRX NMR spectrometer (Bruker, Karlsruhe, Germany) with the
working frequency of 125.77 MHz. Organic fractions were dissolved at a concentration of
20 mg mL~! of organic carbon in 0.5 M NaOD. All liquid-state spectra were obtained with
the following settings of '3C NMR spectrometer: temperature 25 °C, number of scans 25 000,
excitation pulse 10.5 ps, acquisition time 0.52 s, spectral width 31 250 Hz pulse repetition
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delay 2.0 s and NMR-cell diameter 5 mm. The aromaticity f, of the organic fraction was
calculated from the 1>C NMR spectra as a ratio of the areas of two chemical-shift regions
I(106-165 ppm) /1(0-165 ppm) [19] by integrating their relevant intensities.

2.3.6. Statistical Analysis

The relationships between the spectroscopic properties and other physicochemical in-
dicators of organic fractions and peat HA were examined by principal component analysis
(PCA). The main goal of statistical data processing was to find similarities and dissimilari-
ties between the organic fractions and the original unfractionated peat HA. Origin 2019b
(OriginLab, Northampton, MA, USA) was used to process data for PCA and create a bi-plot
graph i.e., two-dimensional projection.

3. Results and Discussion
3.1. Yields, Ash Contents, and Elemental Analysis
The extraction yields, elemental composition, ash content, and atomic ratios (H/C,

O/C, and C/N) of individual organic fractions, sequentially extracted from peat HA, are
presented in Table 1, together with the relevant properties of the unfractionated HA.

Table 1. Extraction yields, ash contents, elemental compositions, and atomic ratios of organic fractions extracted from peat

humic acid (HA). Relevant parameters of compositional analysis for original HA (SBPHA) are included for comparison.

Yield

Ash C H N (0]

H/C o/C N/C
(wt.%) 1 (wt.%) 1 (at.%) 2

SBPHA - 0.7 3500+ 024 4984+016 1.12+0.09 14.03 1.42 0.40 0.032
TCM1 3.76 0.07£0.02 30.83+0.11 6710£032 0.15+£0.02 1.92 2.18 0.06 0.005

EAC2 1.10 1.81+0.09 3330£0.16 65.65+028 0.63+0.05 0.42 1.97 0.01 0.019

ACE3 13.00 034 +0.04 4378+020 3462+0.13 0.82£0.05 20.77 0.79 0.47 0.019

ACN4 7.83 410+0.08 30524034 49.87+0.19 3.30=+0.10 16.31 1.63 0.53 0.108
PRO5 19.74 083 £0.17 3722+021 4423+036 094 =£0.07 17.61 1.19 0.47 0.025

MET6 11.91 299 +0.12 34.62+037 46.18+0.22 143 +0.12 17.77 1.33 0.51 0.041

1

weight content calculated on a moisture-free basis. 2 atomic percentages calculated on a moisture-free and ash-free basis. Values of ash

content and elemental compositions are means £ SD (1 = 3).

The extraction yield of organic fractions ranged from 1.1% to 19.7% (relative to the
initial weight of the unfractionated HA) varying with the polarity of the organic agent
used. The highest extraction yields (13.0% and 19.7%, respectively) were obtained for
organic fractions extracted with acetone (ACE3) and 1-propanol (PRO5). In contrast, the
lowest yield of organic compounds (1.1%) was obtained in the case of the organic fraction
EAC2 extracted using ethyl acetate, which may be caused by the similar values of polarity
indices of the first two applied solvents (TCM and EAC). The enhanced release of organic
constituents from HA to more polar extractants is not surprising with respect to HAs” high
relative content of polar structural constituents rich in the oxygen-containing functional
groups (such as carboxylic, phenolic, and carbonyl groups). It should be noted that the
applied extraction procedure most likely releases only free organic compounds and/or
weakly bound molecules from the complex organic matrix as indicated by the significant
amount of an insoluble residuum in Soxhlet thimble after completion of the last extraction
step. The content of residual, not-extracted organic compounds in peat HA was 43%
(relative to the initial weight of unfractionated HA).

The organic elemental compositions of all obtained fractions are summarized in Table 1
in the form of an atomic percentage (calculated from the determined weight content based
on dry-ash free organic content). Generally, the carbon content increased unevenly with
increasing the polarity of the organic agent, while the hydrogen content decreased. The
highest atomic content of carbon (43.78%) was found for organic fraction extracted using
acetone (ACE3). Nitrogen represents a minor component of all obtained fractions and its
content ranged from 0.15% to 3.30%, deviating on both sides from the nitrogen content of
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the original HA (1.12%). As expected, non-polar organic fractions (i.e., TCM1 and EAC2)
were relatively poor in oxygen. In general, the elemental composition of these two fractions
was similar to that of lipid compounds extracted from various lignite and peat materials in
other studies [20,21].

Atomic ratios are often used as basic markers of the main structural character of the
analyzed material. For instance, H/C atomic ratio is considered an indicator of aliphaticity.
For the isolated peat HA fractions, the value of the H/C ratio varied within a range from
0.79 to 2.18. The highest values of this parameter were obtained for the first two fractions
(TCM1 and EAC2), which could be attributed to their prevailing aliphatic character and
content of compounds with long carbon chains such as fatty acids and their esters. In
contrast, the lower values of the H/C atomic ratio determined for the other samples
indicate the presence of organic compounds with a higher degree of aromaticity.

As another fundamental compositional marker, O/C atomic ratio reflects the amount
of oxygen-containing functional groups (e.g., carboxylic, phenolic, and carbonyl) in an
organic matter. For our organic fractions, the determined values of the O/C ratio covered a
broader range (0.06 to 0.53) than those reported in the literature [13]. In general, higher
values of the O/C atomic ratio in humic substances indicate a high relative content of oxy-
genated compounds such as aromatic carboxylic acids, phenols, and/or polar substituted
carboxylic compounds (e.g., amides). For the samples extracted using acetonitrile and
methanol (ACN4 and MET6), a combination of the highest determined O/C ratios with
relatively high H/C can be attributed to a presence of oxygen bonded alkyl groups, such as
alkyl ethers and esters originated from lignin and/or polysaccharides residues. The O/C
values of the most polar fractions are also in good agreement with the O/C ratio of the
unfractionated HA material (0.40).

Finally, N/C atomic ratio reflects the amount of nitrogen in organic fractions and is
commonly used as a proxy for the maturity of the organic material. Increasing N/C is
usually attributed to a decrease in C rates in the decomposition process and higher values
of the ratio are hence related to higher humified materials and vice-versa [22]. The N/C
ratio values vary significantly among the analyzed HA fractions, ranging from 0.005 to
0.108, while the original HA show an N/C ratio of 0.032. While the lowest content of
nitrogenous constituents was found for the fraction isolated with the most apolar solvent
(TCM1), the highest content of nitrogen was detected in the fractions ACN4 and MET6. As
far as these fractions were relatively rich also in oxygen, the nitrogen is likely introduced
in these fractions mainly in form of amide groups of the protein-like compounds. This
result is in good agreement with the FTIR spectrum (ACN4) listed in Figure 1. The van
Krevelen diagram of atomic H/C ratio versus atomic O/C ratio for the original HA and
organic fractions is provided in Figure S3 (Supplementary Materials).
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Figure 1. Attenuated Total Reflectance (ATR-FTIR) spectra of organic fractions extracted from peat
HA, (a) spectral range of 4000-400 cm~! and (b) spectral range of 900-400 cm~! for the visualization
of less intense absorption bands.

3.2. UV/Vis Spectrometry

No distinctive spectral features were observed in the measured UV /Vis spectra of all
tested samples. In other words, the curves of UV /Vis spectra were characterized without
visible local maxima and/or shoulders whereas their absorbance quasi-exponentially
increases with decreasing wavelength (not shown). The UV-spectral behavior of organic
fractions in this study was rather different from the behavior reported for organic extracts
isolated from commercial humic substances where absorption peaks and/or shoulders in
the 200-350 nm wavelengths range were reported [23].

All organic fractions obtained and analyzed in this study absorb significantly in the
ultraviolet region. Significant absorption in this part of the electromagnetic radiation
indicates that the vast majority of the types of chromophores include aromatic rings with
various degrees and types of substitution [24]. In the context of basic molecular structure,
these are compounds such as monosubstituted and polysubstituted phenolic substances
derived from lignin residues, tannins, hydroxyl- or polyhydroxy- coumarins, etc. and
various monoaromatic and/or polyaromatic acids [25]. Although UV /Vis spectra of hu-
mic substances, because of their characteristic featureless nature, might be considered of
limited usefulness for a detailed interpretation of the molecular structure, the number of
scientific studies have already illustrated that advanced analysis of these spectra, such as
determination and interpretation of specific absorption parameters, may contribute signifi-
cantly to understanding chemical structure and properties of complex organic compounds
(e.g., humic substances, dissolved organic matter) and that they may suitably complement
the information obtained using other analytical techniques such as potentiometric titra-
tion, light scattering methods, NMR, etc. [5,26,27]. Therefore, selected absorption ratios
(E2/E4 and Ept/Ep,) and SUVA54 parameters were used to characterize organic fractions
obtained in this study.

Well known and traditionally used E4/Eg ratio (the ratio of absorbance at 465 nm
to that 665 nm), which is also referred to as color coefficient Q4 [28], reflects the
degree of aromaticity and the average molecular weight of humic substances of different
origins [29-31]. Unfortunately, the absorption in the 550-700 nm wavelength region of



Agronomy 2021, 11, 587

8 of 19

the fractions studied was too low to allow calculation of the E4/Eq ratio, thus the E, /E4
ratio (the ratio of absorbance at 265 nm to that 465 nm) was used in analyzing the fractions,
as it is consistent with the E4/Eg [32]. As can be seen in Table 2, the E, /E,4 ratio values
ranged from 7.18 to 12.00 and followed a downward trend with increasing polarity of the
organic solvent. Furthermore, E;/E,4 ratios likely indicate that high-molecular fractions
(i.e., humic-like compounds) were extracted only with the most polar solvents (from ACN4
to MET6). Concerning the lowest E; /E, ratio determined for the unfractionated HA (5.53),
it could be deduced that all the organic solvents preferentially extract less aromatic organic
constituents with a lower molecular weight. Nevertheless, as far as the value of E;/Ey
ratio is increased also by the specific absorption of -C=0 groups [33], it cannot be used as
a reasonable marker of aromaticity and molecular weight among organic materials with
widely differing content of oxygen-containing groups.

Table 2. Parameters calculated from UV /Vis and FTIR spectra.

UV/Vis Ratios uv FTIR Intensity Ratios
Parameter
Egt/EB; Ey/Ey SUVAys54 ! IndIcoon®  Icmo/Icms®
SBPHA 0.74 + 0.06 5.53 +0.12 5.68 1.26 1.06
TCM1 0.51 +0.02 11.87 £ 0.15 0.24 0.22 1.81
EAC2 0.70 4+ 0.02 12.00 £ 0.06 0.66 0.34 1.87
ACE3 0.74 £ 0.01 9.77 £ 0.11 5.89 0.80 1.11
ACN4 0.66 + 0.00 9.53 +0.10 2.03 1.44 1.11
PRO5 0.74 + 0.04 7.64 +0.14 6.40 1.06 0.98
MET6 0.83 +0.02 7.18 +£0.22 5.79 1.21 1.04

Values of UV /Vis ratios are means + SD (1 = 3). ! calculated as absorbance at 254 nm divided by the concentration
of total dissolved organic carbon in the solution (in mg L~1). 2 FTIR ratio calculated as the ratio of intensity at
1610 cm ™! to an intensity at 1710 cm~!. 3 FTIR ratio calculated as the ratio of intensity at 2920 cm~! to an intensity
at2965 cm™ L.

Therefore, we calculated also the SUVA54 parameter (the ratio of absorbance at 254 nm
to total organic carbon) which was found to positively correlate with the aromaticity and
molecular weight of humic substances without the interference of the carbonyl content [32].
In our study, the values of the SUVA54 ranged from 0.24 to 6.40 (see Table 2) and followed
an upward trend with increasing polarity of the organic solvent, except for the fraction
ACN4. These results agree with E; /E, in that significantly lower aromaticity is indicated for
the organic fractions which were isolated in the first two steps of the extraction procedure.
On the other hand, the organic fractions extracted with the acetone and alcohol solvents
(ACE3, PRO5, and MET6) show SUVA»s54 values close to that of the SBPHA (5.68) indicated
a similar degree of aromaticity and molecular weight as the source HA. Interestingly, a
significantly lower SUVA;s54 value of ACN4 fraction indicates lower aromaticity of this
fraction, not revealed by E;/E4. In this perspective, SUVA;s54 seems to be a more suitable
proxy for the determination of aromaticity of the obtained organic fractions.

The Egr/Ep, ratio (the ratio of absorbance at 253 nm to that 220 nm) is higher for
compounds in which the aromatic structural units are predominantly substituted with
oxygen-containing functional groups (e.g., hydroxyl, carbonyl, ester, and especially car-
boxyl groups), whereas lower values are associated with aliphatic substituents [24,34].
For the studied organic fractions, the Egr/Ep, ratio values ranged from 0.51 to 0.83 (see
Table 2). Fractions isolated between the second and the fifth extraction step show Egr/Ep,
values close to that of the unfractionated HA (0.74) indicating a similar type of substituents
on the aromatic structures as distributed in the original peat HA. On the other hand, the
organic fractions extracted with the least polar (TCM1) and the most polar (MET6) solvent,
show Egt/Ep, values indicating considerably higher content of aliphatic (TCM1) and
oxygen-containing (MET6) substituents, respectively, as compared to the original HA.

The optical parameters used in this work or numerous others proposed in the litera-
ture [32-35] do not represent the only way of extracting structural information from UV /Vis
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spectra of humic substances and their constituents. For instance, second-order derivative
UV /Vis spectra provide enhanced spectral resolution [36] and may hence be useful in the
evaluation of weak and broad absorption bands such as the perylenequinone-type bands
appearing in Vis spectra of humic acids as a result of fungal activity contributing to the
humification process [37].

3.3. ATR-FTIR Spectrometry

The ATR-FTIR technique was chosen as it requires no mechanical pressing treatment
of the sample which is necessary for the KBr transmission technique and, therefore, less
opportunity is given for experimental artifacts such as pressure-induced deprotonation
and/or decarboxylation of acidic functional groups [38]. The ATR-FTIR spectra of organic
fractions are presented in Figure 1a,b. Interpretation of their absorption bands has been
carried out according to the literature data [8,39,40].

The spectra of all fractions show several common features but also relevant differences.
The first set of spectral attributes includes bands assigned to O-containing functional
groups: (a) The broad absorption band centered at about 3240 cm ™! corresponds to O-H
stretching of various functional groups (including the carboxylic), which are connected
with an intermolecular hydrogen-bond. This band is well pronounced in FTIR spectra
of all extracts except for the one extracted with the least polar solvent (TCM1) where the
absorption is markedly suppressed. (b) A sharp band with variable intensity located at
around 1710 cm ! is attributed to symmetric C=O stretching in carboxylic groups. This band
is common for all extracted fractions, whereby in the spectrum of TCM1 it is accompanied
also by the band at 1734 cm ! assigned carbonyl stretching in esters. The presence of the
protonated carboxylic groups is often manifested also by a broad shoulder centered at about
2660 cm ! resulting from the O-H stretching vibrations of the hydrogen-bonded dimers
of COOH [41]. This weak band/shoulder is recognizable in fractions EAC2, ACE3, PRO5,
and MET6, while it is reduced in the TCM1 and ACN4 fractions, where the formation of
hydrogen-bonded dimers of carboxylic acids is reduced by their partial conversion to esters
and carboxylates (see part (d) of this paragraph), respectively. (c) A characteristic band
at 1660 cm~! can be assigned to stretching C=O groups in secondary amides (amide I) of
the protein-like structures. This band is apparent only in the spectra of EAC2 and ACN4
samples. The assignment of this absorption band to amide groups is supported by the
presence of accompanying amide II bands (1570-1540 cm ') in deconvoluted spectra in the
overlapping region 1750-1500 cm ™! (see Figure S4 in Supplementary Materials) (d) The
deformation vibrations of carboxylate groups occur in the spectra as a weak band and /or
shoulder at around 1395 + 5 cm ! [42]. This absorption band is well-identified only in the
spectra of ACN4 and, considering the high relative ash content of this sample, it probably
represents the presence of metal chelates in this fraction. (e) A weak band or shoulder at
1420 cm ™! can be ascribed to C-O-H in-plane bending in carboxylic groups. This band is
easily recognized in the less polar fractions (TCM1, EAC2, and ACE3) while it is overlapped
with other oxygen-containing functional groups in the more polar ones (ACN4, PRO5, and
METS6). (f) Further differences among the isolated fractions concerning O-containing groups
can be deduced from the deeper evaluation of fingerprint regions 1300-1125 cm ™! and
1120-1050 cm~!. The first region (marked grey in Figure 1a) is characterized by a sharp
and intensive C-O stretching band at 1260 cm ! (aryl ethers) and relatively intensive bands
and/or shoulders at 1220 cm~! (C-O stretching and O-H bending of carboxylic groups,
C-O stretching in phenoxy structures and ethers) and 1175 cm~! (C-O stretching of phenols
and ethers). Unlike other samples, ACN4 did not contain the vibration at 1220 cm~ 1 asa
result of the lower content of protonated carboxyls. The latter fingerprint zone (marked
blue in Figure 1a) is characterized by two bands at 1120 cm~! and 1080 cm ™! corresponding
to the C-O-C vibration in alkyl ethers, and to the C-O stretching of secondary alcohols.
The first of these bands was found only in the ACN4 sample. The band at 1040 cm ! is
the most intensive in the spectra of organic fractions extracted by alcohols (PRO5, MET6)
due to the higher extracted amount of polysaccharide-like substances. The prominent band
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at 1016 cm ! which can be attributed to asymmetric C-C-O stretching in alkyl ethers [43]
is visible only in the spectrum of TCM1 and is accompanied by symmetric stretching
absorption at 867 cm ™.

The second set of spectral features that are in common for all the fractions refer to
their content of aliphatic molecular moieties. (a) The relative content of aliphatic chains is
evaluated primarily in the 3000-2800 cm ! spectral range. The presence of aliphatic groups
is revealed by the bands at 2920 cm ! and 2855 cm~! which are attributed to asymmetric
and symmetric C—H stretching in methylene groups, respectively. These bands are the most
dominant in TCM1 and EAC2 but are also relatively intense in ACN4 samples. Additional
bands at 2965 cm~! and 2880 cm~! were ascribed to asymmetric and symmetric C-H
stretching in methyl groups. These bands are well recognizable mainly in the spectrum of
the PRO5 sample, occurring as a weak band and/or shoulder in the rest of the samples.
(b) The deformation vibrations of the -CH,— and ~CHj groups at 1465 cm ™! and 1380 cm ™!,
respectively, only occur in the TCM1 and EAC2 spectra. (c) The presence of long carbon
chains with more than four atoms (e.g., in fatty acids) was revealed by the band at 720 cm !
which is ascribed to C-H in-plane bending of methylene groups. This band was found
only for TCM1 and EAC2 samples, which supports the expectations that the least polar
solvents would be the most efficient in the extraction of long-chain lipidic structures from
the complex matrix of HA.

The third set of spectral absorptions that can be attributed to aromatic structures
comprises: (a) the relatively intense symmetric ring stretching band occurring at 1610 cm ™1,
which was observed only as a very weak shoulder in the spectrum of TCM1 sample,
indicating low aromaticity of this fraction; (b) Another characteristic aromatic band is
located at 1511 cm ™!, due to the aromatic C=C stretching of lignin residues. While this band
is again apparently absent in the spectrum of TCM1, its relative intensity is comparable for
all other fractions; (c) Out-of-plane C-H deformation bands were found in the 870-750 cm™!
region. The position of these peaks is used as a specific marker of the type of substitution
of the aromatics, as far as it can distinguish aromatic structures with isolated hydrogens
with aromatic carbon (870 cm 1), two and/or three adjacent hydrogens per ring (845 cm ™!
and 800 cm™1), and four adjacent hydrogens (770 em ! and 750 em 1) [41,44]. Spectral
bands that can be assigned to two and more adjacent aromatic hydrogens are apparent in
the spectra of all fractions except for TCM1 (see Figure 1b), di-substituted aromatic rings
being prevailing in fractions ACE3 and MET6 while tri- and/or tetra-substituted aromatic
rings in EAC2, PRO5, and MET6. It should be noted that significant absorption in the
spectral region of 800 cm ™! to 750 cm ! can be found also for TCM1 fraction. Nevertheless,
the above discussed spectral evidence of low content of aromatics in the sample indicates
that this vibration should be assigned to some other structural motifs (out-of-plane C-H
bending in lactones, C—Cl stretching in residual solvent).

Aside from the qualitative information on the structure of the extracted fractions,
results of FTIR spectroscopy can also be used for semiquantitative analysis of the content of
the main structural groups. The degree of carboxylic content in humic substances is usually
represented by the I, /Icoon ratio (the ratio of the intensity at 1610 cm ™! to the intensity
at 1710 ecm™1) [44]. The value of this ratio (Table 2) is the lowest for the organic fraction
extracted by chloroform (TCM1). Nevertheless, the usability of this value for evaluating the
carboxylic content quantitatively is questionable for fractions with significantly reduced
aromaticity like it can be seen for TCM1 (note very weak absorption band at 1610 cm~* for
this fraction) and also for ACN4, where a significant portion of carboxyl groups occurs in
the form of carboxylates. Among the other fractions which all show significant absorption
bands both at 1710 cm~! and 1610 cm ™!, the I o, /Icoom ratio shows that the relative content
of COOH groups (normalized on the content of aromatics) decreases in the following order
of samples: EAC2 > ACE3 > PRO5 > MET6. Similarly, aliphatic structural moieties can be
evaluated in a semiquantitative way by the Icpp/Ichs ratio (the ratio of the intensity at
2920 cm ™! to the intensity at 2965 cm 1), which is used to estimate the length and degree
of branching of aliphatic chains. The intensity ratio (Table 2) shows that longer (which
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agrees with the presence of 720 cm ! band) and less branched aliphatic chains are obtained
in TCM1 and EAC2 samples compared with the other organic fractions.

3.4. Fluorescence Spectrometry

The EEM spectra and contour maps of the studied fractions are shown in Figure 2
(Rayleigh scattering peaks appear in the form of diagonal lines). In general, the shorter
emission wavelengths and greater fluorescence intensity measured in EEM spectra belong
to the fluorescence of simple aromatic structures and lower molecular weight organic
components, while a shift of the fluorescence maximum to higher wavelengths indicates the
presence of condensed aromatic structural units and electron-withdrawing substituents [45].
The emission maximum of organic compounds ranging from 340 to about 430 nm could be
associated with three- and /or four-ring aromatic structures, four or more aromatic rings per
structural unit of a fluorophore result in the light emission at longer wavelengths (i.e., from
400-500 nm). Furthermore, several authors observed in the EEM spectra of terrestrial HAs
unique fluorescence domains located at even longer excitation and emission wavelengths
in the visible spectral region [46—48], which are interpreted as fluorophores derived from
phytochlorin (chlorophyll degradation by-product). Contemporary classification of the
types of fluorophore domains in humic substances [49,50] is summarized in Table S2
(Supplementary Materials).
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Figure 2. Excitation—emission matrix (EEM) spectra of organic fractions extracted from peat HA.

Organic fractions, isolated and analyzed in this study, contain fluorophores typical
for fluorescence of caustobioliths (e.g., lignite, leonardite, and peat) and soil humic sub-
stances [51-53]. The excitation-emission wavelength pairs (EEWP) of the main peaks in
the EEM spectra, their fluorescence intensity values, and assignments to the specific fluo-
rophore classes are provided in Table 3. It can be seen that, except for the TCM1 fraction,
excitation-emission characteristics of the primary fluorescence maxima of all other fractions
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(250-265/415-505 nm) corresponds to the “A”—domain fluorophores typical for fulvic
acids and dissolved organic matter (DOM). It means that isolated fluorophores excited in
the UVC region are the main contributors to the fluorescence of all these fractions (from
EAC2 to MET6). On the other hand, the fluorescence maximum of the fraction isolated with
the least polar solvent (TCM1) lie within the “B” region which is most often assigned to the
fluorescence of tyrosine in protein-like structures contained in the organic matter [54,55].
However, because no significant content of protein residues was revealed in the TCM1
fraction by the elemental and FTIR analyses, it is more likely that the blue shift of the
emission maximum is caused rather by lower molecular weight and electron detaining
ester substituents [56].

Table 3. Positions of excitation-emission wavelength pairs for fluorescence domains and values of fluorescence intensities

for organic fractions and original peat HA.

Fluorescence Peak Region

A C \Y% B H
Ex/Em Ig (CPS) Ex/Em Ig (CPS) Ex/Em Ig (CPS) Ex/Em Ig (CPS) Ex/Em Ig (CPS)
(nm) 1 (nm) 1 (nm) 1 (nm) 1 (nm) 1

SBPHA 255/495 1.77

TCM1 270/305 6.86 255/355 3.23
EAC22 250/415 4.36 270/305 0.99

ACE3 255/465 4.22

ACN4 255/445 4.49 300/435 2.74 270/315 0.98

PRO5 265/500 2.76 445/530 0.80

MET6 260/505 2.57 435/525 0.72 250/300 0.99

1 Tg x 10° CPS (counts per second) of fluorescence peaks. 2 The C domain (humic-like) was observed in the EEM spectrum of the EAC2
sample as less pronounce shoulder.

Furthermore, from a detailed evaluation of the EEM spectra, secondary fluorescence
maxima representing other types of fluorophores contained in the structure of isolated
fractions can also be revealed (see the spectral cut-outs presented in Figure S5 in Supple-
mentary Materials). As can be seen in Table 3, B-type fluorophores were determined in
the EEM spectra of EAC2 and ACN4 fractions. One of the possible assignments of this
fluorescence peak is represented by tyrosine-like fluorophores, which is also to some extent
supported by results of elemental analysis (higher relative content of N) and FTIR (presence
of characteristic amide I band) indicating a presence of protein residues. Tyrosine-like
fluorophores were also recently found in DOM fractions isolated from the tropical peat-
lands [57]. Nevertheless, direct identification of these particular structural moieties in these
fractions is beyond the resolving power of the methods used in this study and should be
resolved in future work.

For the first (TCM1) and the last (MET6) extracted fractions, an additional fluores-
cence maximum was found with the EEWP in the range 250-255/300-355 nm. This
emission is often assigned to the soluble microbial by-product-like compounds [58,59].
Doskocil et al. [21] in their work, focused on EEM spectra of lipids isolated from vari-
ous coal basins, has introduced the term “peak H” attributed to fluorescence band if its
maximum is situated in the UVA region with an excitation wavelength at about 250 nm.
No structural model of fluorophore H has yet been proposed. Nevertheless, this signal
can in general be attributed to simple aromatic structures (without condensed rings) with
electron-donating substituents, such as the alkyl or methoxyl groups identified in TCM1
and MET®6, respectively, by the other techniques.

Humic-like fluorophores referred to as the C-domain fluorophores (300-380/400-500 nm)
are also typical for humic substances and DOM originating from peats, soils, and natural
waters [60]. Fluorescence in this spectral domain reveals as a well-distinguished peak for
ACN4, while it forms a less pronounced shoulder on the primary fluorescence peak in
the spectrum of EAC2. Cao and Jiang observed this type of fluorescence in EEM spectra
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of low molecular weight fractions of humic acids from bulk Leonardite HA [61]. Some
authors [52,62] have suggested that the humic-like fluorophore can be attributed to the
presence of phenolic acid derivatives and other substituted phenolic units originating
from lignin, hydroxycoumarin-like, and /or quinone-like structures which originated from
degraded terrestrial biomaterials such as plant tissue. Furthermore, McKnight et al. [63]
reported in a study on spectrofluorometric characterization of DOM that the C may be
interpreted such as domains from the autochthonous microbial process. We hence conclude
that the C-domain fluorescence in the analyzed organic fractions is probably related to
autonomous low-molecular fluorophores formed by aromatic systems highly substituted
with reactive functional groups, especially -COOH substituents.

In the EEM spectra of the two fractions extracted with alcohols (PRO5 and MET6),
fluorescence maxima having excitation wavelengths greater than 400 nm were also found.
Fluorescence peaks in this spectral region are referred to as V and/or « [53,62] and usually
occur in lignite, peat, and humus-rich soils. In general, for the fluorescence maxima
with an emission wavelength greater than 470 nm it is suggested that the fluorescence
originates from a transition of electronic charge from one region of a molecular species
to another and/or from one molecular species to another rather than from independent
fluorophores [64]. For PRO5 and MET6 fraction, the fluorescence peaks located in the
V region thus probably reflect a presence of high-molecular fluorophores (e.g., linearly
condensed networks of aromatic rings) substituted with electron-withdrawing functional
groups. This is in good agreement with the results of UV/Vis (see the high values of
SUVAjs54 and Egt/Epz and their discussion in Section 3.2) and with the high content
of carboxylic groups confirmed by FTIR and NMR. The V-region fluorescence was not
apparent in the EEM matrix of original HA used in this study (see Figure S2), nevertheless,
as it was previously observed for another HAs isolated from a similar natural source [65],
it may be suggested that the structural moieties responsible for fluorescence of peat HAs in
the V region are preferentially extracted into the polar alcoholic fractions.

3.5. Liquid-State 3 C NMR Spectrometry

As the last part of the spectrometric study, the 3C NMR spectra of the isolated
organic fractions (see Figure S6 in the Supplementary Materials) were measured in the
liquid state. EAC2 and ACN4 fractions were not analyzed by this technique because of
their too low extraction yields. Relative distribution of individual carbon types typical
for the natural organic matter was obtained from the integration of the raw spectra in
the corresponding regions of resonance: alkyl carbon (0-45 ppm), carbohydrates and/or
peptides (45-106 ppm); aromatic carbon (106-145 ppm), phenolic carbon (145-165 ppm),
carboxylic carbon (165-190 ppm) and carbonyl carbon (190-220 ppm) [19,66]. The results
of the integration are provided in Table 4.

Table 4. Average distribution of individual carbon types and calculated aromaticity index (fa,) for the studied organic

fractions from the liquid-state '>*C NMR spectra.

Organic

Average Distribution of Individual Carbon Types (%)

. fa?
Fractions 0-45 ppm 45-106 ppm  106-145 ppm  145-165 ppm  165-190 ppm  190-220 ppm
TCM1 78 8 8 2 3 1 0.10
ACE3 23 19 36 11 9 2 0.53
PRO5 24 22 33 9 10 2 0.48
MET6 16 30 31 8 13 2 0.46

1 Aromaticity index calculated as the ratio of the intensity at 106-165 ppm to the intensity at 0-165 ppm.

As expected, the relative content of alkyl carbon, manifested in the spectra as methyl
groups (20-22 ppm) and/or methylene groups (27, 31, and 40 ppm), varies within a broad
range among the analyzed fractions, being the highest (78%) for the fraction extracted by the
least polar solvent (TCM1). The opposite was found for the relative content of hydrophilic
components such as polysaccharide residues and protein-like compounds (relative area
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in 45-106 ppm) which was lowest for the TCM1 fraction while the highest for the most
polar solvent used (MET6). Detailed analysis of the region of O-alkyl and peptide carbon
resonances reveals the presence of quaternary carbons, methine groups (lignin, cellulose,
and/or hemicellulose residues), and x-carbons (amino acids and/or polysaccharides). A
common feature for all analyzed fractions is the signal at 56 ppm which may be attributed
to methoxyl or amide groups [11]. Bearing in mind quite low overall N content, it can be
expected that the signal most likely originates from the methoxyl groups in lignin and
suberin residues. Another signal at about 63 ppm, preferentially ascribed to oxygen bonded
methylene groups, was found only in the spectra of the alcoholic extract (PRO5 and MET®6).

The region of chemical shifts between 106 and 165 ppm reflects the content and
structural composition of aromatic components. The relative integrated area in this region
is, again, the lowest (10%) for the least polar fraction TMC1 while its value is comparable
(39—47%) for other analyzed fractions. The aromaticity index f, (i.e., the ratio of the
integrated areas in 106-165 ppm and 0-165 ppm, respectively) is usually used as a more
accurate quantitative parameter expressing sample aromaticity. As can be seen in Table 4,
also this parameter confirms comparable aromaticity of all but the first extracted fraction.
From the qualitative point of view, spectra of all these fractions with higher aromaticity
(ACE3, PRO5, and MET6) include signals typical for lignin residues [67]: (a) A sharp and
intensive signal at 115 ppm corresponds to coniferyl alcohol and the intensive signal at
about 130 ppm to 4-hydroxycinnamyl alcohol. (b) The presence of sinapyl and coniferyl
units is further revealed by the signals at 145 and 148 ppm, which are attributed to Ar-O-R
and Ar-O-CHj structural moieties [68]. (c) Phenolic groups are manifested by a distinctive
signal at 150 ppm [69].

The presence of carboxylic groups in the structure of the fraction is manifested in the
13C NMR spectra by two bands in the range of chemical shifts 172-175 ppm. The relative
signal of carbon in carboxylic groups increased gradually with increasing polarity of the
extraction agent (in the range of 3-13%). Finally, the relative integrated area in the range of
chemical shifts characteristic for carbonyl carbon (190-220 ppm) was comparably low for
all the analyzed fractions.

3.6. Statistical Analysis

The specific structural and compositional parameters provided by the individual
physicochemical and spectroscopic assays were further subjected to statistical analysis
using the principal component analysis (PCA) method. The dimension of the 13 input
variables was reduced by PCA into two principal components with eigenvalues higher than
one. These two principal components composed 88.0% of the variability of the original data
set, of which 61.1% falls on the first (PC1) and 26.9% on the second principal component
(PC2), respectively. Visual representation of the results of PCA is provided in form of a
two-dimensional factor plane of principal components PC1 and PC2 in Figure 3.

It is observed from the bi-plot that O/C atomic ratio had the highest positive load-
ing on PC1 while the opposite trend was observed for relative hydrogen content and
ICH,/ICHj; ratio. In the left-side quadrants of the loading bi-plot, there are projected
parameters that indicate the presence of aliphatic structures with long carbon chains poor
in O- and/or N-containing functional groups. On the other hand, on the right side of
the loading bi-plot can be found projections of parameters that reflect the presence of
heteroatom elements as well as the aromaticity of the sample.

The PCA bi-plot in Figure 3 shows that the PC1 component provides the clear separa-
tion of the non-polar organic fractions (samples TCM1 and EAC2, designed as Group I in
Figure 3) from the other organic fractions and also from the original peat HA (samples ACE3
to MET6, and SBPHA, designed as Group II). Evidently, the group I fractions can be charac-
terized by structural markers of aliphatic substances, whereas group II gathers structural
and compositional parameters of the typical building-blocks for the humic substances.
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Figure 3. Projection of characterized organic fractions and original peat HA using PCA.

The second principal component (PC2) provides further separation of the polar organic
fractions mainly according to their elemental composition. It can be seen that polar organic
fractions PRO5 and MET6 are projected near to zero value of PC2 forming a cluster with the
original humic material (SBPHA). On the other hand, the fraction extracted with acetonitrile
(ACN4) is separated from the others due to its higher ash (wt. %) and nitrogen (at. %)
content. This is in good agreement with the conclusion that this fraction is distinctive
with its high content of polypeptide-like structures such as tyrosine-like structures and/or
microbial activity by-products.

4. Conclusions

The results of our work support the current view that humic acids still represent
a complex mixture of separable fractions with specific structural and physicochemical
properties. For the analyzed peat-bog humic acid, it was confirmed that the individual
fractions, isolated by the proposed polarity-resolved fractionation technique, are mutually
different concerning their origin, molecular weight, aromaticity, and the content and
composition of heteroatomic functional groups. In particular, the fractions extracted
with the most apolar solvents (trichloromethane and ethyl acetate), as expected, show
the structural features characteristic for basically lipidic compounds (low aromaticity,
low oxygen, and nitrogen content, high CHj,/CHj ratio), while the other fractions are in
general more aromatic and richer in polar (mainly oxygen-containing) groups. Interestingly,
among these more polar fractions, the fraction extracted with acetonitrile stands at a unique
position with its surprisingly lower aromaticity and higher content of protein-like structural
motifs. Furthermore, the last two-alcohol extracted-fractions (PRO5 and MET6) also show
some mutual structural features, mainly the higher content of carbohydrate residues (as
confirmed by FTIR and NMR) and content of specific (V-type) fluorophores which are often
associated with plant pigments residues in humic acids.

The experimental study presented in this paper hence represents a pilot demonstration
of a simple but useful approach to a structural analysis of complex heterogeneous organic
matrices such as humic substances. Nevertheless, a systematic follow-up study is still
needed to evaluate the general usability and overall benefit of this experimental approach.
In this pilot study, we used only one HA sample, which represents the single type of organic
material that originated from a particular soil system with specific humification conditions.
Therefore, to be able to critically evaluate experimental limitations of the approach and
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to obtain structural information that could be generalized to a wider range of humics, it
is essential to focus the follow-up work on a comparative study performed with humic
substances differing in their types (fulvic and humic acids, humins) and origins (terrestrial
soil, aquatic).

Moreover, also the methodology proposed here is still open to further modifications
and improvements. Above all, solid residues remaining after the last extraction step
should also be subjected to detail structural and compositional analysis to provide a
conclusive description of the structural impacts of the extraction process. Furthermore,
one of the general aims of the study was to contribute to refining the current notion of the
supramolecular structure of humic substances. In this work, we focused on how this could
be managed by reducing the level of the structural complexity of humic substances followed
by a separate analysis of individual groups of molecular constituents. Nevertheless, for
a more complex understanding of how these constituents are bound in the HA matrix,
this analytic step should be supplemented with the “synthetic” perspective where the
compositional and structural parameters of the obtained fractions were synthesized with
respect to their relative contents and these reassembled characteristics were compared with
those of the parental humic material.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com /2073-439
5/11/3/587/s1, Figure S1: ATR-FTIR and DRIFT spectrum of SBPHA, Figure S2: EEM spectrum
of HA isolated from South Bohemian peat (SBPHA), Figure S3: Van Krevelen diagram of organic
fractions and original SBPHA, Figure S4: Deconvolution of the overlapping region of ATR-FTIR
spectra at 1800-1500 cm !, Figure S5: EEM spectral cut-outs showing secondary fluorescence maxima,
Figure S6: Liquid-state 3C NMR spectra of the studied organic fractions extracted from peat HA,
Table S1: List of fundamental physicochemical properties of organic solvents used for extraction of
organic fractions, Table S2: Summary of fluorescence domains characteristic of humic substances
and/or dissolved organic matter.
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Jak jiZ bylo na mnoha mistech této habilitacni prace uvedeno, tak do dnesSni doby
nepanuje mezi jednotlivymi védeckymi tymy vSeobecny konsenzus vyplyvajici z tak
elementarni zaleZitosti, jakou je struktura téchto biokoloidnich sloucenin. Na tomto
misté je nutné rici, Ze tato pluralita nevychazi z faktického ,rozlusténi“ struktury HL,
nybrz z pouhého pohledu, zda tyto sloueniny miiZeme povazZovat za biomakromolekuly,
které lze po jistém zjednoduSeni pripodobnit napft. ligninu, anebo se jedna o aglomeraty
jednoduchych konstituc¢nich jednotek (stavebnich kamenii), které jsou stabilizovany do
supramolekuldrniho uskupeni pomoci slabych vazebnych interakci. ,TéZkou vahou“
a zastdncem supramolekularni teorie HL je italsky chemik A. Piccolo, ktery jako prvni
definoval supramolekularni strukturu téchto unikatnich sloucenin. V nedavné dobé byla
védeckym tymem A. Piccola vyvinuta frakciona¢ni metoda, ktera vychazi z postupné
destabilizace inter- aintramolekuldrnich vazeb, pri¢emz v priibéhu frakciona¢niho
postupu jsou kovalentni vazby hybridizace uhliku sp3 nedotceny. Nicméné, od druhého
kroku tohoto frakciona¢ntho postupu jsou postupné Stépeny kovalentni vazby
v nasledujicim poradi: (i) kovalentni vazby ve slabé vazanych esterech; (ii) kovalentni
vazby v silné vazanych esterech; (iii) kovalentni vazby ethert tzn. glykosidické vazby
v polysacharidech. V tuto chvili nds miliZze napadnout myslenka, zda je nevyhnutelné
nutné pri frakcionaci HK resp. postupném sniZeni jeji molekularni heterogenity
pristoupit ke specifické hydrolyze vyse zminénych kovalentnich vazeb, které jsou
nedotknutelnymi aZ dogmatickymi aspekty vyplyvajicich z makromolekularniho
strukturniho modelu.

V této souvislosti jsme se pokusili o navrzeni jiného frakciona¢niho postupu, ktery by
neobndsel stépeni kovalentnich vazeb, ani téch, které vyse zminény autor poklada za
slabé. V této Casti komentare mlizeme podat dlikaz o Setrném extrakénim postupu, ktery
lze vyuZit kvyznamnému sniZzeni molekuldrni heterogenity HK. Konkrétné, této
problematice jsme se vénovali v odborné publikaci s nazvem: ,Polarity-Based Sequential
Extraction as a Simple Tool to Reveal the Structural Complexity of Humic Acid“.

Metodicky pristup, ktery byl pouzit v této odborné praci lze rozdélit na dvé hlavni
cesty: (i) vhodné zvoleni resp. definice pouzité eluotropni frady organickych
rozpoustédel, ktera ve své podstaté zahrnovala nejen hodnoty relativniho polaritniho
indexu navrzeného Reichardtem & Weltonem?, ale i dalsi fyzikalné-chemické vlastnosti,
jako jsou hustota, teplota varu, dielektricka konstanta a v neposledni radé idipdlovy
moment; (ii) nasledné byly vytipovany vhodné instrumentdlni techniky strukturni
a kompozic¢ni analyzy. BliZe se tedy jednalo o pokrocilé spektrometrické techniky, jako je
infracervend spektrometrie, steady-state fluorescen¢ni spektrometrie a13C NMR
spektrometrie v kapalném stavu tzn. liquid-state. Nicméné je zapotrebi Fici, Ze bez
pouziti termickych metod (termogravimetrie a elementarni analyzy) by byla celkova
synergie interpretace dosazenych vysledkli znacné ztiZena, a do jisté miry i ,védecky*
nekomfortni.

Vzorek raselinové HK byl podroben sekvenc¢ni frakcionaci za pouZiti eluotropni rady
organickych rozpoustédel se vzrlstajici polaritou tzn.: trichlormethan (TCM) <
ethylacetat (EAC) < aceton (ACE) < acetonitril (ACN) < n-propanol (PRO) < methanol

1 Reichardt, C.; Welton, T. Solvents and solvent effects in organic chemistry, 4th ed.; WILEY-VCH,
Weinheim, 2010, p. 718.



(MET). Jinymi slovy, za pouziti Soxhletovy extrakce bylo ziskdno celkem Sest
organickych frakci, které jsou archetypalné spojeny spouzitym organickym
rozpousStédlem. VytéZzky extrakce jednotlivych organickych frakci se pohybovaly
pomérné v Sirokém rozmezi, avsak nejvyssi extrakcni ucinnosti bylo dosazeno v pripadé
acetonu a n-propanolu. Na tomto misté je nutné fici, Ze timto extrak¢nim postupem,
ktery nikterak neatakuje kovalentni vazby mezi jednotlivymi stavebnimi kameny
spoluvytvarejicimi supramolekuldrni asociaty HK, jako jsou residua ligninu, celulézy,
hemi-celulézy a dalSich biopolymeri, bylo celkové extrahovdno 57 hm.% vychozi
organické hmoty raselinistni HK. V této souvislosti se nabizi otdzka, zda by jeSté doslo
k vyznamnému sniZeni molekularni heterogenity residualni HK, pokud bychom na tento
vzorek aplikovali dal$i kolo vySe zminéného frakciona¢niho postupu. V tuto chvili je
zifejmé, Ze tato doposud nezodpovézené otdzka se mize stdt namétem dalsi

experimentalni ¢innosti.

Vdal$i casti tohoto komentare se omezme na diskuzi téch nejzajimavéjsSich
experimentalnich vysledkl, které by mohli byt nadmétem dalSich potencionalnich
publikaci ¢i ur¢ovat smér dalSiho védeckého badani.

Vtéto souvislosti se ukazalo, Ze nepostradatelnym ukazatelem manifestujicim
aromaticitu a stfedni molekulovou hmotnost M,, a to nejen extrahovanych organickych
frakci, ale i piivodni a residudlni HK je specifickd hodnota parametru SUVAzs4. Tento
absorp¢ni koeficient je ve velmi dobreé shodé s vypoctenym indexem aromaticity f, ktery
vychazi z exaktné ziskanych dat 13C NMR spektrometrie. Pokud bychom méli dolozit
vySe zminéné tvrzeni, tak koeficient determinace linedrniho regresniho modelu
dosahuje mezi témito strukturnimi parametry hodnotu bliZici se 0,97. Jinymi slovy,
absorp¢ni parametr SUVAzss se tak stava ,levnéjSim“ a podstatné rychlejsim
indikatorem vySe zminénych vlastnosti HL ajejich organickych frakci, pokud si
uvédomime ekonomickou, experimentalni a ¢asovou narocnost, ktera je doprovazena

méfrenim liquid-state 13C NMR spekter.

Jak jiz bylo zminéno v hlavni ¢asti této habilitac¢ni prace, tak pomérné Casto v pripadé
interpretace infracervenych spekter se dostdvdme do svizelnych situaci, kdy nejsme
schopni jednoznac¢né urcit aidentifikovat prisluSné absorptni pasy, ato zejména
v disledku jejich silného prekryvu. Ani vtéto odborné praci bychom se neobesli bez
dekonvoluce prekryvajicich se absorpcnich pasti, které se nachazeji v oblasti vinocti
1800-1500 cm~1. V této oblasti nastdva absorpce nescetnych typii funkc¢nich skupin
a strukturnich jednotek, jako jsou: (i) alkyl- a aryl-estery; (ii) alkyl- a aryl-karboxylové
kyseliny; (iii) karbonylové skupiny rtzného plvodu; (iv) aromaty; (v) ahlavné
sekundarni amidy, jejichz pritomnost vinfracervenych spektrech HL ajejich
organickych frakci nelze jednozna¢né urcit. Vtéto souvislosti se nam podaftilo
identifikovat celou Fadu absorpcnich past poukazujicich na pritomnost bilkovinnych
residui v organické frakci ACN4, jeZ se mimo jiné projevovala i v EEM spektrech tohoto
vzorku.

Jak je doloZeno experimentalnimi vysledky fluorescenc¢ni spektrometrie, tak pouzita
metoda extrakce vede kvyznamnému sniZeni heterogenity pivodni HK, jejimz
faktickym projevem je pritomnost specifickych fluorescen¢nich domén, které nebyly
v originalnim vzorku HK pritomné anebo mély povahu méné vyraznych fluorescencnich



ramen. Konkrétné se jedna o méné typické fluorofory, jako jsou V - humic-like, B (y) -
tyrosin-like a H - soluble microbial by-product-like.

V EEM spektrech organickych frakci PRO5 a MET6 byla identifikovana fluorescencni
doména V - humic-like, ktera byla lokalizovana v oblasti vlnovych délek 435-445/525-
530 nm (Aex/Aem). PlUvod této fluorescentni domény je odvozen od specifickych
rostlinnych pigmentd, jako jsou produkty degradace chlorofylu napt. fytochlorin. Na
druhé strané, v EEM spektrech organickych frakci TCM1 a MET6 byla identifikovana
fluorescencni doména H - soluble microbial by-product-like, ktera byla lokalizovana
povazovan za indikator mikrobidlni aktivity v priibéhu geneze HL a DOM. V tuto chvili je
nadmiru jasné, Ze sekvenc¢ni frakcionace na zdkladé rozdilné polarity organickych
rozpouStédel vsobé ukryva znaCny potencidl stat se alternativnim postupem
k dekompozi¢ni metodé PARAFAC (Parallel factor analysis), ktera je zobecnénou teorii
multikomponentalni analyzy PCA.

Tato studie predstavuje pilotni ukdzku jednoduchého, avsSak uZite¢ného
experimentalniho pristupu ke strukturni analyze, tak komplexnich a heterogennich
organickych sloucenin, jakymi jsou bezesporu HK. JelikoZz se jedna o prvotni
experimentalni pristup, tak by bylo vhodné systematicky ovérit jeho obecnou
pouzitelnost a celkovy prinos, ato predevSim v souvislosti s dalsimi HL, které jsou
diferenciovany napf. mistem azplsobem jejich geneze. Jinymi slovy, tento extrakni
postup je stale oteviren dalSim metodickym Upravam a vylepSenim. Tato cesta miiZe byt
spatfena v podrobné strukturni akompozi¢ni analyze residualniho vzorku, ktery
zlistava v patroné Soxhletova pristroje po poslednim extrak¢nim kroku.

Nicméné pro komplexnéjsi pochopeni, jakym zptlisobem jsou vazany ¢i stabilizovany
jednotlivé stavebni kameny vtéchto prirodnich matricich, by mél byt tento
experimentalni pristup doplnén odalSi fyzikalné-chemicky pohled, ktery Ize
jednoznacné spattit v tzv. ,syntetické“ perspektivé. V dlisledku by to znamenalo, pokusit
se onaslednou kompozici strukturnich parametri pripadajicich jednotlivym
organickym frakcim, ato is ohledem na jejich relativni zastoupeni v ptivodni matrici.
Jinymi slovy, tyto nové sloZené charakteristiky by byly porovnany s ptivodnim vzorkem
HK.
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ARTICLE INFO ABSTRACT

Keywords: Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy and thermogravimetric analysis
Hydration (TGA) were evaluated as useful techniques to study bulk and hydration water in hydrogels. Hydrogels formed by
Hydrogels cationized dextran (DEAE-dextran) and anionic surfactants were used as model materials. The IR technique was

Infrared spectroscopy applied both on fresh samples and on dehydrating samples during the evaporation process. Not only overall IR

xzr;:')grawmetry spectra but especially the deconvoluted OH band was used in the analysis. IR spectroscopy was shown to provide
especially structural information which is nicely complemented by the mainly quantitative data provided by
TGA. Significant differences between the dehydration processes for the model gels with different surfactants
were revealed. The DEAE-dextran-based hydrogels were characterized by a continuous step dehydration with
different drying rates in the initial evaporation period. Three different water subpopulations were identified in
all model hydrogel samples. Water molecules in these hydrogels containing a higher concentration of surfactants
demonstrated a more ordered hydrogen network, which was formed by subpopulations of pentamers, tetramers

and/or distorted pentamers.
1. Introduction forming the hydrogel network. Hydrogels find applications in a broad
range of products such as pharmaceutical, food, cosmetic, agricultural
Hydrogels are well-known colloids in which the dispersion medium or horticultural products [1,2]. Biocompatible hydrogels are important
(phase) is formed by water (aqueous solution) and the dispersed phase materials for drug delivery or tissue engineering where they are applied
is in a solid state formed usually by chains of hydrophilic polymers as soft contact lenses, artificial implants, actuators, wound healing
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dressings, etc. [3,4]. Hydrogel applications benefit from the high con-
tent of water which is embedded in their solid-like matrix. Due to the
high water content, the transport of low molecular weight compounds
in hydrogels is not greatly slower than in liquids but hydrogels retain
shapes and can be easily deformed, cut, or even injected [5]. Hydrogels
are viscoelastic and therefore moderate deformations of their structural
network are reversible (recoverable).

Water content is among the principal characteristics of any hy-
drogel. This basic and gross parameter can be supplied by a more de-
tailed insight into the water state and binding within the hydrogel
meshwork. NMR spectroscopy is a fine tool to address this task [6,7]
but even IR spectroscopy, which is much less expensive and in its ATR
version easily applicable, can provide valuable information. The IR
absorption bands of water (especially those in the range of
3800-3000 ¢cm ™) can provide a molecular-level information related to
the involvement of water subpopulations in specific structural ar-
rangements such as water multimers and the water network. Recently,
two ways for determining these water subpopulations have been suc-
cessfully utilized in describing the hydration of polymers: Fourier self-
deconvolution and fitting the measured envelope band by the summa-
tion of usually three Gaussian components using non-linear fitting tools
(i.e. data analysis software) [8-10].

In our previous work, we have focused on preparation and char-
acterization of hydrogels prepared by mixing oppositely charged
polyelectrolyte with surfactant in the micellar form [11]. Experimental
data suggests that physical crosslinks in these materials are formed
preferably by electrostatic interactions between surfactant micelles and
charged groups on the polyelectrolyte. Furthermore, by means of a
rheological analysis of the gels we have shown that their viscoelasticity
can be controlled in a broad range by the molecular weight of the
polyelectrolyte and the concentration of micelles. Obviously, water in
these hydrogels is expected to form not only a dispersion medium but
also to create a hydration shell around micelles and biopolymer chains.
Therefore, the current study is aimed at IR-spectroscopic study of water
in the polyelectrolyte/surfactant hydrogels. In particular, we focus on
hydrogels formed via mixing cationic polyelectrolyte (amino-modified
dextran) with anionic surfactants as model materials to evaluate the
capability of the IR technique. IR spectroscopy was applied not only on
the fresh (fully hydrated) samples but used also in order to follow water
loss from hydrogels during evaporation over time in order to detect any
changes in the amount of water in the hydrogel. From this perspective,
thermogravimetry was also employed as a supporting technique routi-
nely used in monitoring the drying process in highly hydrated mate-
rials.

2. Materials and methods
2.1. Preparation of polyelectrolyte-surfactant hydrogels

In this study diethylaminoethyl-dextran (in the hydrochloride form)
was used as a model cationic polyelectrolyte. It was selected on the
basis of preliminary tests as a representative of cationic polysaccharides
which formed hydrogels with surfactants readily and without specific
pH control. It belongs to the class of the low charge density polyelec-
trolytes [12], similarly as hyaluronan used in our previous work [11].
Dry polymer was purchased from Sigma-Aldrich (Czech Republic;
product number D9885, batch number BCBQ8681) and used without
any further treatment, The weight averaged molar weight
(573 = 9kDa) and polydispersity index (2.2) of the DEAE-dextran
were determined via gel Size Exclusion Chromatography (Agilent, In-
finity 1260 system, PLgel MIXED-C column) with Multiangle Light
Scattering (Wyatt Technology, Dawn Heleos II) and Differential Re-
fractive Index (Wyatt Technology, Optilab T-rEX) detection. The ni-
trogen content reported by the producer was 3%. Two model anionic
surfactants were used: sodium dodecyl sulfate (SDS) and sodium tet-
radecyl sulfate (STS). Both surfactants were purchased from Sigma-
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Table 1
Concentration of initial stock solutions of DEAE-dextran, SDS and STS used to
prepare hydrogels.

Sample of hydrogel DEAE-dextran % (wt/vol) SDS STS
mM

D1 4 400

D2 4 100

D3 4 200

D4 4 150

Aldrich (Czech Republic).

Hydrogels were prepared via mixing a stock solution of biopolymer
and a stock solution of surfactant in the volume ratio 1:1. The exact
compositions of the respective stock solutions were selected on the basis
of preliminary tests (formation of sufficient amount of gel-like material)
are summarized in Table 1. The resulting mixtures were left on a shaker
overnight to complete the gelation process after which the system was
centrifuged, the supernatant was discarded and the gel collected for
further experiments. All the stock solutions were prepared in 0.15 mol/
L NaCl using ultra-pure water (Purelab Flex, ELGA system, Lane End,
United Kingdom). The composition of the formed hydrogels was esti-
mated on the basis of the residual component contents in the super-
natant and is given in Table S1 (Supplementary material).

2.2. Thermogravimetric analysis

Thermogravimetry of the polyelectrolyte-surfactant hydrogels was
performed using a Q5000 TG analyzer (TA Instruments, New Castle,
Delaware, USA). Approximately 15 mg of fresh hydrogel was weighted
into a platinum pan. After inserting the pan into the TG analyser, the
sample was either heated from room temperature at a defined heating
rate in the air or under a nitrogen atmosphere (dynamic TGA) or the
sample temperature was instantaneously equilibrated and maintained
at 70 °C in a nitrogen atmosphere (isothermal TGA). In both types of TG
analyses, the relative sample weight was recorded continuously
with + 0.1% mass accuracy.

2.3. Infrared spectroscopy

Steady-state and time-resolved FTIR spectra were obtained by
means of an Attenuated Total Reflectance (ATR) technique using a
Nicolet iS50 spectrometer (Thermo Fisher Scientific, Waltham, USA).
All measurements were taken at room temperature (in an air-condi-
tioned room) on the built-in diamond ATR crystal. Steady-state FTIR
spectra were recorded over the range 4000-400cm ™! at 4cm ™! re-
solutions and represented an average of 128 scans. The spectrum of the
clean dry diamond ATR crystal in ambient atmosphere (air) was used as
the background for infrared measurement. For time-resolved measure-
ment, a small amount (approximately 200 pL) of the polyelectrolyte-
surfactant hydrogel was placed directly on the clean dry surface of the
ATR crystal and the data collection using Omnic Series data collection
software was started. The time-resolved FTIR spectra were collected at
regular time intervals while water evaporated from the hydrogels. The
individual FTIR spectrum was collected every 5s as an average of 8
scans with a resolution of 4 cm ™! over the course of the drying ex-
periment (total time 200 min at minimum). In order to monitor the
water content of hydrogels over time, raw absorption spectra were
evaluated with no artificial processing (e.g. baseline or ATR corrections,
atmospheric suppression). In order to investigate the change in the
water structure in polyelectrolyte-surfactant hydrogels, the absorption
band that corresponds to O—H stretching in hydroxyls (3800-3000
cm™ ') was processed by deconvolution into individual overlapping
components attributed to three states of the water molecule. The po-
sitions of the overlapping bands were acquired by the 2nd derivative
method according to [13]. Subsequently, the deconvolution was made
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by fitting the experimental band to three calculated Gaussian compo-
nents using Origin 8.1 software. Interpretation of three calculated
components was based on the literature [9].

3. Results and discussion
3.1. TGA analysis of the gel-drying process

Thermogravimetry (TGA) regularly represents the first experimental
choice when a drying of highly hydrated materials (such as hydrogels)
is to be analyzed. The method is based on monitoring the weight of the
sample during a user-defined thermal program (i.e. heating/cooling of
the sample) in a controlled ambient atmosphere. Therefore, TGA was
included in this study to complement and to support the interpretation
of the results of the method of that mainly interests us here, i.e. the
FTIR spectroscopic drying assay.

Initially, the thermal stability of the gel-forming components was
checked via the standard TGA procedure. The respective compound in
its original (powder) state was heated to 600 °C with a heating rate of
10°C/min and the decomposition temperature was determined from
the onset of the drop in the sample weight that corresponds to the
thermal decomposition. It was confirmed that all the individual gel
components in their dry state are on the time scale of the performed
experiments thermally stable up to 200 °C.

Subsequently, all the studied polyelectrolyte-surfactant hydrogels
were subjected to a similar TGA assay. The respective thermograms are
shown in Fig. 1. It can be clearly seen that the weight of all the hydrogel
samples drops in a stepwise manner. The first two stages of the sample
weight drop, which proceed from the very start of the experiment until
the sample reaches a temperature around 120-150 °C, can be attributed
to the removal of water from the hydrogel matrix, while at higher
temperatures thermal decomposition of the dry content of the hydrogel
proceeds. When focusing on the drying behavior of the tested gels, it is
noticeable that the main character of the drying process is similar for all
four considered hydrogel compositions. Removal of water from a
sample proceeds in two steps, the first one arising immediately when
the experiment starts, while the second drying step begins when the
temperature is approaching the boiling point of water (100 °C). These
results indicate that at least two distinguishable types of water are
found in the sample, namely more freely bound water which evaporates
faster and more strongly bound hydration water removed at higher
temperatures. From the thermograms shown in Fig. 1, it is also evident
that the latter step of water removal is continuously followed by
thermal decomposition of the hydrogel matrix (note the partially
overlapping peaks in derivative thermograms represented by dashed
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Fig. 1. TGA thermograms provided as time evolution of relative weight (solid
curves) and the rate of the weight loss (dashed curves) during heating of tested
hydrogels in air (heating rate 10 °C/min). Analyzed gels are labeled according
to Table 1.
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curves in the temperature region 100-200 °C). For this reason, it is not
possible to determine the dry content weights of the tested hydrogels
based solely on this basic TGA assay. Therefore, further TGA analyses
were performed to provide a more comprehensive view of the drying of
the studied gels.

At first, lower heating rates (5°C/min and 2 °C/min, respectively)
were applied. The results of these analyses are shown in the
Supplementary material (see Fig. S1). Application of lower heating
rates aimed primarily at separating the individual drying steps and also
the drying and decomposition processes during the sample heating.
Nevertheless, it was found that even at the lowest heating rate applied
(2 °C/min), the drying of the sample passes continuously to the thermal
decomposition (see Fig. S1). Furthermore, also the drying process
maintains its character of more drying steps continuously following
each other. The main difference in the drying behavior at the lower
drying rates is represented by the shift of the drying steps to the lower
temperatures. Similar information was provided also from TGA analysis
performed in an inert (nitrogen) atmosphere. Fig. S2 (Supplementary
material) shows a comparison of the thermograms of the tested hy-
drogels obtained under an air and a nitrogen atmosphere, respectively.
It can be seen that the zero humidity of the inert atmosphere supports
and accelerates drying. This is again represented by the shift of drying
rate peaks to the lower temperature. Furthermore, it can be seen that
more water is removed during the first drying step in nitrogen than in
air (note the increased relative height of the first peak in the drying rate
curve). Similarly to drying in air atmosphere, no significant difference
in the drying behavior of the tested hydrogels was revealed in the inert
ambient atmosphere either.

As far as monitoring of the drying process is concerned, a major
limitation of the above-mentioned dynamic (heating) TGA experiments
is represented by the fact that decomposition of the thermally labile
polymer-surfactant network begins soon after or even during the water-
removal process. Therefore, we complemented our study with an iso-
thermal TGA experiment, where the weight of the measured sample and
the rate of its change are monitored over time at a constant temperature
(at 70°C in our case). This method has previously been successfully
utilized for instance in differentiation of intracellular and extracellular
water in microbial cell cultures [14,15]. Fig. 2 shows the initial period
(0-20 min) of the isothermal drying process for all tested hydrogels. It
can be seen that for all samples the drying rate first increases while the
temperature is raised, followed by a substantial decrease in the drying
rate during the equilibration of the measurement temperature and
isothermal drying. When comparing the particular thermograms of
samples D1-D4, several tiny but noticeable differences can be found.
Firstly, in agreement with the results of the dynamic TGA analysis
presented above, it is evident that when comparing the gels prepared
using the same surfactant (D1/D2 and D3/D4), the hydrogel prepared
with a higher concentration of surfactant applied is always represented
by a lower drying rate in the initial drying period (see the respective
maxima in the drying rate curves), but at later times its drying rate
curve crosses and exceeds the curve of its counterpart prepared with a
lower concentration of surfactant. This can be interpreted as a mani-
festation of the more densely cross-linked hydrogel network with more
strongly-bound hydration water where the higher concentration of the
cross-linking agent (surfactant) is used. A more pronounced difference
is found for DEAE-dextran gels cross-linked by SDS (D1 and D2) than
for those prepared with STS, which is probably caused by the greater
difference in the applied surfactant concentrations and, correspond-
ingly, in the density of cross-links in gels with SDS. Furthermore, in
these gels (D1 and D2) a sudden change in the drying-rate curve can be
found in the initial period (indicated with arrows in Fig. 2). These
sudden changes in the drying rate curves are often assigned to a change
in the drying mechanism [16]. This indicates that the initial mechanism
of the drying process is changed during this initial period for SDS-
containing hydrogels but is maintained for the STS-based gels where no
such feature is found in the drying curves.
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Fig. 2. Initial part (0-210 min) of TGA thermograms recorded during isothermal drying of all tested gels. Evolution over time of the sample weight (solid), drying

rate (dashed) and temperature (dash dotted) is shown.

3.2. Steady-state FTIR spectrometry

As a first part of the spectroscopic study of the tested DEAE-dextran
hydrogels, the FTIR spectra of the gels were measured immediately
after their preparation to see their basic IR features and to characterize
their molecular structure in the fully hydrated state. The steady-state
ATR-FTIR spectra of polyelectrolyte-surfactant hydrogels are presented
in Fig. 3. Interpretation of their absorption bands has been carried out
according to the literature data [17-19]. The spectra are mainly char-
acterized by bands of aliphatic, alcohol and polysaccharide groups. All
the spectra of polyelectrolyte-surfactant hydrogels contain a broad
band at 3400-3300 cm ™~ ! corresponding to the O—H stretching of bulk
liquid water. The water molecules are also indicated by the broad de-
formation band centered at about 1645cm ™! resulting from bending
vibration.

The presence of aliphatic chains is demonstrated in the spectral
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Fig. 3. ATR-FTIR spectra of all tested dry polyelectrolyte-surfactant hydrogels.
DEAE-dextran gels with SDS (black and blue solid curve) and DEAE-dextran
gels with linear STS (green and red solid curve) (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article).

range of 2960-2840 cm™'. Sharp and intensive bands at 2919 cm ™!

and 2850cm™! were ascribed to asymmetric and symmetric C—H
stretching in methylene groups, respectively. An absorption band of
asymmetric stretching in methyl groups (2956 cm™!) was only ob-
served for sample D1; it occurred as less pronounced shoulders in the
rest of the polyelectrolyte-surfactant hydrogels. The deformation vi-
brations of —CH,— and —CHj groups occur in the spectra at 1470 cm ™.
The relative intensity of this band was higher for hydrogels prepared
from SDS surfactant. Deformation vibrations of methyl groups are only
present in ATR spectra of D1 and D2 hydrogels at 1382 cm™.

The presence of long carbon chains with more than four atoms (e.g.
surfactants), was revealed by the band at 719 cm ™!, which is ascribed
to C—H in-plane bending of methylene groups. Another significant band
occurring at 1300 cm ™! can be assigned to out-of-plane C—H bending
(methylene twisting) in aliphatic chains. The out-of-plane C—H vibra-
tion (methylene wagging) of methylene groups occurs in the spectra at
1315 cm ', This band was found as a weak band and/or shoulder.

All the spectra of DEAE-dextran hydrogels contain a sharp and in-
tensive band at 1200 cm ™! corresponding to tertiary amine groups. All
the spectra also contain a less intensive band and/or shoulder at
1260 cm ! corresponding to primary and/or secondary alcohol. Many
authors consider the band at 1260cm ™" to be an indicator of C—O
stretching in cyclic ethers [18]. In all ATR spectra bands are apparent at
1159 cm ™' and 1100 cm ™! due to the glycoside C—O—C stretching of
polysaccharides.

The main difference among the spectra of polyelectrolyte-surfactant
hydrogels appear in the fingerprint region 1100-900 cm ™. A band at
about 1018 cm ™2, preferentially ascribed to S=O stretching of sulfate
groups (salt form), or possibly C—O stretching of primary and sec-
ondary alcohols, is apparent in all samples. The sulfate sodium salt
groups are also indicated by the sharp band centered at about 1195
cm ™! resulting from the S=O symmetric stretching vibrations of the
R—0—-S0,—0~. Bands and shoulders at wavenumbers less than
850 cm ™! are attributed to asymmetric C—H bending of the methylene
groups from which bands at 815 cm ™! and 580 cm ' are more evident
in hydrogels with SDS.

3.3. Time-resolved FTIR analysis of polyelectrolyte-surfactant hydrogels

In Fig. 4 we show the temporal course of the FTIR spectra of the
polyelectrolyte-surfactant hydrogels, i.e., of the D1-D4 samples, during
drying. Naturally, drying of the samples is accompanied by decreasing
intensity of the O—H vibration bands, which are observed in the regions
3700-3100cm ™!  (stretching vibrations) and 1680-1620cm ™'
(bending vibration) (see the decrease of the vibration modes depicted in
Fig. 2), whereas the relative intensity of the aliphatic, polysaccharide
and alcohol bands increase with drying time. These bands were
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Fig. 4. Development over time of the ATR-FTIR spectra of tested polyelectrolyte-surfactant hydrogels.

observed at around 2956 cm ™', 2920 cm ™!, 2850 cm ™!, 1470 cm !,
1260cm ™', 1160cm ™', 1100 cm ™' and 1020 cm ™.

The broad — OH stretching band within the 3700-3100 cm ™' range
represents in fact a convolution envelope which comprises as well FTIR
bands arising from different subpopulations of water molecules as the
bands that correspond to the hydroxyl groups in DEAE-dextran. In the
FTIR spectra of all samples, the position of this broad envelope band
was shifted to higher frequencies during the dehydration process.
Generally, an increase in the frequency of the O—H vibrations mode is
an indicative of a decrease in the degree of hydrogen bonding. The
positions of (OH) bonds and Av values which correspond to the middle
frequency of the O—H stretching vibrations before and after drying are
listed in Table 2. Interestingly, the value of the red shift of the middle
frequency of the O—H stretching band seems to correlate with cross-
linking density — hydrogel D1, prepared with a higher concentration of
SDS, shows a more pronounced red shift in comparison with the less
densely cross-linked gel D2. For the two gels cross-linked by STS mi-
celles (D3 and D4), the mutual difference in the red shifting caused by
sample dehydration was much less pronounced, nevertheless also the
concentration of the surfactant in the gelling mixture used differed

Table 2
The positions of ©(OH) bonds and Av values.

Sample of hydrogel frequency of »(OH) band (cm™*)* Av (em™h)®
before drying after drying

D1 3350 3384 34

D2 3366 3389 23

D3 3351 3382 31

D4 3370 3400 30

& Frequency was determined as the centre of gravity of absorption band.
> Av value calculated as difference of centre of gravity of absorption band
before and after drying process.

much less for these two gels when compared to their SDS-based ana-
logues.

The results of the time-resolved FTIR-assisted drying assay can be
provided in several different ways. Aside from the overlap of the in-
dividual FTIR spectra recorded at different times (shown in Fig. 4), it
can be also presented as a time-frequency 2D absorbance map (Fig. 5)
or temporal evolution of absorbance at a selected frequency (Fig. 6). In
Figs. 5 and 6, it can be seen that the dehydration of the samples can be
clearly monitored and the completion of the dehydration can be easily
identified by means of these types of data projection.

The smooth character of the 2D time-resolved FTIR spectra without
any abrupt changes points to the continuous character of the dehy-
dration process of the analyzed gels. Nevertheless, under a closer look,
it can be revealed that the drying process can be divided into several
drying steps. These separate drying steps are even more clearly seen in
Fig. 6 where temporal evolutions of absorbances at 3350 cm™ (—OH
groups) and 1158 cem™? (glycosides) are shown.

For all samples, the initial dehydration step is accompanied by a
rapid decrease in the intensity of water-related bands (see the decrease
in absorbance at 3350 cm™ in Fig. 6) while the relative intensity of the
vibration bands of the dry matter components increases (note an in-
crease in absorbance at 1158 cm™ in Fig. 6) as the dry matter con-
centrates at the ATR crystal. This initial time period is probably con-
nected with an equilibration in the contact between the ATR crystal and
the gel matrix.

In the second stage of the sample drying, the temporal change in the
absorbances at the selected frequencies is much slower. In fact, for
samples D1 and D3 the absorbances are almost constant and, surpris-
ingly, for D2 the absorbance at 3350 cm™ even slightly increases during
this period. The steady FTIR signal in this stage indicates that drying of
the gel proceeds at the meniscus of the gel drop and that the respective
change in the water content at this air/gel boundary does not manifest
in the FTIR spectra collected at the ATR/gel interface.
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Fig. 5. 2D time-resolved FTIR spectra of the drying of tested polyelectrolyte-surfactant hydrogels. Detail on spectral region with characteristic water molecules
vibration band (3700-3000 cm ~ ). Individual stages of the samples drying are separated by black dashed curves.

The final stage of the sample drying then follows. This stage is
characterized by a continuous removal of water from the sample, as
illustrated by the gradual decrease in the intensity of the — OH related
band and the corresponding increase in the intensity of vibration of the
dry matter content (represented by glycosides in Fig. 6).

In general, the main qualitative features found in the results of the
time-resolved FTIR analysis stand in good agreement with the TG

analysis of the gel drying process. Consistently with the TG results, the
FTIR results indicate that the drying proceeds in several steps.
Furthermore, the differences between the individual drying steps are
less pronounced in the STS-based gels than in the SDS-based ones (note
the similar conclusion of the isothermal TG analysis). Nevertheless,
there are also several contradictory features found when the results of
the two analyses are compared. For instance, the FTIR results indicate a
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Fig. 6. Time dependences of absorbances at frequencies characteristic for water (—OH at 3350 cm ') and for dry matter content (glycosidic bond at 1158 cm™ 1),

respectively, during the FTIR-assisted drying of the gels.
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Fig. 7. Example of deconvolution of O—H stretching band for D1 hydrogel at time 0 (a), 60 (b) and 360 min (c), respectively.

slower drying process for the D2 sample as compared to D1 (compare
the second stages for the two gels in Fig. 6). It conflicts with the con-
clusion of the TG analysis that the more densely cross-linked gels have a
higher content of bound water. Nevertheless, it is necessary to take into
account fundamental differences in the experimental arrangement of
the two drying assays. Firstly, the FTIR results may be seriously influ-
enced by the fact that the composition of the gel may affect the wetting
of the surface of the ATR crystal and, therefore, the shape of the mea-
sured drop. Consequently, different ratios of air/gel to gel/crystal sur-
face areas will necessarily lead to different drying rates detected in the
FTIR results. Furthermore, we must bear in mind that contrary to TG
analysis performed under a defined atmosphere (dry air or nitrogen),
FTIR assisted drying proceeds under ambient laboratory conditions.
Therefore, it is almost impossible to maintain the same conditions
during different drying experiments. Even slight changes in tempera-
ture or relative humidity in close vicinity to the hydrogel drop may
result in severe alteration of the drying kinetics (for instance, the above-
mentioned temporal increase in absorbance at 3350 cm™ for sample D2
in the drying stage II or a similar feature found in the spectra of D4 at
the end of the drying experiments could in fact be an indicator of re-
verse absorption of the air humidity). Therefore, without adjusting and
controlling for the drying atmosphere, the results of the time-resolved
ATR FTIR drying assay should be interpreted rather in qualitative and
structural terms than for determination of any quantitative parameters
describing particular drying kinetics.

3.4. Water structure assay by deconvolution of O—H stretching band

Therefore, we focused our further interpretation of the time-re-
solved FTIR analysis on a more detailed evaluation of structural
changes in gels that take place during their dehydration. It has already
been discussed that the drying is accompanied by a red shift of the O—H
stretching band (in particular its middle frequency). From this ob-
servation it was concluded that drying of the gels is accompanied by
weakening of the hydrogen bonding in the system, but no structural

interpretation of this information can be provided without further
analysis of the shape of this complex vibration band.

Generally, bulk liquid water molecules in hydrogels can form up to
four hydrogen bonds, which results in formation of various structural
motifs such as multimer and network water clusters. Several spectro-
metric techniques such as X-ray spectrometry, IR and Raman spectro-
metry were used to determine different local structures in bulk water
that arise from variations in the arrangement of hydrogen bonds
[20,21]. The FTIR approach is based on a detailed analysis of the broad
vibration band centered at about 3350 cm ™~ which corresponds to the
O—H stretching of water molecules and is sensitive to the proportional
representation of the local structures of liquid water.

Three principal water subpopulations with specific component vi-
bration bands are usually distinguished in the OH stretching envelope.
An intensive component peak centered at about 3250 cm ™ is ascribed
to water molecules strongly bonded via linear hydrogen bonds into
tetrahedrally coordinated water pentamers (often called quasi-crystal-
line water). Another significant peak occurs near 3400 cm ™! and is
assigned to out-of-phase O—H stretching in less perfectly organized
structures such as distorted pentamers and tetramers (solid-like water).
These structures are usually characterized by non-linear and/or par-
tially disrupted hydrogen bonds. The two above-mentioned sub-
populations are often collectively referred to as network water. The less
intensive band centered at about 3560 cm ™! corresponds to the water
molecules with a highly disturbed hydrogen bond network (liquid-like
water).

In our work, a time-resolved variant of such a structural analysis
was performed on the OH stretching band in order to reveal any ob-
servable effects of the dehydration process on the local structures of
water molecules in the tested hydrogel samples. For this purpose, de-
convolution of the broad envelope band was performed in the region
3800-3000cm ™! at three sample-specific times. These times were
chosen in order to cover the three main stages of the drying process as
described in the previous text (see Fig. 6). For example, Fig. 7 shows the
results of this deconvolution for the sample D1. The specific times for
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Table 3
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Position and proportional representation of subpopulation water molecules in DEAE-dextran hydrogels (and in reference dry DEAE-dextran for comparison).

t (min) frequency of the component peak (cm ') relative peak area (% of total peak area)
liquid-like solid-like quasi-crystalline liquid-like solid-like quasi-crystalline
D1 st. I (0 min) 3552 3408 3248 18% 28% 54%
st. II (60 min) 3557 3415 3249 13% 35% 52%
st. III (360 min) 3563 3434 3272 12% 37% 51%
D2 st. I (0 min) 3551 3415 3253 20% 28% 52%
st. 1T (60 min) 3550 3416 3255 15% 32% 53%
st. IIT (400 min) 3550 3437 3292 12% 26% 62%
D3 st. I (O min) 3564 3409 3236 19% 35% 46%
st. IT (120 min) 3561 3417 3248 11% 40% 49%
st. IIT (500 min) 3560 3435 3276 10% 33% 57%
D4 st. I (0 min) 3553 3416 3254 20% 29% 51%
st. I (170 min) 3559 3423 3261 14% 38% 48%
st. IIT (510 min) 3557 3431 3278 11% 37% 52%
DEAE-dextran 3510 3367 3222 7% 63% 30%

sample D1 were chosen as follows: the start of the drying process (re-
presenting stage I of the drying process, Fig. 7a), at 60 min of the drying
process (stage II of the drying process, Fig. 7b) and at 360 min of the
drying process (stage III of the drying process, Fig. 7c), respectively.

The results of the deconvolution of the OH stretching band at the
specific times are summarized for all tested samples in Table 3. For the
three deconvolution components, both the frequency and the relative
proportion of the total area of the envelope stretching band are pro-
vided in the Table 3. Apparently, the time evolution of the relative
areas of the component bands could lead to the interpretation that no
significant changes over time were revealed for the relative re-
presentation of the component bands, although it can be seen that the
relative area of the more structured water subpopulations (quasi-crys-
talline and solid-like) slightly increase over time at the expense of a
corresponding decrease in the area of the liquid-like water component.
Nevertheless, at this point it should be emphasized that the relative area
of the respective bands is not equal to the relative content, because
hydrogen bonded structures always show a significantly increased in-
tensity of the respective infrared band [17]. Therefore, the absolute
content of the least-structured subpopulation will in fact be sig-
nificantly higher compared to the percentage values provided in
Table 3. The relative decrease in the representation of this component
between the first evaluated time (the start of the experiment) and the
last (stage III) is approaching 50% of its initial relative content, which is
not negligible. Evidently, the highest losses of liquid-like water mole-
cules occur at first step of drying process. This step took place in the
time range from 0 min to 60 min for hydrogels with SDS, while this step
was significantly longer for STS-based hydrogels. We also see that the
relative content of the multimer (liquid-like) subpopulation at the be-
ginning of the drying process is very similar for all DEAE-dextran hy-
drogels, which indicates that the relative representation of the network
forming and liquid-like water subpopulations is controlled primarily by
the polysaccharide component rather than by the density and nature of
the cross-links in the gel matrix.

Moreover, it is evident from the results shown in Table 3 that for all
hydrogel samples, the position of absorption bands which correspond to
the network water molecules shifts to higher frequencies during the
drying process (red shifts up to 40 cm™ were found). On the contrary,
the position of the liquid-like water components remains almost un-
altered. In the first step of the evaporation process, a less-pronounced
shift to higher frequencies was observed while the red-shift of network
subpopulations such as pentamers, tetramers and/or distorted penta-
mers was more apparent in the subsequent drying step (stage III). These
results suggest that during the excess dehydration stage, a progressive
distortion of the hydrogen bonds takes place in the structure of network
water molecules. Most likely, the gradual destruction of the hydrogen
bonded structures during the drying process can be attributed to the

increasing relative content of water that is strongly bound in the hy-
dration layer of the polysaccharide content where the water molecules
are less accessible to network-forming water-water interactions. This
finding is in good agreement with the generally-accepted strong hy-
dration of hydrophilic polysaccharides, i.e. hyaluronic acid, chitosan
and phytoglycogen [9], and of the high relative content of strongly-
bound hydration water (referred to as “high-density” water [22],) in the
hydrogels of these biopolymers [23]. Last but not least, it is necessary to
take into account also the fact that as a result of excess drying of the gel,
the intrinsic OH groups of the DEAE-dextran participate more in the
overall shape of the OH stretching band. Nevertheless, as can be seen in
Fig.S3 and Table 3, results of the deconvolution of dry DEAE-dextran
are significantly shifted in frequencies as well as in relative peak areas
which indicates that even in the final drying stage, the discussed results
of —OH stretching band deconvolution do represent the residual water
content rather than the dry mass of the gel.

4. Conclusion

ATR-IR spectroscopy is a relatively simple and effective technique to
study the structure of water molecules in polyelectrolyte/surfactant
hydrogels. Structural details can be obtained particularly from the de-
convolution of the broad band located around 3350 cm ™! that corre-
sponds to the O—H stretching of water molecules. The effect of the
water content can be addressed by taking the spectra over time during
the drying of the gel sample. IR spectroscopy provides limited quanti-
tative information. It was shown that thermogravimetry is a suitable
complementary technique providing the quantitative data, including
kinetic data on the drying (dehydration) process, while being much less
informative about the structural details. Thermogravimetry also en-
ables simpler control of the measurement atmosphere. The usefulness of
the combination of these two techniques was demonstrated using the
example of polyelectrolyte/surfactant hydrogels, but we believe that it
can be applied to other hydrogel systems as well.
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Z hlediska koloidni chemie miuZeme hydrogely definovat jako koloidni disperzni
systémy, ve kterych je disperzni prostredi tvoreno vodou a dispergovana faze je obvykle
tvorena hydrofilnimi polymery resp. polyelektrolyty, jez v téchto systémech vytvareji
spojitou sit. VdneSni dobé tyto koloidni systémy nachdazeji své uplatnéni predevsim
v oblastech, jako je farmacie, medicina, kosmetika a v neposledni radé i potravinarském
azemédélském primyslu. Nicméné, sohledem na vyuziti biokompatibilnich
polymernich sloucenin, které v sobé nesou velmi dlilezitou fyziologickou vlastnost, a tou
je predevsim jejich biodegradabilita, se tyto materialy zdaji byt vhodnymi matricemi pro
cilenou distribuci 1éciv, anebo jako tzv. scaffoldy, jeZ jsou predmétem intenzivniho
zkoumani v oboru tkanového inZenyrstvi. JiZz dnes tyto biomaterialy nachazeji své
uplatnéni jako kontaktni ¢ocky, umélé implantaty ocni rohovky, hemostatické pripravky,
obvazovy material s hojivymi ucinky atd. Medicinské vyuziti téchto materialii spociva
zejména v tom, Ze v jejich strukturach je vdzano vysoké mnoZstvi vody, a tudiZ transport
inkorporovanych nizkomolekularnich slou€enin neni nikterak omezen a ve skutecnosti
neni vyrazné pomalejs$i neZ v kapalnych systémech. Ocividnd vyhoda hydrogelovych
systéml spociva predevSim vjejich tvarové stalosti, pricemZ je lze velmi lehce
deformovat, ftezat avstfikovat. Tyto mechanické vlastnosti jsou dany jejich
viskoelastickymi vlastnostmi, kdy po mirné deformaci jejich strukturni sité dochazi
k naslednému obnoveni (reverzibilnimu) stabilizujicich vazeb reprezentovanych
slabymi disperznimi silami.

Jak jiz bylo zminéno vySe, tak obsah vody je jednou z dominantnich charakteristik
kazdého hydrogelu, a tudiZ podrobnéjsi studium disperzniho prostredi tzn. vody, se zda
byt logickym vyudsténim Kk hlubsimu porozuméni vazby vody v hydrogelové siti.
Nuklearni magnetickd resonanc¢ni spektrometrie (NMR) ma vtéto oblasti své
nezastupitelné misto, avSak pro jeji cenovou atechnickou naro¢nost se zda byt
schopna ndm podat srovnatelné cenné experimentalni vysledky. Jinymi slovy, tato
technika je schopna reflektovat nejen vodou jako spojité disperzni prostiedi hydrogeld,
ale ve skutecnosti jsme schopni molekuldrni diferenciace jednotlivych subpopulaci, jako
jsou vodni multimery ¢i molekuly vytvarejici vodni sité tzn. tetramery a pentamery. Tyto
subpopulace vody jsou zodpovédné za tzv. volnou avazanou vodu v hydrogelovych
systémech. Této problematice jsme se vénovali v odborné publikaci s nazvem: ,ATR-
FTIR spectroscopy and thermogravimetry characterization of water in polyelectrolyte-
surfactant hydrogels“. V této praci jsme se zabyvali studiem objemové a hydrata¢ni vody
hydrogelovych systémli tvofenych Kkladné nabitym polysacharidem dextranu
a anionovymi povrchové aktivnimi latkami, které byly pouzity jako sitovaci Cinidla
k formaci hydrogeld.

V této studii byl jako modelovy kationovy polyelektrolyt pouzit diethylaminoethyl-
dextran, ato ve formé hydrochloridu. Jako zastupci sitovacich cinidel byly vybrany
anionové povrchové aktivni latky dodecylsulfat sodny (SDS) a tetradecylsulfat sodny
(STS), které jak se ukazalo, jsou vhodnymi a efektivnimi ¢inidly k formaci hydrogelovych
systéml. Hydrogely byly pripraveny velmi jednoduchym zpiisobem, ktery spocival
v prostém smiseni zdsobniho roztoku biopolymeru a pitislusného surfaktantu. Timto
zplisobem byly pripraveny Ctyti vzorky hydrogeld (D1-D4), které se ve skutecnosti lisily
v pouzitém typu a koncentraci sitovaciho ¢inidla. Experimentalni pristup této studie



miiZzeme rozdélit do dvou kategorii: (i) ¢asové rozliSena infracervena spektrometrie,
kterd ndm poskytla nejen kinetické informace v pribéhu dehydratace (suseni)
prislusnych hydrogeld, ale co je cennégjsi, tak jsme na zadkladé dekonvoluce absorpc¢niho
pasu odpovidajicimu riiznym subpopulacim vody byli schopni bliZze specifikovat jejich
jednotlivé zastoupeni v priibéhu suSeni resp. jejich dehydratace na xerogel; (ii)
termogravimetricka analyza nam poskytla cenné informace, které velmi pékné dopliuji
zavéry zinfracervené spektrometrie avneposledni tadé se stala vhodnou
instrumentalni technikou popisujici dehydrataci a charakterizaci hydrogeld, ato jak
z makroskopického, tak i z kvantitativniho pohledu.

Prislusné termogramy pro jednotlivé vzorky jasné ukazuji, Ze ubytek hmotnosti je
v procesu susSeni kontinudlni, avsak miizeme v jejich priibéhu jednoznac¢né urcit tepelné
oblasti pripadajici dehydrataci vzorku (laboratorni teplota-cca 130°C) atepelné
dekompozici susSiny xerogelu. Pokud se zaméiime na vysSe zminénou prvni oblast je
nadmiru jasné, Ze suSeni resp. dehydratace vzorku probiha ve dvou samostatnych
krocich, z nichZ prvni je lokalizovan ihned pii zahdjeni experimentu, zatimco druhy krok
dehydratace dominantné manifestuje, kdyZ se teplota ohfevu blizi teploté varu vody
(~ 100°C). Nicméné, jiz tyto ,makroskopické” idaje jasné dokladaji, Ze ve vzorcich se
nalézaji minimalné dva typy vody, ato volné vazana voda odpovidajici subpopulaci
multimeri a silnéji vazana hydratacni voda, jeZ je odparovana pri vyssich teplotach TGA.

Pfi porovnani izotermickych termogrami jednotlivych vzorkid lze nalézt nékolik
drobnych, ale znatelnych diferenci. Z prislusnych termogrami jasné vyplyva, Ze
hydrogely pripravené vzdy za pouZiti vySsi koncentrace surfaktantu jsou v prvni periodé
dehydratace charakterizovany nizsi rychlosti suseni, avSak pozdéji se prislusné kiivky
kiizi, kdy dynamika suSeni je naopak rychlejsi v ptripadé vzorki, jejichz gelace byla
realizovana nizs$imi pocatecnimi koncentracemi tenzidl. Jinymi slovy, pokud je pfri
formaci hydrogelu pouZita vySSi koncentrace sitovaciho Ccinidla, je velmi
pravdépodobné, Ze pii procesu gelace je uptrednostiiovan vznik hustéji zesitované
hydrogelové sité s majoritnim zastoupenim silnéji vazané hydrata¢ni vody. V pripadé
hydrogelii sitovanych dodecylsulfatem sodnym si v jejich izotermickych termogramech
nelze nepovSimnout nahlé zmény v rychlosti jejich dehydratace. Obvykle je tato zména

pricitana faktické zméné v mechanismu dehydratace.

Absorp¢ni pas lokalizovany voblasti vino¢ti 3700-3100 cm-! ve skuteCnosti
predstavuje tzv. konvolucni obalku, ve které se projevuji jednotlivé valencni vibrace OH
vazeb rlznych subpopulaci vody, presnéji feceno tzv. multimeriim, tetramertim
a pentamertim. Je dobfe zndmo, Ze zvySeni frekvence valen¢ni vibrace OH vazeb je
indikatorem sniZeni stupné pritomnych vodikovych vazeb. Z vypoltenych hodnot Av
a strednich poloh absorp¢niho pasu lze usoudit, Ze tyto hodnotici kritéria mohou
vyznamné Korelovat s hustotou sitovani hydrogelové matrice. Ukdzkou ndm miiZe byt
hydrogel sitovany pomoci surfaktantu SDS, kde lze v piripadé vys$si koncentrace tohoto
tenzidu pouzitého ke gelaci zaznamenat evidentni cerveny posun prislusného
absorp¢niho pasu. Naproti tomu, vpiipadé vzorkGi D3 aD4 byl tento posun
v absorpc¢nich spektrech méné vyrazny, nicméné i iniciacni koncentrace tenzidu STS byla
v téchto pripadech nizsi.

Vysledky Casové rozliSené infraCervené spektrometrie jasné dokladaji, Ze dehydratace
vzorki hydrogelli miiZe byt jasné monitorovana, pricemz jednotlivé faze a konec suseni



miiZe byt snadno identifikovdno. Na druhou stranu lze pro presné urceni jednotlivych
fazi dehydratace pouzit dvoudimenziondlni projekci specifickych absorpcnich pasi
pripadajicich O-H a C-0-C valen¢nim vibracim (piti 3350 cm~1 a 1158 cm~1) v zavislosti
na dobé suSeni. UvSech studovanych vzorkli byl pocatetni dehydratacni krok
doprovazen rychlym poklesem intenzity absorp¢niho pasu souvisejiciho s vodou.
Naproti tomu, ¢asovy priibéh intenzity absorp¢niho pasu odpovidajiciho susSiné resp.
glykosidickym vazbam byl viceméné inverzni projekci pasu predchazejiciho. Druha faze
dehydratace je doproviazena mnohem mensSimi zménami v pribéhu pozorovanych
kiivek. Jak je z casové rozliSenych zdznami vidét, tak po druhé fazi dehydratace
nasleduje zavérecné suSeni, které je charakterizovano kontinualnim odstrafiovanim
disperzniho prostiedi tj. vody z hydrogelové matrice.

Obecné miizeme ftici, Ze hlavni kvalitativni znaky nalezené v experimentalnich
vysledcich cCasové rozliSené IR spektrometrie atermogravimetrické analyzy jsou
navzajem vdobré shodé. Obé tyto instrumentalni techniky jasné a konzistentné
dokladaji, Ze dehydratace probiha v nékolika oddélenych krocich, které jsou v piipadé
hydrogeli sitovanych pomoci STS méné vyrazné. Avsak, pii peclivém srovnani
dosaZenych vysledkli obou instrumentalnich technik vyplynulo nékolik protichidnych
ryst. Napriklad, vysledky FTIR spektrometrie naznacuji, Ze hydrogel sitovany za pouziti
nizs§i koncentrace SDS se vyznacoval niZ$i rychlosti suSeni v porovnani se svym
protéjskem. Toto zjiSténi je v rozporu s vysledky porizenymi pomoci TG analyzy tzn.
silnéji zesitované hydrogely maji i vyznamné vyssi obsah silné vazané vody. Tato
nekonzistence muze byt vysvétlena nasledujicimi skute¢nostmi: (i) zdsadni rozdil
experimentalniho usporadani obou technik; (ii) vlastnosti susSici atmosféry (vzduch,
dusik a laboratorni atmosféra) vyplyvajici z jejich relativni vlhkosti atd.

Obecné, objemova voda tvorici disperzni prostredi v hydrogelovych systémech je
schopna vytvaret az ctyri vodikové vazby, coz ma za nasledek tvorbu rliznych
strukturnich motivili, jako jsou volné (multimerni) asitové (vazané) subpopulacni
klastry. V této souvislosti 1ze obvykle rozlisit tri zakladni subpopulace: (i) absorp¢ni pas
pti 3250 cm~1 odpovidd molekuldm vody, které mezi sebou navzajem vytvareji linedrni
sit vodikovych vazeb (mustk) prostorové uspoifadanych do tzv. tetraedricky
koordinovanych pentamerl (kvazi-krystalickd voda); (ii) absorpcni pas lokalizovany
v blizkosti vinoc¢tu 3400 cm~! je pripsdn méné organizovanym Klastriim, jako jsou
deformované tetramery a pentamery (voda podobna pevné latce). Tyto strukturni
motivy se vyznacuji nelinearnimi anebo ¢astecné poruSenymi vodikovymi vazbami. Vyse
zminéné subpopulace vody miizeme souhrnné oznacit terminem tzv. sitové vody.
Naproti tomu, (iii) absorpc¢ni pas lokalizovany pri nejvyssich vinoCtech tzn. 3560 cm-1 je
zpravidla pripisovan molekuldm vody s vysoce narusSenou siti vodikovych vazeb tzv.
kapalna (volna) voda.

Z tasového vyvoje relativnich ploch, které odpovidaji jednotlivym subpopulacim
molekularni vody lze vidét, ze v priibéhu dehydratace hydrogelovych systéma dochazi
k mirnému nartstu strukturované vody. BliZe se jedna o ty subpopulac¢ni klastry, které
jsou terminologicky oznacovany jako kvazi-krystalicka a pevna voda. Jejich zvySeni je
rovnéz doprovazeno zjevnym poklesem absorp¢niho pasu odpovidajictho molekulam
vody s eminentné narusSenou siti vodikovych vazeb tzn. volné vody. Nicméné je v této
souvislosti zapotiebi zdlraznit, Ze relativni plocha dekonvoluovanych pasti neni rovna



relativnimu obsahu, jelikoZ nad molekularni struktury resp. Kklastry stabilizované
vodikovymi miistky vzdy vykazuji zvySenou intenzitu prislusnych absorpc¢nich pasem.
Jinymi slovy, absolutni obsah nejméné strukturované vody bude ve skutecnosti vyrazné
vyss$i ve srovnani s procentudlnimi hodnotami prislu§nych absorpcnich past, které byly
ziskany pomoci Lorentzovy profilové funkce. Relativni pokles absorpéniho pasu
odpovidajictho subpopulacim volné vazané vody se vpribéhu dehydratace vsech
studovanych hydrogelii sniZil takika o 50 %. Dale zexperimentalnich vysledki
vyplynulo, Ze k nejvyS$Sim ztratam volné vazané vody dochazi v prvni fazi dehydratace
resp. suSeni. Tento suSici proces probihal v ¢asovém rozmezi 0-60 minut, nicméné
v pripadé vzorkl sitovanych surfaktantem STS byla tato suSici faze vyrazné delsi.
Pomérné zajimavym zjiSténim vtéto studii bylo, Ze relativni obsah multimernich
subpopulaci je na zacatku dehydratace vSech DEAE-dextranovych hydrogeli velmi
podobny. Tento vysledek nas vedl k zavéru, Ze jednotlivd zastoupeni sitotvornych c¢i
kapalnych subpopulaci vody je primarné tizeno prisluSnym polysacharidem tzn. DEAE-
dextranem nez hustotou a povahou pri¢nych vazeb v hydrogelové matrici.

U vsSech studovanych vzorkii dochdzelo v pribéhu dehydratace kvyznamnému
posunu jejich absorpcnich past souvisejicich se sitovanymi vodnimi klastry k vy$sim
vinoc¢tim resp. frekvencim (red-shift). Naproti tomu, poloha absorp¢nich past
multimerni vody zistadvala prakticky nezménéna. Tyto vysledky naznacuji, Ze béhem
faze nadmérné dehydratace dochazi ve strukture sitovych klastri k progresivnimu
naruseni vodikovych vazeb. Zda se, Ze postupna destrukce vodikovych vazeb je v primé
souvislosti s postupnym narlistem molekularni vody, jeZ je prednostné spjata
s hydratacni vrstvou polysacharidu, ve které jsou molekuly vody hiife pristupné pro
sitotvorné interakce. Tento zavér je obecné ve velmi dobré shodé s experimentalnimi
vysledky, které poukazuji na schopnost dalSich polysacharidli, jako je hyaluronan,
chitosan, fytoglykogen atd. vytvaret silné hydratacni interakce lokalizované v blizkosti
biopolymerniho retézce (tzn. voda s vysokou hustotou).

Tato studie jasné ukazala, Ze infracervena spektrometrie ajeji technika casové-
rozliSeného méreni je velmi Gc¢innd pro studium specifickych subpopulaci molekularni
vody v koloidnich systémech, jejichz typickymi predstaviteli jsou tzv. hydrogelové
systémy ¢i hydrogely. Na druhé strané se ukazalo, Ze termogravimetrie ma v této
souvislosti své nezastupitelné misto, které miizeme bezpochyby spattit ve schopnosti
interpretace ziskanych kvantitativnich dat, vcéetné téch, kterymi jsme schopni bliZe
studovat kinetické aspekty souvisejici s procesy dehydratace resp. suSeni hydrogelovych
systémul.
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