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Souhrn

vvvvvv

¢innosti uchazece v oblasti zpracovani odpadni biomasy pomoci termochemickych proces,
zejména pomoci pyrolyzy. Prace se zaméfuje zejména na pyrolyzu a pfipravu uhlikatych
materiald s definovanymi vlastnostmi jako je vyhrevnost, porozita apod. Vzhledem k rozsahu
prace byly vybrany a podrobné popsany jen kliCoveé procesy, mezi néz patfi nizkoteplotni
torefikace, konvencni a mikrovinna pyrolyza, a vysokoteplotni karbonizace vCetné aktivace.
Soucasti prace je také kapitola vénovana katalytické transformaci pyrolyznich par a plynd.
Samostatnou kapitolou jsou pak zafizeni pro zpracovani odpadni biomasy, ktera byla
v laboratofi pouzivana. Dosazené vysledky jsou prezentovany formou komentarl k vybranym

odbornym publikacim uchazece.
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Seznam zkratek

ASTM Americka spolecnost pro testovani a materialy

C Oznaceni uhlikatého absorbentu mikrovinného zareni

Co-C Oznaceni uhlikatého absorbentu mikrovinného zéfeni, uhlik dopovany kobaltem
cov Cistirna odpadnich vod

EBC ang. ,,European Biochar Certificate®

Fe-C Oznaceni uhlikatého absorbentu mikrovinného zéreni, uhlik dopovany Zelezem
FID Plamenové ionizacni detektor

GC Plynovy chromatograf/plynova chromatografie

GC-MS Plynova chromatografie s hmotnostnim spektrometrem

IBI ang. ,,International Biochar Initiative®

IC Infraterveny

LMDT ang. ,,Logarithmic mean temperature difference*

MW ang. ,,Microwave*

Ni-C OznaCeni uhlikatého absorbentu mikrovinného zéfeni, uhlik dopovany niklem
PAU Polycyklické aromatické uhlovodiky

PCB Polychlorované bifenyly

PFAS Perfluorované a polyfluorované latky

S Sira

TGA Termogravimetricka analyza

UKZzUZ  Ustfedni kontrolni a zkudebni Gstav zemédglsky

Seznam symbol(

cd Obsah uhliku v suginé, hmot. %

FCd Neprchava hoflavina v susing, hmot. %
Hd Obsah vodiku v susiné, hmot. %

HHV Vyhrevnost, MJ/kg

CHSK Chemicka spotfeba kysliku, mg/I
ibiomasa Entalpie vstupni biomasy, J/kg
ipyr.plyn Entalpie pyrolyzniho plynu v&etné inertniho plynu, J/kg

ikap.kondenzat  Entalpie kapalného kondenzatu (bio-olej + pyrolyzni voda), J/kg



pyr.par Entalpie organickych par a pyrolyznich plynd, J/kg
Mpiomasa Hmotnostni tok vstupni biomasy, kg/h

Mbpiouhel Hmotnostni tok vznikajiciho biouhlu, kg/h

Miap.kondenzar HMoOtNostni tok vznikajiciho kapalného kondenzatu, kg/h

Mopyr.piyn Hmotnostni tok vznikajiciho pyrolyzniho plynu, kg/h

N¢ Obsah dusiku v susing, hmot. %

od Obsah kysliku v susiné, hmot. %

Qxond Teplo odebrané pfi kondenzaci, W

Qpyr Teplo dodané do pyrolyzniho reaktoru, W

Qzpyr Tepelné ztraty pyrolyzniho reaktoru, W

Qz.kon Tepelné ztraty pfi kondenzaci a separaci pyrolyzniho plynu od kapalného
kondenzatu, W

SeeT Specificky povrch dle Brunauer, Emmett a Teller, m?/g

Smeso Specificky povrch mezoport, m?/g

A Obsah prchavé hoflaviny v susing, hmot. %

Vmikro Objem mikropord, mm3;ie/g

Vet Celkovy objem por(, mm?3ig/g

T Teplota, °C
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1 Uvod

Vyzkum termochemického zpracovani odpadni biomasy popsany v této habilitacni praci

Ize shrnout do nésledujicich bodU:

» torefikace (nizkoteplotni pyrolyza),

e pyrolyza s konven¢nim ohfevem,

e pyrolyza s mikrovinnym ohfevem,

» karbonizace (vysokoteplotni pyrolyza) a aktivace,

» katalytické krakovani par z pyrolyzy biomasy.

V nésledujicim textu bude rozepsan nejen vyznam odpadu, jakoZ to suroviny, ale také
zplisoby jeho termochemického zpracovani. Vyzkum byl zejména zaméfen na zpracovani

odpadni biomasy procesem pyrolyzy.

1.1 Zpracovani odpadu

Zakladni pravidla pro nakladani s odpady jsou stanovena zadkonem €. 541/2020 Sb., o
odpadech a jeho provadécimi pravnimi predpisy. Zakon definuje, Ze: ,,Odpadem je kazda
movita véc, které se osoba zbavuje, ma imysl nebo povinnost se ji zbavit“. Mizeme tedy fict,
Ze odpady vznikaji prakticky pri veskeré lidské ¢innosti. Vznikaji v primyslu, ve stavebnictvi,
v zemeédelstvi, v dopravé i pfi béZzném Zivoté ¢lovéka ve spole¢nosti. Komunalni odpady jsou

pak produktem vSech obyvatel.

Budeme-li se bavit 0 komunalnich odpadech, tak v podminkach CR v roce 2020 bylo
stale 48 % tohoto odpadu skladkovano, 39 % materidlové recyklovano a pouze 12 %
energeticky vyuzito (zdroj: www.mpz.cz ). Od 1. ledna 2030 by se mélo recyklovat vice néz
60 % komunalniho odpadu a soucasné by se na skladku nemély ukladat odpady jejichz
vyhrevnost v susiné je vy3si nez 6,5 MJ/kg 2. To vytvaii tlak na separaci a opétovné vyuziti
nékterych komodit, jakymi jsou napf. odpadni plasty, které lze recyklovat materialové nebo

chemicky. Posledni moZnosti je pak energetické vyuZiti.

Kromé komunéalniho odpadu (ktery obsahuje 30 aZ 35 % bioslozky) a odpadnich plastd,
je nutné se zamyslet i nad zpracovanim zemédélskych a potravinarskych odpadd, odpadd

I Ministerstvo Zivotniho prostfedni, Tiskova zprava — Odpadova data 2020:
https://www.mzp.cz/cz/news_20211103-odpadova-data-2020-K-narustu-mnozstvi-komunalnich-odpadu-v-dobe-covidove-v-
CR-nedoslo

2 Zakon o odpadech 541/2020 Sh., aktualizovany 1.1.2024, https://www.e-sbirka.cz/sb/2020/541?zalozka=text
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z dievozpracujiciho priimyslu ¢i kaly z Gistiren odpadnich vod. VSechny tyto odpady obsahuji
vysoky podil uhliku a je vnich uloZena energie. To dava do budoucna prileZitost
termochemickym a biologickym procesiim pro zpracovani téchto typl odpadd.

1.2 Zpracovani biomasy

Zpracovani biomasy provazi lidstvo od pradavna. NejznaméjSim zpracovanim je
chemicka pfeména organické hmoty pomoci oxidace, nejCastéji doprovazena svételnymi efekty
a tepelnymi procesy, kterou hovorové nazyvame horeni. Kromé spalovani a vyroby tepla se
drevni biomasa transformovala i pomoci pyrolyzy na dievéné uhli, které pak hrélo dleZitou
roli v poCatcich metalurgie v dobé bronzové a Zelezné. Proces spalovani i proces pyrolyzy
fadime mezi tzv. termochemické procesy. Kromé nich byla historicky dilezita i biologicka
pfeména organické Casti biomasy, jako napf. alkoholové kvaseni, které slouzilo k pfeméné
jednoduchych cukrd na ethanol. V dnesni dobé je z biologického zpracovani také dllezity
proces anaerobni digesce (tzv. methanové kvaseni), ktery se uplatriuje v bioplynovych stanicich
pfi zpracovani odpadni zemédeélské biomasy. Chemickym zpracovanim biomasy je také vyroba
papiru, nebo esterifikace fepkového oleje pro pfipravu methylesteru fepkového oleje, tedy

bionafty.

1.3 Termochemické procesy

Termochemické procesy jsou procesy, které vyuZivaji teplo pro chemickou pfeménu
materiald na produkty s vy$$im uzitnym potenciadlem a/nebo uZzitnou hodnotou (v podobé
energie ¢i chemickych sloucenin). PFi vSech téchto procesech vznikaji riznd mnozstvi tfi
hlavnich produktd: pevnych (uhlikaty material a/nebo popel), kapalnych (pyrolyzni voda, bio-
olej a/nebo dehet) a plynnych (pyrolyzni nebo syntézni plyn, nebo spaliny). Kazdy proces
pouziva riizné reakéni podminky (teplota, tlak, rychlost ohfevu, doba zdrzeni, oxidacni nebo
inertni atmosféra, prdtok inertniho plynu atd.) k optimalizaci vyroby a/nebo kvality jednoho

nebo vice konkrétnich produktd.

Velmi obecné rozdéleni téchto procesnich parametrd je vypsano nize v tab. 1. Tabulka
nezahrnuje viechny podminky, nebot’ ty miZou byt u jednotlivych procesl specifické, presto
pro obecnou predstavu je postacujici. Z termochemickych procesti bude pro potfeby zpracovani

odpadni biomasy pouZit proces pyrolyzy.



Tab. 1 Procesni parametry jednotlivych termochemickych procesti (Helsen and Bosmans, 2010)

. N - Plazmové
Pyrolyza Zplynovani Spalovani Zpracovani
Teplota (°C) 200-1200 700-1500 > 300 > 1000
Tlak (MPa) 0,1 0,1-5 0,1 0,1
Zplyrovaci
Inertni: N2 Zplynovaci médium: Op,
Atmosféra Mirné oxidacni: médium: Oa, Vzduch H20
spaliny H20 lonizovany
plyn: Oz, No, Ar
Hlavni produkty:
- v plynné fazi Hz,'\l(;%gfo’ Hz, CO, CO2, | CO2 H20,02, | H CO, COy,
uhlovodiky CHg4, H20, N2 N2 CHg4, H20, N2
- v kapalné fazi Pyroly'z n',VOd".’l’ - - -
pyrolyzni olej
e Uhlikaty <\ s <
- vV pevne fazi material, popel Skvéra, popel Popel, Skvéara Skvéra, popel
1.4 Pyrolyza

Pyrolyza je termicky rozklad materidlu za nepfistupu vzduchu, popf. jen s nizkou
koncentraci oxidujici slozky. Materidl je pfi procesu pyrolyzy ohfivan nad rozkladnou teplotu.
Ze vstupniho materialu, napf. biomasy nam vznikaji tfi produkty — tuhy zbytek, tedy uhlikaty
material obecné oznaCovany jako biouhel, kapalny kondenzat sloZeny z bio-oleje a pyrolyzni
vody, a nakonec pyrolyzni plyn. MnoZstvi jednotlivych produktd Ize ovlivnit rychlosti ohfevu
materialu a kone€nou teplotou pyrolyzy. U inertniho plynu (napf. N2) pfedpokladame, Ze se
pyrolyzy netcastni a beze zmény hmoty systémem protéka. Materidlovou bilanci pyrolyzy

biomasy midzeme tedy napsat jako:
Mbpiomasa = Mbiouhel + Mkap.kondenzat + Mpyr.plyn (1)

Teplo dodané do pyrolyzniho reaktoru Qpyr je dano souctem tepla potfebného na ohfev
materialu na finalni pyrolyzni teplotu a tepla spotfebovaného na endotermni rozkladné reakce
samotne biomasy. Vysledné teplo dodané do pyrolyzniho reaktoru musi byt vzdy o néco vyssi,
aby se kompenzovaly tepelné ztraty, jak v pyrolyzniho reaktoru, tak i v nasledné kondenzaci a

separaci pyrolyzniho plynu od kapalného kondenzatu.

Z energetické bilance pyrolyzy biomasy mlzeme vyjadrit mnoZstvi tepla, které je nutné

do procesu pyrolyzy dodat:



Qpyr = Mbiouhel * Ibiouhel + Mkap.kondenzét * Ikap.kondenzat + Mpyr.plyn * Ipyr.plyn +

)

+ Qkond + Qz,pyr"‘ Q2z,kond - Mbiomasa ibiomasa - MN2 - IN2

Ackoliv v materidlové bilanci inertni plyn zanedbdvadme, do energetické bilanci jej
zahrnou musime, nebot’ jeho pfitomnost a ohfev zvySuje spotfebu tepla na pyrolyzu. V pfipadé,
Ze smés plynd a par pfimo za pyrolyznim reaktorem spalujeme, Ize rovnici (2) zjednodusit na

tvar:

Qpyr = Mbiouhel * ibiouhel + Mpyr.par * ipyr.par + Qz,pyr - Mbiomasa * ibiomasa - (3)

- M2 - iN2

Teplo dodané do pyrolyzniho reaktoru lze pak kompenzovat teplem vytvofenym spalenim
organickych par a pyrolyzniho plynu. Zalezi pak uz pouze na G¢innosti pfenosu tepla ze spalin
do pyrolyzniho reaktoru, kolik nakonec musime do pyrolyzniho reaktoru dodat tepla, aby
pyrolyza materialu probéhla dle poZzadavkd na kvalitu vystupniho produktu — napf. biouhlu.

Zjednodusené blokové schéma procesu pyrolyzy je zobrazeno na obr. 1.
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Obr. 1 ZjednoduSené blokové schéma procesu pyrolyzy

1.5 Vyuziti produktd pyrolyzy

Zpracovani odpadni biomasy procesem pyrolyzy se provadi zejména za Ucelem ziskani
uhlikatého materialu. Tyto uhlikaté materialy maji Siroké uplatnéni a jejich vlastnosti zaviseji
na zvolenych podminkach pyrolyzy, zejmena teploté. Pfi nizSich teplotach do 340 °C lze
pFipravovat z biomasy torefikovany material (v pfipadé pelet oznaovany jako ,,black pellets®),
které Ize vyuZzit pro energetické ucely, nebot’ se vlastnostmi velice podobaji hnédému uhli. P¥i
vysSich teplotach okolo 400-700 °C pfipravujeme z biomasy tzv. biouhel, ktery ma potencial
vyuZziti v zemédélstvi jako substrat, ktery midze zvySovat zadrz vody v plidé apod. Pfi teplotach



nad 800 °C jiZ produkujeme uhlikaté materialy s vysokym obsahem uhliku a rozvinutou porézni
strukturou, kterou navic midzeme modifikovat rliznymi zplsoby aktivace. Tyto materialy
nachazi uplatnéni zejména jako adsorbenty pro zachyt polutantl z ovzdusi a vod a nazyvame
je jako tzv. ,aktivni* Ci ,,aktivovana uhli*. Kromé téchto béznych aplikaci se v nedavné dobé
zaCaly testovat uhlikaté materidly pripravené karbonizaci pro ukladani energie jako tzv.

superkapacitory.

Kromé uhlikatého materidlu vznika béhem procesu pyrolyzy pyrolyzni voda a bio-olej.
Na jejich ziskdvani se zaméfuje mzikova pyrolyza. VyuZiti téchto kapalin je vSak stale
predmétem vyzkumu a poloprovoznich zkousek, které obnasi slozZitou separaci latek, rdizné typy
katalyzovanych reakci (napf. hydrodeoxygenace) a dalSi rafinacni procesy. V budoucnu by se
touto problematikou mély zabyvat bio-rafinerie. Pyrolyzni plyn je nejjednodussi vyuZzit
energeticky, a tim Cast energie vratit zpét do procesu, protoZe pyrolyza je silné endotermicky
proces. V pripadé, Ze byva pouZivan elektricky ohfev, je nutné se zabyvat i zuSlechtovanim

plynl a par vznikajicich pfi pyrolyze.

Podil jednotlivych produktl pyrolyzy je dan zejména vlastnostmi vstupniho materialu
(biomasy), ale také teplotou a dobou zdrzeni v termické zoné pyrolyzniho reaktoru. | tyto
hlediska byla hodnocena v ramci vyzkumu a jsou rozepsana dale v textu a v pfiloZzenych

prilohach.



2 Pyrolyzni zpracovani biomasy

Cilem vyzkumu, ktery je uveden v predloZené habilitani préaci, bylo termochemické
zpracovani odpadni biomasy — zejména procesem pyrolyzy, a to za Ucelem ziskani uhlikatého
nebo chemicky), nez plvodni odpadni biomasa. Ziskané vysledky jsou rozepsany a

prezentovany v této kapitole.

2.1 Biomasa

Biomasou se obecné rozumi organicky material pochazejici z Zivych nebo nedavno
zivych organismd, ktery Ize vyuZit jako obnovitelny zdroj energie (Adina-Elena et al., 2013).
Pro energetické Ci chemické Ucely je biomasa k dispozici v Siroké $kéle zdrojl, jako jsou
dfevnaté a travnaté materidly, energetické plodiny ¢i odpadni toky v zemédélstvi a
potravinarstvi. Drevo-vlaknité materidly jsou upfednostfiovany prfed potravinarskymi
plodinami, a to z nékolika dlivod(l. Materialy na bazi dfeva obsahuji mnohem vice energie nez
potravinarské plodiny. MnoZstvi hnojiv a pesticidd potfebnych pro rist dieva je také mnohem
nizsi a na jednotku hmotnosti je vyuzito mensi plochy pldy. Dalsi charakteristikou biomasy je
jeji klimaticky neutralni chovani. Pokud je biomasa péstovana udrzitelnym zplsobem, jeji
vyroba a aplikace nevytvari Zzadné dalsi mnozstvi CO2 v atmosfére. CO2 uvolnéné spalenim i
zpracovanim biomasy je pravé ten oxid uhliity, ktery byl béhem fotosyntézy v biomase
pfeménén a byl absorbovan pravé z atmosféry. To pfedstavuje pfirozeny cyklus CO>, ktery je z

hlediska globalniho klimatu neutralni.
Biomasu lze rozdélit na tfi typy:

= Dendromasa se predstavuje dievni biomasu ze stromd, kterd zahrnuje vétve,
kmeny nebo dals$i dfevnaté (ligninové) rostlinné materialy, véetné odpadi
z drevozpracujiciho primyslu (Stolarski et al., 2022).

e Fytomasou se rozumi rostlinnd biomasa, vznikajici v prirodé v pribéhu
fotosyntézy. Zahrnuje nadzemni a podzemni rostlinnou hmotu jako listy, stonky
a koreny (Nebeska et al., 2021).

e Zoomasa oznaCuje Zivocisnou biomasu a zahrnuje veSkerou ZivociSnou hmotu na
planeté zemi véetné exkrementd. Jedna se také o organicky podil ve smésném

komunalnim odpadu nebo Cistirenského kalu (Mosko et al., 2021).



Pokud chceme zpracovavat biomasu pomoci procesu pyrolyzy, je nutné mit alespon
zakladni povédomi o tom, jak se chovaji tfi zakladni stavebni sloZzky energeticky vyuZivané
biomasy — tedy hemiceluldza, celuldza a lignin pfi termickém zpracovani. NejjednodusSim
zplisobem je vyuZiti termogravimetrické analyzy (zkracené TGA). Termogravimetrické krivky
téchto tfi sloZzek jsou zobrazeny niZe na obr. 2. Z pribéhu termogravimetrickych kfivek je
zfejmé, Ze jako prvni dochazi k rozkladu hemicelul6zy, a to v teplotnim rozmezi 200 az 350
°C. Celuldza se rozklada v uzkém teplotnim rozmezi 300 az 400 °C. Naopak lignin se rozklada

pozvolna od 240 °C aZ do vice nez 800 °C a tvofi pak hlavni ¢ast skeletu vznikajiciho uhlikatého

materialu.

A —— hemicellulose | 30
(60 i NS
i \_\ ¥ SR cellulose 4
80 | N o i lignin 1

Hmota (hm.%)

Rychlost ubytku hmoty (hm.%/°C)

0 200 400 __ 600 800
Teplota (°C)

Obr. 2 Termogravimetricka analyza zakladnich stavebnich prvk( biomasy (Yang et al., 2007)

2.2 Torefikace

Torefikace je Fizeny proces nizkoteplotni pyrolyzy, pfi kterém je biomasa zahfivana v
rozmezi teplot 200 az 340 °C v bezkyslikatém prostfedi nebo za pfitomnosti pouze malého
mnozstvi kysliku. Tento proces vede ke sniZeni vlhkosti biomasy a pfeméné biomasy na
produkt s podobnymi vlastnostmi jaké ma uhli. Torefikované drevni pelety jsou Casto
oznacovany jako tzv. ,black pellets”“. Tuhy zbytek po torefikace pfilis asto neoznaujeme
slovem biouhel, coz je dano nizkymi teplotami zpracovani biomasy, presto se to oznaceni

nevylucuje.

Torefikovana biomasa ma oproti tradini biomase tfi hlavni vyhody, kterymi jsou: vyssi
vyhfevnost (mnoZstvi energie na jednotku hmotnosti), vétSi energeticka hustota (mnozstvi

energie na jednotku objemu) a zlepSeni fady fyzikalnich vlastnosti, jako je tvarovéa stalost a



hydrofobni chovani. To vSe ma za nasledek celkové sniZeni naklad(i na vyrobu a dopravu,
snizeni kapacity skladovacich prostor, mensi naroky na vybaveni vyrobnich zavodd a zvyseni
bezpecnosti pfi manipulaci ve skladovacich zafizenich. Na druhou stranu torefikaci ztraci
biomasa Cast energie v podobé prchavé hoflaviny, ktera se zahfatim na teploty nad 200 °C

uvolfiuje. Tato nevyhoda je viak bohaté kompenzovana vyse popsanymi prednostmi.

2.2.1 Popis procesu torefikace

Celkovy proces torefikace Ize rozdélit na nékolik krokd, jako je ohfev, suseni, pyrolyza a
chlazeni. Prlibéh jednotlivych krokd Ize pozorovat i na obr. 3. V prvni fazi do 200 °C dochazi
k pozvolnému ohfevu materialu a tim dochazi k odpareni vody, v tomto pfipadé okolo 10
hm. %. P¥i finalni teploté 200 °C mliZeme vidét, Ze k ustaleni hmotnosti dochazi béhem 10 nebo

20 minut. PFi vySSich teplotach jiz zaCina dochazet k rozkladu zejména hemiceluldzy, cozZ se

projevuje uvolfiovanim organickych par a poklesem hmoty.

- 300
——300°C | 250
---- 275°C
B0 e 250°C
B s L 200 ~
< _ | b 200°C )
2. T <.
o) =z
g - 150 %
60
T i
-~ 100
50 +
40 — - 50
B doba ohfevu doba zdrZeni na finaini teploté
30 T T T T T T T 0
0 10 20 30 40 50 60 70

Cas (min)

Obr. 3 Termogravimetrické kFivky smrkovych pilin pfi rliznych teplotach torefikace a dobé zdrZeni 45 min (Seda ¢ara
predstavuje teplotu) (Grycova et al., 2021)

Na obrazku vidime, Ze doba zdrzeni 45 minut je pro ustaleni hmoty nedostatecna a stéale
probihaji rozkladné reakce. Az pfi teploté 300 °C pfi Ubytku 60 % hmoty pozorujeme pozvolné
narovnavani termogravimetrické k¥ivky. Pribéhy téchto kfivek jsou velice dleZité pro

nastaveni doby zdrzeni biomasy v termické zoné, viz pfiloha [P1].

-10 -



2.2.2 VIliv teploty torefikace na kvalitu pevného uhlikatého materialu

Kromé torefikacni teploty velikost Ubytku hmoty zavisi také na typu vstupni biomasy.
Drevni biomasa, ktera obsahuje vysokym podil celul6zy a ligninu, méa vyssi teplotni stabilitu a
k vyraznému Ubytku hmoty dochazi az okolo 300 °C. Na opacne strané je zemédélska biomasa
(traviny, slama apod.), ktera jiz pfi 250 °C méa téméf 50 % Ubytek hmotnosti, coZ je dano
vysokym obsahem hemicelul6zy. Srovnani chemického sloZeni torefikované biomasy je mozné

vycist niZe z tab. 2.

Tab. 2 Vliv teploty torefikace na sloZeni uhlikatého materialu (Grycova et al., 2021)

T c? 0o Ve FCd HHV

CC) | (hm%) | (hm%) | (hm.%) | (hm.%) | (M/kg)

200 | 50,3 42,9 80,9 18,9 19,9
225 506 42,4 79,7 19,9 20,0
Sr;rl'l‘r‘\’;’e 250 | 522 | 412 | 776 | 221 | 202
275 | 56,2 37,9 65,0 34,5 20,7

300 | 67,9 27,4 47,0 52,1 24,3

200 | 46,3 41,6 75,8 19,1 17,2

225 | 48,6 38,7 715 22,9 17,5

Slama | 250 | 58,0 27,6 44,6 46,8 20,7
275 | 60,9 22,1 34,6 54,0 21,9

300 | 652 17,8 31,3 56,8 23,2

200 | 46,2 41,7 76,8 18,2 17,0

, 225 | 48,9 38,1 73,2 21,3 17,9
gfgﬁ 250 | 54,9 318 575 35,9 19,7
275 | 61,4 23,4 44,1 46,9 22,3

300 | 632 14,4 33,5 49,4 23,2

200 | 417 38,1 65,7 19,9 16,5
225 435 35,7 63,1 21,6 16,7
Fsemzpolz’; 250 | 458 | 206 | 510 | 298 | 169
275 | 49,6 21,3 35,5 401 17,7

300 | 51,6 15,9 27,6 44,1 18,6

T — teplota torefikace, C — obsah uhliku, O — obsah kysliku, V — prchava hoflavina, FC — neprchava hoflavina,

HHV - vyhievnost, ¢ — v susing

Vyneseme-li data z elementarni analyzy do Van Krevelenova diagramu zjistime, Ze

biomasa torefikovana pfi 300 °C ma jiZ parametry jako uhli, viz obr. 4.
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Obr. 4 Van Krevelen(v diagram torefikovanych vzork( biomasy (Grycova et al., 2021)

Energetickd hustota je definovina jako hmotnost ziskaného uhlikatého materialu
nasobena jeho vyhrevnosti a podélena plvodni hmotnosti surové biomasy. Podivame-li se na
hodnoty energetické hustoty, miZzeme posoudit, pfi jaké teploté se jeSté vyplati provadét
torefikaci. Obdobné Ize vyhfevnost uhlikatého materialu prepocitat skrz sypnou hustotu, kdy
dostaneme (daj o energii na jednotku objemu (GJ/m?). Z vysledk( torefikace smrkovych pelet

zobrazenych na obr. 5 mlZeme usuzovat, Ze doporucena teplota pro torefikaci je 260 °C.

20 13
I
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=18 - 12 §
I Q
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Q
c
w

14 . T — : : T —— 10

200 220 240 260 280 300

Teplota torefikace (°C)

Obr. 5 Vliv teploty torefikace na energetickou hustotu a vyhrevnost smrkovych pelet (nepublikovana data)
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Kromé samotné torefikace pelet byly provedeny i testy se sypkym materidlem, ktery byl
nasledné peletizovan. Pro testy byla pouzita smés lignocelulézové biomasy — zahradniho
odpadu (ofezy z ovocnych stromU a kefl, vétve tdji, smrkové vétve véetné jehlici). Schéma
experimenttl je zobrazeno niZe na obr. 6. Takto vyrobené pelety byly podrobeny béznym testlim
kvality jako je otéruvzdornost, tvrdost, index smacivosti, objemova hustota, specificka hustota
a bylo analyzovano elementéarni a chemické sloZeni. Bylo zjisténo, Ze torefikovana a nasledné
peletizovana biomasa méla vysSi obsah uhliku a vyssi vyhfevnost, neZ biomasa peletizovana a
nasledné torefikovana. Za predpokladu stejna teploty a stejné doby zdrZeni probiha prestup
tepla skrz malou castici rychleji nez skrz cely objem pelety. Na druhou stranu torefikované
pelety vykazovaly lepsi vlastnosti z hlediska tvrdosti a otéruvzdornosti. V priibéhu torefikace
dochazi k rozkladu hemicelulézy na jednodussi cukry a k tvorbé par organickych latek. Tyto
latky pak prochazeji skrz hmotu pelety aZ na jeji okraj, ale Cast v peletach zlstava a plsobi

pravdépodobné jako pojidlo. Problematika je podrobnéji rozepsana v pfiloze [P2].

»  Otéruvzdornost

>{ Torefikace 225°C —— TGW225 } » Peletizace > PTGWZZS}

> Tvrdost

‘.{ Torefikace 250°C —— TGW250 H Peletizace —— PTGW250 }7 o
Index smacivosti

Rezim I.

Zahradni odpad
(GW)

Torefikace 225°C » TGWP225 }7
Rezim Il =
>{ Peletizace » GWP ‘

Torefikace 250°C —» TGWP250 %% Specificka hustota

» Objemova hustota

Elementarni a
chemické slozeni

Obr. 6 Popis zpracovani zahradniho odpadu (Grycova et al., 2022), Zkratky: GW — Garden waste/Zahradni odpad,
TGW225/250 — Torefikovany zahradni odpad pfFi teploté 225 a 250 °C, PTGW — Peletizace torefikovaného zahradniho
odpadu, GWP — peletizovany zahradni odpad, TGWP — Torefikace peletizovaného zahradniho odpadu

2.2.3 Bilance procesu torefikace

Hlavnim produktem torefikace je pevny uhlikaty materidl. Se zvySujici se teplotou
torefikace vzrlista mnozstvi kapalného kondenzatu a mirné narlistd i mnozstvi plynu, jak
muzZzeme vidét z bilance procesu torefikace na obr. 7. Znatelny narlst produkce kapaliny u

300 °C souvisi se zaCinajicim rozkladem celulozy.
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Obr. 7 RozloZeni produkt(i torefikace smrkovych pelet v zavislosti na teploté (nepublikovana data)
2.2.4 Analyza pyrolyzni vody a plynu

Jednou z vyhod torefikace je, Ze kapalny kondenzat obsahuje zejména pyrolyzni vodu.
Kapalny kondenzat miZe obsahovat i olejovou fazi, ale vétSinou az od teplot 275-300 °C, kdy
jiz dochazi k rozkladu celul6zy a také ligninu, diky ¢emuz vznikaji ve vodé nerozpustné latky

jako fenoly, kresoly apod.

Mnozstvi organickych latek v pyrolyzni vodé Ize vyjadfit pomoci chemické spotieby
kysliku. S rostouci teplotou podil téchto organickych latek ve vodé stoupd, viz tab. 3.

Tab. 3 Obsah organickych latek v kapalném kondenzatu z torefikace smrkovych pelet (nepublikovana data)

CHSK

(mg/1)
Surové pelety 0
225 °C 28 785
250 °C 33532
260 °C 51914
275 °C 139 885
300 °C 359 762

CHSK - chemicka spotfeba kysliku

Do teploty torefikace 275-300 °C obsahuje kapalny kondenzat pouze pyrolyzni vodu a ta
miZe byt zpracovana v Gistirnach odpadnich vod, protoZe hodnoty CHSK jsou na trovni silné
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znecisténych primyslovych vod. Kapalny kondenzat s olejovou fazi uz predstavuje problém.
Kromé zpracovani pyrolyzni vody na COV, je dalsi variantou extrakce a ziskani dlezitych
chemickych slou€enin jako jsou kyselina octova, furfural ¢i hydroxymethylfurfural. Pro GCely
analyzy slozeni pyrolyzni vody pomoci plynové chromatografie s hmotnostnim spektrometrem
(GC-MS) byly vzorky pyrolyznich vod vytfepany s diethyletherem v poméru 1:1. Diethyether
byl poté odparen v proudu dusiku. Kapalny film s organickymi latkami byl poté pro ucely
analyzy rozpustén v acetonu. Chromatografické zaznamy pro pyrolyzni vody vzniklé pfi
rliznych teplotach torefikace smrkovych pelet jsou zobrazeny na obr. 8. Hlavnimi slozkami,
které mliZzeme pozorovat jsou kyselina octova (retenéni ¢as 13 min.) a furfural (14 min.), které
predstavuji vice nez 30 % z celkové plochy vsech pik(. Ostatni slouceniny, jejichZ intenzity
pikd wvzrlstaly srostouci teplotou, byly acetol (10 min.), furfurylalkohol (18 min.),
2-methoxyfenol (23 min.), kreosol (26 min.) a 5-hydroxymethylfurfural (34 min.). Tyto

slouceniny vznikaji termickym rozkladem hemicelulézy a ligninu.

HRL WO N R W T - 300°C

FID signal a.u.

; T I _ann L..AA..L.,) . = A I 260°C
': e T . e 250°C
] e n 225°C
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Obr. 8 Chromatogramy z analyzy vzorkd pyrolyznich vod z torefikace smrkovych pelet (nepublikovana data)

U kondenzatu z torefikace smrkovych pelet pfi 300 °C jiz vznikaji viditelné obé faze —
pyrolyzni voda a bio-olej. Olejova faze predstavuje zhruba 10 % z celkového objemu kapalného
kondenzatu a obsahuje hlavné fenolické slouCeniny jako napf. pyrokatechol. Tvorba olejové
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faze znamena komplikaci pro torefikacni proces, protoze kapalny kondenzat jiz neni mozne
zpracovavat pomoci Cistirny odpadnich vod. Proto doporuCujeme pro zpracovani drevni
biomasy pomoci torefikace teplotu do 275 °C. Je nutné poznamenat, Ze i pfi teplotach
250-275 °C dochazi diky rozkladu ligninu k tvorbé fenolickych latek, ale jejich tvorba
nevytvari samostatnou svodou nemisitelnou vrstvu. Toto teplotni okno se v soucasnosti
s oblibou pouziva pro tvorbu studeného koufe z bukovych hoblin pfi uzeni, nebot’ pravé
fenolické latky pochézejici z ligninu (napf. 2-methoxyfenol, tzv. Guajakol) davaji masu

charakteristickou vini.

Mnozstvi vzniklého pyrolyzniho plynu se pfi torefikaci pohybovalo v rozmezi od 1,2 do

2,4 hmot.%. Tyto plyny obsahovaly predeviim CO. a CO v poméru pfiblizné 2:1 (v 0bj.%).

2.2.5 Vyuziti torefikace k hygienizaci Cistirenského kalu

Pouziti Cistirenskych kal na zemédélské pldé je definovano vyhlaskou ¢. 273/2021 Sb.
(Vyhlaska o podrobnostech nakladani s odpady). Kaly lze aplikovat v mnoZstvi nejvyse 5 t
sudiny na 1 ha (v pripadé, Ze pouZzité kaly obsahuji méné nez polovinu limitniho mnoZstvi kazdé
ze sledovanych rizikovych latek a prvkd, mze mnoZzstvi kal( dosahnout 10 t susiny). Pred
aplikaci na zemédélské plidé je nutné kal upravit — podrobit biologické, chemické nebo tepelné
Uprave tak, Ze se vyznamné snizi obsah patogennich organism( v kalech, a tim zdravotni riziko

spojené s jeho aplikaci.

Cistirensky kal byl torefikovan pfi riznych teplotach — 150, 200 a 250 °C. Testy
hygienizace a stability byly provedeny pomoci ,,Paddle* testerd, na kterych se sleduje rdist
bakterii a plisni na Zivné pldé. Testery byly kontaminovany kalem torefikovanym pfi riznych
teplotach a poté byly vloZeny do inkubatoru a nékolik dni se sledoval vyvin jednotlivych skupin
bakterii a plisni. Vysledky pozorovani jsou uvedeny niZe v tab. 4. Z vysledkl je ziejmé, ze
proces torefikace jiz pfi teploté 200 °C hygienizuje kal od koliformnich bakterii a plisni,
nicméné tento kal nadale podIéhal hnilobnym procesdim, coZ neni pfilis vhodné pro skladovani
(nebezpecCi tvorby methanu apod.). Kal torefikovany pfi teploté 250 °C lze jiz oznaCit za
hygienizovany a stabilni, a takto hygienizovany kal Ize bez problému skladovat a pouZzit napfr.
jako pldni substrat (po spInéni zakonnych podminek dle vyhlasky 273/2021 Sb.).
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Tab. 4 Vysledky rlstu bakterii a plisni na Zivné plidé kontaminované gistirenskym kalem torefikovaném pfi rliznych teplotach

Surovy kal 150 °C 200 °C 250 °C
Koliformni bakterie + + - -
Aerobni bakterie celkové + + + -
Plisné a kvasinky + + - -

+ pozitivni vysledek testu, doslo k mnoZeni, - negativni vysledek testu, nedo$lo k mnozeni

Vzhledem k pfitomnosti mnoha rizikovych latek (PAU, PCB a PFAS), vcetné

vvvvvv

procesy budou hrat dllezitou roli pfi jejich utilizaci pyrolyzou ¢i likvidaci spalovanim.

2.3 Konvencni pyrolyza

Pod pojmem konvencni pyrolyza se rozumi zpracovani materialu v rozmezi teplot 340 az
700 °C pfi relativné pomalé rychlosti ohfevu (nékolik stupriCi za minutu) v interni atmosfére.
Doba zdrZeni materialu v pyrolyzni z6né se pohybuje od desitek minut po hodiny. V tomto
rozmezi teplot se jiZ rozkladaji viechny slozky biomasy a vznikaji ndm tfi produkty — pyrolyzni
plyn, kapalny kondenzat sloZeny z pyrolyzni vody a bio-oleje, a uhlikaty material, ktery

oznacujeme jako biouhel (anglicky ,,Biochars®).

Vlastnosti biouhlu vyrobeného z biomasy v pyrolyznich reaktorech lze shrnout do
nékolika bod(l (Pohorely et al., 2019):

= Biouhel obsahuje cca 10-40 % hmotnosti susiny plivodni biomasy.
» Hlavni stavebni sloZzkou biouhlu je chemicky stabilni uhlik (50-96 hm. %).
 Biouhel je porézni material, specificky povrch mdze byt od 0,1 do vice jak 1000 m?/g.
Nejvétsi vliv na kvalitu biouhlu ma kromé samotného typu zafizeni, také teplota
v pyrolyzni z6né reaktoru, rychlost ohfevu vstupniho materialu, ¢as zdrZeni v pyrolyzni z6né
reaktoru a typ pouzité biomasy. S rostouci teplotou pyrolyzy se snizuje vytézek — tzn. produkce
samotného biouhlu. ZvySovani teploty pyrolyzy ma téz silny vliv na rozklad a tékavost

organickych latek vzniklych procesem pyrolyzy a organickych latek pfitomnych v biomase
(Pohotely et al., 2019).
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2.3.1 Kvalita biouhlu

Kvalitu biouhlu, ktery se pouziva jako pldni aditivum, sleduje mnoho narodnich i
nadnarodnich instituci. V Ceské republice registruje biouhel Ustfedni kontrolni a zku3ebni
Ustav zemédélsky (UKZUZ). Déle existuji organizace, od kterych miize vyrobce biouhlu po
protoZe kontroluji vice oblasti neZ v pfipadé narodni legislativy. Jedna se o ,,European Biochar
Certificate* (EBC) a ,,International Biochar Initiative” (IBI). Cilem téchto iniciativ je zajistit
bezpeCny produkt pro Zivotni prostfedi a vytvofit jednotny soupis vlastnosti jako znak

spolehlivosti a kvality pro spotfebitele.

Kvalita biouhlu vyrobeného pyrolyzou biomasy se dle doporuceni ,,IBI Biochar
Standard*“® uréuje pomoci tfi kategorii testd:

e Testy kategorie A — Zéakladni vlastnosti (anglicky ,,Basic Utility Properties*) — Tato

sada testd analyzuje nejzakladngjsi vlastnosti potfebné k posouzeni uzite¢nosti biouhlu
pro pouziti v plidé (nap¥. obsah uhliku, dusiku, vodiku, obsah popela, pH a vodivost
vodného vyluhu, granulometrie atd.)

e Testy kategorie B — Hodnoceni toxicity (anglicky ,,Toxicant Assessment*) — Tato sada

testl posuzuje moznou toxicitu biouhlu v plidé. Toxické latky Ize rozdélit do dvou
kategorii:

o naty, které mohou byt pfitomny v pouZzitych surovinach (napf. tézké kovy),

o anaty, které mohou byt pfi vyrobé biouhlu vytvoreny procesem pyrolyzy (napfr.

PAU - polycyklické aromatické uhlovodiky).

» Testy kategorie C — Pokrocilé analyzy a zlepSeni vlastnosti plidy (anglicky ,,Advanced
Analysis and Soil Enhancement Properties) — Tato sada testl analyzuje jak specificky
povrch biouhlu, tak i obsah latek, které mohou slouzit jako Ziviny pro rostliny v pldé
(napt. vyluhovatelny fosfor, vapnik, hofcik, sira ve formé siranl, dusik ve formé

dusi¢nan().

2.3.2 Bilance procesu pyrolyzy

Praktickym prikladem konvencni pyrolyzy byla pfiprava biouhlu z oddenk( Miscanthu.
Miscanthus Giganteus neboli Ozdobnice obrovska, je travina s bambusovymi stonky, ktera

dordsta vysky 3 az 4 metr(. Je nenaro¢na na podminky, proto je mozné ji péstovat i na mistech,

3 International Biochar Initiative, https://biochar-international.org/biochar-standards/
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kde neni zarucena vysoka bonita pldy, napt. post-téZebni lokality, brownfieldy apod. Kromé
péstovani pro energetické Gcely v podobé Agro-pelet, Ize ze stonk( ziskéavat i vidkna. Béhem
zimy rostlina presune vsechny Ziviny do svych oddenkd (rizom0) a suché stonky se v priibéhu
unora/biezna sklizeji kombajnem. Na jafe pak z oddenkU vyrasi nova trava. Tento cyklus lze
opakovat 5-10 let, dokud nezacne klesat vytéznost biomasy na plochu. Poté je nutné oddenky
vyorat. A zde se pravé nabizi zpracovani oddenkd pomoci pyrolyzy. Vznikly biouhel Ize pak
vrétit na pole, kde se Miscanthus péstuje a zlepsit tim tak pldni vlastnosti. Postup pfipravy
biouhlu (viz obr. 9) pfi rliznych teplotach (400, 500, 600 a 700 °C) pfi dobé zdrzeni 2 hodiny,
ale i rGznych dobach zdrzeni (15 min, 1 h a 2 h) pfi 600 °C je rozepsan v pfiloze [P5].

Miscanthus

<. Pyrolyza odpadii z
“>.._ vyroby

Pyrolyza "
400-700 °C

Zékladni analyza sloZeni
Méreni porozity a specifického povrchu

Studium fytotoxicity | Analyza obsahu PAHU

<

a ekotoxicity biouhlu . Analyza obsahu t&zkych kov

Obr. 9 Schéma postupu praci s oddenky Miscanthu

Z rozloZeni produktli oddenkd Miscanthu pomoci konvencni pyrolyzy mizeme fici, Ze
tyto vysledky kopiruji obecné trendy, kdy s rostouci teplotou pyrolyzy klesd mnozZstvi
vyrobeného biouhlu (viz obr. 10). Kromé teploty ovliviiuje vytéZek biouhlu i doba zdrZzeni pfi
konec¢né teploté pyrolyzy. Vliv téchto podminek na vysledné vlastnosti biouhlu je popséan
v priloze [P5].
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Teplota pyrolyzy (°C)
Doba zdrzeni (h)

hm. % hm. %

Obr. 10 Rozlozeni produktl pyrolyzy Miscanthu v zavislosti na teploté pyrolyzy (vlevo) a dobé zdrZeni pfFi teploté pyrolyze
600 °C (vpravo) (Klemencova et al., 2022)

Dle doporuceni IBI byly hodnoceny i dalsi parametry, zejména pak pérovitost biouhlu a
jeho toxicita. Vysledky fyzisorpéniho méreni jsou uvedeny v tab. 5. Z vysledkl vyplyva, Ze
s rostouci teplotou dochazelo ke zvySovani specifického povrchu. Teplota pyrolyzy a doba
zdrzeni méla vliv jak na specificky povrch, tak na objem mikropord. Biouhel pfipraveny pri

teploté 700 °C mél nejvyssi specificky povrch. PFi teplotach nizSich nez 500 °C nebo pfi kratké
dobeé zdrZeni v pyrolyznim reaktoru nevznika témeér Zadna porézni struktura.

Tab. 5 Texturni vlastnosti biouhld pFipravenych pyrolyzou Miscanthu (Klemencova et al., 2022)

Vzorek SeeT Smeso Vmikro Vet
(m?g) | (m?%g) | (mmig/g) | (MM°iig/g)

Miscanthus 0,7 - - -

400 5 - - -

500 47 i . i
600/0,25 16 6 4 10
600/1 193 19 87 113
600/2 217 22 106 132
700 273 18 123 146

Pozn.: Vzorky jsou oznaceny dle podminek pyrolyzy (teplota a dobou zdrzeni)

Pro stanoveni obsahu polycyklickych aromatickych uhlovodik( (PAU) byla v laboratofi
zavedena nova metoda dle literatury (Hilber et al., 2012), nebot’ nejnovéjsi studie ukazuji, Ze
metoda 1SO 13877:1998 pouzivana pro stanoveni PAU v pldach a bioodpadech neni
vhodna pro stanoveni PAU v biouhlech (uhlikaté materialy s porézni strukturou). Obsahy
PAU v biouhlech pfipravenych pfi rliznych podminkach jsou uvedeny v tab. 6. Dle

»European Biochar Certificate* (EBC) by obsah PAU v biouhlu v prémiové kvalité nemél byt
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vysSi nez 4 mg/kg susiny, a u zakladni kvality je maximalni hodnota obsahu PAU v biouhlu 12
mg/kg susiny. Obsah téZkych kovi byl u vzork( biouhld minimalni.

Tab. 6 Vysledky stanoveni obsahu polycyklickych aromatickych uhlovodik( (Klemencova et al., 2022)

Teplota Obsah PAU
(°C) (mg/kg susiny)
400 6,8

500 17,4
600/0,25 5,0
600/1 58
600/2 5,6

700 4,1

Pozn.: Vzorky jsou oznaceny dle podminek pyrolyzy (teplota a dobou zdrzeni)

Na zékladé vySe uvedenych dat byla pro poloprovozni vyrobu biouhlu zvolena teplota
600 °C s dobou zdrZeni 2 hodina. Timto zplisobem bylo zpracovano vice nez 140 kg biomasy
a vyrobeno témeér 40 kg biouhlu, ktery byl pouZzit pro vyzkum vlivu biouhlu na remediaci post

téZebnich lokalit.

Kromé téchto parametr( je vhodné kontrolovat u biouhlll i pH vodnych vyluht, nebot
obsah popelovin mlZe vyznamné ovlivnit toto pH. Pravé biouhel pfipraveny pyrolyzou
oddenkd Miscanthu pfi 600 °C ma obsah popelovin okolo 13 hm.% v susingé. Vodny vyluh
tohoto biouhlu mé pH okolo 10-11, tedy silné zasadité. Pridavek takto zasaditého biouhlu mize
vyrazné ovlivnit vysledné pH pldy, do které bude aplikovan. Dal$i zkoumané parametry jsou

uvedeny v pfiloze [P5].

2.3.3 Analyza pyrolyzni vody, bio-oleje a plynu

Vzhledem ke vzniku dvou fazi (vodné a olejové vrstvy) kapalného kondenzatu, je nutné
tyto faze pro potfeby chromatografické analyzy odseparovat. Pro separaci se vyuZiva extrakce
do nepolarniho rozpoustédla (napf. dichlormethanu) a do polarniho rozpoustédla
(napr. diethyletheru). Tyto rozpoustédla s vysokou tenzi par se pak z obou extraktd odpafi
v proudu dusiku pri teploté cca 30 °C. Organické latky, které ve vialce tvori tenky film se
rozpusti v acetonu a vzorky jsou analyzovany pomoci GC-MS. Pfi chromatografické analyze
je vhodné kvdli lepsi separaci a identifikaci vsech skupin latek pouzit dva rlizné typy kolon —
HP5 pro nepolarni latky vyextrahované dichlormethanem, a WAX pro polarni latky
vyextrahované diethyletherem. Majoritni sloZzky nalezené v pyrolyzni vodé a bio-oleji jsou

vypsany nize v tab. 7. Z porovnani je zfejmé, Ze ve vodné fazi se nachazeji zejmeéna organicke
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kyseliny, ketony ¢i alkoholy. Hlavni slozky bio-oleje jsou zejména fenolické latky. Miizeme

ale pozorovat, Ze napf. furfural nebo furfurylalkohol jsou soucéasti obou fazi.

Tab. 7 Slozeni kapalného kondenzatu rozdéleného pomoci extrakce do dichlormethanu a diethyletheru

Slouceniny rozpusténé v Plocha piku Slouceniny rozpusténé v | Plocha piku
dichlormethanu (%) diethyletheru (%)
Guajakol 9,3 Kyselina octova 28,2
Fenol 8,8 1-Hydroxy-2-propanone 11,7
3-Furaldehyde 6,8 Furfurylalkohol 4,6
Furfural 59 Hydrochinon 4,4
2,3-Dihydrobenzofuran 5,7 Kyselina propionova 3,8
4-Ethylfenol 4,9 1-Hydroxy-2-butanone 3,6
Furfurylalkohol 3,9 Furfural 2,7
2,6-Dimethoxyfenol 3,8 Diacetyl 2,6
4-Ethylguajakol 31 1,2-Cyclopentanedione 2,0

Bez ohledu na teplotu pyrolyzy, pyrolyzni plyn z pyrolyzy oddenk( Miscanthu obsahoval
zejména CO., asi 57-68 0bj.%. Obsah CO se pohyboval mezi 23 aZ 31 obj.%. S rostouci
teplotou pyrolyzy rostl obsah methanu, z 2 obj.% pfi 400 °C aZ po 11 obj.% CHa pfi 700 °C.
Kromé obsahu methanu roste i obsah vodiku, z 1,5 0bj.% na 5 obj.%. Podrobnéjsi vysledky

vcetné vyhrevnosti pyrolyzniho plynu jsou uvedeny v priloze [P5].

2.3.4 Modelovani konvencni pyrolyzy

Zdanlivé jednoduchy proces konvencni pyrolyzy vybizi k vytvoreni matematického
modelu, ktery by predikoval mnoZstvi produktd a jejich sloZeni. Dle literatury (Fan et al., 2015)
byl vytvofen vypoCetni model konvenéni pyrolyzy v prostiedi AspenPlus®. Model vychézel
z elementarniho sloZeni smrkovych pilin, které byly rozloZzeny na jednotlivé prvky a poté bylo
vypocteno rovnovazné slozeni plynnych produktd s ohledem na danou teplotu pyrolyzy na
zakladé minimalizace Gibbsovych energii. Blokové schéma modelu je zobrazeno na obr. 11.
Vysledky této simulace jsou kvidéni v pfiloze [P8]. SloZeni pyrolyzniho plynu,

korespondovalo s realnymi experimenty.

-22 -



INERT

Y

COOLER
REACTOR

DECOMP
D et

SEPARATE

RGIBBS

S0OLIDS

Obr. 11 Blokové schéma procesu pyrolyzy smrkovych pilin modelované v AspenPlus® (Lestinsky and Palit, 2016)
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BohuZel v modelu vystupuje jako kondenzat pouze voda. Aby mohl model predikovat i
vznik organickych latek jako jsou organickeé kyseliny, ketony apod., musel by obsahovat sloZité
rozkladné reakce hemicelul6zy, celulézy a ligninu na meziprodukty a dalsi latky, které by byly
podporené kinetickymi daty. Tento model je tak spiSe vhodny pro modelovani zplynovani

biomasy nez pro konvencni pyrolyzu.

2.4 Mikrovinna pyrolyza

2.4.1 Princip mikrovinné pyrolyzy

Komer¢ni mikrovinny ohfev vyuZiva elektromagnetického zareni (vinéni) k polarizaci
molekul vody. Vlivem oscilaci elektrického pole (pfi frekvenci 2,45 GHz se elektrického pole
méni priblizné 2,45.10° krat za sekundu) se rozkmita molekula vody. Tato pohybova energie se
poté pfeméni na tepelnou. Obecné se da fFici, Ze absorbovany vykon zavisi na frekvenci,
permitivité materidlu a intenzité elektrického pole. OvSem polarizace molekul je mozna
zejména u polarnich kapalnych latek. Experimenty ukazaly, Ze pokud vloZime odpadni surovou
biomasu do MW reaktoru, doSlo pouze k jejimu vysuSeni a po odparu vody jiZz samotna hmota
mikrovinné zafeni prili§ neabsorbovala a k pyrolyze vsazky nedoslo. Proto je nutné k biomase
pridat vhodny absorbent mikrovinného zéreni. Takovym absorbentem miZze byt grafit Ci
uhlikaty materiél (tuhy zbytek z pyrolyzy) s vysokym obsahem uhliku. Ve vrstvé grafitu je
kazdy uhlik pevné vazan tfemi dal$imi atomy uhliky (hybridizace sp?), zbyvajici m-elektron
(jeden na jeden uhlik) je delokalizovany. To zplsobuje dobrou elektrickou vodivost grafitu.
Daéle pak vazby uhlik-uhlik jsou velice silné a vytvafi tzv. hexagonalni struktury. Naproti tomu
vazby mezi jednotlivymi vrstvami grafitu jsou slabé, coZz umoziuje pohyb téchto vrstev (proto

Ize grafit pouzit jako mazivo). Elektromagnetickym zafenim lze doséhnout vibraci mezi
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vrstvami a tim v kombinaci s dobrou vodivosti dosahnout teploty vice nez 1000 °C béhem jedné
minuty (Stuerga, 2006). U uhlikatych materiald pripravenych pyrolyzou biomasy mize byt
oproti grafitu tato schopnost sniZzena vlivem rliznych funkénich skupin (napf. -C=0) (Hashisho

et al., 2009), presto jsou biouhly také vhodnymi absorbenty mikrovinného zéareni.

Z laboratornich experimentd vyplynulo, Ze uhlikaty material (vyrobeny konvenéni
pyrolyzou) by mél byt pfidan k surové biomase v hmotnostnim poméru 1:5 (Lestinsky et al.,
2017). Pro Ucely experimentl byl pouZivan uhlikaty material pfipraveny konvenéni vsadkovou
pyrolyzou a ze stejného materidlu (biomasy), ktery ma byt zpracovan mikrovinou pyrolyzou.
Uhlikaty material s obsahem uhliku vice jak 60 hm. % absorbuje mikroviny stejné dobre, ne-li
lépe jako voda, dokaZe se béhem nékolika minut ohfat aZ na teploty 700-800 °C. Céstice
uhlikatého materialu rozptyleného ve vzorku biomasy predaji teplo vedenim a z&fenim
biomase, kterad se zaCne pyrolyzovat. ZjednoduSeny princip mikrovinné pyrolyzy je zobrazen
na obr. 12. Vysoké teploty a uhlikaty povrch navic prispivaji ke krakovani par organickych
latek, diky ¢emuz se pfi mikrovinné pyrolyze produkuje vice pyrolyzniho plynu a s vy3$im
obsahem vodiku nez u konvencni pyrolyzy (Lestinsky et al., 2016).

REAKCE
NA UHLIKATEM H,+CO

MAGNETRON

POVRCHU
ABSORPCE Kapalné a
ZARENI plynné produkty
ELEKTROMAGNETICKE ~

(MIKROVLNNE) n

ZARENT
UHLIKATY MATERIAL
C>70 hm.%
Tuhy

zbytek
(BIO-CHAR)

BIOMASA

Obr. 12 ZjednoduSeny princip mikrovinné pyrolyzy (Lestinsky et al., 2016)

2.4.2 Katalyticka mikrovinna pyrolyza

Uhlikaty material pfi mikrovinné pyrolyze neplni pouze funkci absorbentu mikrovinného
zéreni, ale samotny uhlik mlze fungovat jako katalyzator, jak bylo zminéno v predeslé
podkapitole. ZvySeni Gcinnosti krakovani a reformovani par organickych sloucenin
vznikajicich pfi mikrovinné pyrolyze lze dosahnout dopovanim tohoto uhliku (absorbentu MW
zareni) katalyticky aktivnimi kovy — zejmeéna niklem, kobaltem nebo zelezem. V priloze [P3]
je popsan postup pripravy takovych absorbentl — katalyzator(l. Pfidavkem absorbentu —

katalyzatoru bylo pfi mikrovinné pyrolyze smrkovych pilin ziskano téméF 2x vice pyrolyzniho
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plynu, nez pfi mikrovinné pyrolyze pouze s absorbentem — uhlikatym materialem. Hmotnostni

bilance je vypsana nize v tab. 8.

Tab. 8 Hmotnostni bilance mikrovinné pyrolyzy smrkovym pilin s pFidavkem katalyzatoru (Lestinsky et al., 2017)

Hmot.% C Fe-C Co-C Ni-C
Pyrolyzni plyn 31,21 47,74 52,72 51,59
Kapalny kondenzat 46,18 32,68 29,42 27,89
Uhlikaty material 22,61 19,58 17,86 20,52

Vliv katalyticky aktivnich kovi miZzeme lépe vidét na sloZeni pyrolyzniho plynu, které
je vypséano niZe v tab. 9. PFi pouZiti uhlikatého materiadlu dopovaného katalyticky aktivnimi
kovy (Fe-C, Co-C, Ni-C) doslo k vyraznému navy3eni obsahu vodiku a oxidu uhelnatého
v pyrolyznim plynu. Soucasné s tim do$lo k poklesu oxidu uhli¢itého a lehkych uhlovodik.

Mnozstvi lehkych uhlovodik(l véetné methanu bylo dokonce 2x niZzsi.

Tab. 9 Slozeni pyrolyzniho plynu z mikrovinné pyrolyzy smrkovych pilin s pFidavkem katalyzatoru (Lestinsky et al., 2017)

Obj.% C Fe-C Co-C Ni-C
Ha 28,37 40,24 43,22 41,00
CO 32,27 41,74 40,81 42,25
CO2 21,30 9,05 9,03 9,42
CHa 12,34 8,22 5,42 6,85
C2H2 0,164 0,029 0,015 0,016
C2H4 2,110 0,620 0,263 0,415
C2Hs 0,700 0,377 0,267 0,342
CsHs 0,182 0,107 0,071 0,090
CsHs 0,078 0,047 0,039 0,049
H. + CO 60,63 82,44 83,95 83,25
CHa + CxHy 15,72 9,35 6,08 7,81

Tyto zmény naznacuji, Ze katalyticky aktivni kovy plsobi jako katalyzatory pro reakci
suchého reformovani:
CHs+CO2=2H,+2CO (4)
CxHy + x CO2 =y/2 H, + 2x CO (5)

Zaroven na uhlikatém povrchu (jak na absorbentu, tak i na nové vznikajicim uhlikatém

materialu) probiha také Boudouardova reakce:
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C(s)+CO,=2CO (6)

diky ¢emuz je o néco niZsi vytéZek tuhého zbytku po katalytické pyrolyze nez u bézné MW

pyrolyzy bez pfidavku katalyzatoru, viz tab. 8.

Vzhledem k tomu, Ze uhlikaty material dopovany katalyticky aktivnimi kovy byl smichan
v barice se smrkovymi pilinami, takZe ne vSechny pary organickych sloucenin se pfi mikrovinné
pyrolyze (rychla generace par a vysoky prdtok) dostaly do styku s katalyticky aktivnim
povrchem, jako tomu byva napf. v reaktoru s pevnym loZzem. Pravé pfi pouZiti reaktoru
s pevnym loZe mUiZe byt dosahovano vyssich konverzi, proto byl katalyzator Ni-C byl podroben

dalsim katalytickym testlim, kterym se vénuje kapitola 2.6 déle v textu.

2.5 Karbonizace a aktivace

Karbonizace, jinak téZ vysokoteplotni pyrolyza je zpracovani materialu pfi teplotach
okolo 800 °C a vysSich v inertni atmosféfe. Soucasné se vyuZziva dlouhych dob zdrzZeni. P¥i
téchto teplotach jiz dochazi k tvorbé Cisté uhlikaté sktruktury bez vyrazného podilu dalSich
prvkll — zejména H a O, ale také N a S. Zaroven se jiz tvofi vyrazna porézni struktura. Tuhy

zbytek po pyrolyze oznaCujeme jako karbonizat.

Kromé samotné karbonizace mlzeme tvorbé porézni struktury napomoci vyuZzitim
aktivace. Ta mlze byt bud fyzikalni nebo chemicka. Fyzikalni aktivace predpoklada vysokou
teplotu a proudéni zplynovaciho/Castecné oxidujiciho média v podobé vodni pary nebo COo,
které naruduji povrch vznikajiciho uhlikatého materialu a vytvareji jemnou porézni strukturu.
Naproti tomu chemicka aktivace probihd za pritomnosti aktivaniho Cinidla. To obvykle
pfidavame k jiz vytvofenému uhlikatému materiadlu pomoci pyrolyzy pfi teplotach 300 az 600
°C, ale predesla pyrolyza neni podminkou. Toto Cinidlo ma za Ukol dehydratovat uhlikaty
material (odstranit z néj zejména kyslik a vodik). NejbéZznéji se pouzivaji hydroxidy v podobé
KOH nebo NaOH, déale pak uhli¢itany nebo chloridy (Xia et al., 2016). Literatura rozdéluje
aktivacni Cinidla do tfi skupin — kdy pravé pro rozsifeni mikroporézni struktury povrchu jsou
pouzivany hydroxid, napf. KOH, pro rozsifeni mezoporézni struktury povrchu mizZeme pouZzit
chloridy, napf. FeCls, a nakonec k vytvoreni heterogenni smési vSech typl porl se pouzivaji
kyseliny, napf. HsPO4 (Molina-Sabio and Rodriguez-Reinoso, 2004). Aktivovany uhlikaty
material pak nazyvame ,,aktivni“ nebo ,,aktivované uhli“ (anglicky ,,Activated Carbon®).

Chemickou aktivaci také pouzivame pro Upravu uhlikatych material(l, které nemaji témér

Zadnou porézni strukturu a vznikly pyrolyzou napf. odpadd ze zemédélské nebo potravinarské
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vyroby, jak je rozepsano v priloze [P4] a [P6]. Bylo prokazano, Ze pouzitim chemické aktivace
pomoci KOH se specificky povrch uhlikatého materidlu pripraveného ze zbytk(i pomleté
vyextrahované kavy zvysil z plvodni hodnoty v fadu jednotek aZ desitek m?/g na konegnych
1794 m?/g. Vzorek byl nejdfive karbonizovan pfi 800 °C s dobou zdrZeni 1 h. Poté byl smichan
s roztokem KOH v poméru 1:4, vysusen a znova karbonizovan na 800 °C s dobou zdrZeni 1 h.
Obdobnym zplisobem s pomoci KOH bylo pfipravovano aktivované uhli ze zahradniho odpadu
a kukuriéné silaze. Kromé konvencniho ohfevu byl pouZit také mikrovinny ohfev, tedy
mikrovinna pyrolyza. Uhlikaty material bez aktivace opét vykazoval niZsi specificky povrch

nez uhlikaty material aktivovany (Grycova et al., 2018, Grycova et al., 2017).

2.6 Katalytické zuSlecht'ovani par z pyrolyzy biomasy

Vzhledem k tomu, Ze biomasa obsahuje vysoky podil kysliku, dochazi pfi pyrolyze nejen
ke vzniku CO2 a CO, ale také kyslikatych organickych sloucenin, které po kondenzaci vytvareji
kapalny kondenzat — pyrolyzni vodu a bio-olej. Jedna se typicky o organické kyseliny, estery,
ketony a aldehydy nebo heterocyklické slouceniny napf. furfural. Tyto slouceniny si na trhu
postupné hledaji své misto, presto je snaha transformovat tyto kyslikaté slouceniny do podoby
alifatickych ¢i aromatickych uhlovodik(l napf. pomoci nikelnatych katalyzator( ¢i kyselych
zeolitl (Grams et al., 2015).

Mikrovinou pyrolyzou impregnované biomasy byl pfipraven nikelnaty katalyzator na
nosici na uhlikatém materialu, viz postup v pfiloze [P3] a [P7]. Vznikly katalyzator obsahoval
zhruba 20 hm.% niklu hlavné v kovové formé Ni°, a ¢aste¢né NiO. Pfitomnost kovové formy
je dana pfitomnosti vodiku, ktery vznikéa pfi MW pyrolyze biomasy, kdy se NiO redukuje na
NiC.

Velkovu vyhodou katalyzatoru pfipraveného z biomasy je tvar jeho Castic — uhlikaty
skelet smrkovych pilin, ktery pfipomina vostinovy katalyzator (viz obr. 13). Kromé viditelné
vostinové struktury ma katalyzator specificky povrch az 120 m?/g, kdy 2/3 zaujimaji mezopdry,

které jsou svou velikosti pro krakovani organickych par velice vhodné.
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Obr. 13 Obrazek Castice Ni-C katalyzatoru ze skenovaciho elektronového mikroskopu (Lestinsky et al., 2020)

Zuslecht'ovani organickych par probihalo v aparatufe zobrazené na obr. 14. Katalyzator
Ni-C byl umistén v samostatné vyhfivaném reaktoru a byl vyhrat na 700 °C. Poté byl spustén
ohfev vzorku biomasy na 500 °C. Pary organickych latek z pyrolyzy vzorku biomasy proudily
skrz katalyzator, kde doSlo ke krakovani. Vysledny produkt byl analyzovan na plynovém

chromatografu.
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Obr. 14 Schéma testovaci jednotky pro katalytické zuSlechtovani par z pyrolyzy biomasy (Lestinsky et al., 2020)
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Porovnani vytéznosti zejména vodiku je vypsano nize v tab. 10. Pfi pouZziti katalyzatoru

Ni-C byl vytéZek vodiku 12x vysSi nez z bézné pyrolyzy biomasy.

Tab. 10 Hlavni plynné produkty zuslechtovani organickych par z pyrolyzy biomasy (Lestinsky et al., 2020)

Biomasa/Katalyzator Vytezek (mmol/g)

H> CO CHg4 CO,
Celuléza 1,3 1,2 0,9 6,2
Smrkové piliny 1,2 0,9 1,2 6,3
Celuléza/Ni-C 17,1 3,1 11 11,9
Smrkove piliny/Ni-C 14,1 2,6 1,3 10,2

Kromé krakovani organickych par a reakce suchého reformovani probihala pfi teploté
700 °C pravdépodobné také konverze vodniho plynu (tzv. ,,water-gas shift reaction“, rovnice

(7)), kterou miizeme vysvétlit nizky obsah oxidu uhelnatého.

CO+H,0=CO,+2H (7)
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3 Zarizeni pro pyrolyzni zpracovani biomasy

V této kapitole jsou uvedena a popsana zafizeni od mikromérfitka v podobé TGA aZ po
makroméfitko v podobé poloprovozni kontinualni pyrolyzni jednotky, ktera byla pro potfeby
pyrolyzy biomasy vyuZita. Jedna se bud o komer¢ni zafizeni, nebo béZné laboratorni aparatury,
které vyuZivaji pracovisté vénujici se pyrolyze. Poslednim jmenovanym zafizenim, které je
uvedeno v podkapitole 3.3 je poloprovozni pyrolyzni jednotka. Tato jednotka byla nami
navrzena pfi feSeni projektu OP PIK Aplikace Il (Technologie torrefikace pro malé a mobilni
jednotky). Z dlivodu poptavky po VEtsSim mnozstvi biouhlu pro védecké ucely ze stran
prirodovédné zaméfenych univerzit ¢i soukromych subjektd, byla jednotka upravena tak, aby
zvladla i teplotu pyrolyzy 600 °C a bylo schopna zpracovat riizné typy materiald s rozdilnou

objemovou hustotou.

3.1 Termogravimetricky analyzator

Zakladni pristroj pro termické zpracovani vzork( véetné biomasy je termogravimetricky
analyzator (TGA). Principem méfeni je vazeni vzorku pfi termickém ohfevu vzorku at’ uz
v inertni (N2, Ar, He), tak i v oxidacni (O2 nebo vzduch) atmosfére. Je mozné nastavit rliznou
rychlost ohfevu materialu, finalni teplotu az do 1100 °C, rliznou dobu zdrZeni na finalni teploté
a tyto kroky opakovat. Nékteré pfistroje jsou schopny i fizené chladit. Navazky vzorku jsou do
1 g, proto je nutné dbat na dobrou homogenizaci vzorku. Pokud TGA disponuje karuselem s
vice kelimky, je mozné pfi jednom teplotnim programu méfit vice vzorkl najednou at’ uz kv(ili
srovnani rliznych typl biomasy, nebo jeden typ kvdli ziskani primérnych hodnot a ovéreni

homogenity vzorku.

Tim zplisobem byly napf. torefikovany vzorky biomasy. Po skonceni torefikace a
vychladnuti pece byly vzorky opét vloZzeny do TGA a byla spusténa metoda dle ASTM D121,
ktera slouzi ke stanoveni vlhkosti, prchavé hoflaviny, neprchavé hoflaviny a popela.
V kombinaci s elementarni analyzou C, H, N, S, jsme rychle ziskali zakladni pfedstavu o
chovani biomasy pfi termickém zpracovani procesem torefikace, a nahradili tak zdlouhavé

laboratorni vsazkové pyrolyzni experimenty, viz pfiloha [P1].

3.2 Vsadkovy pyrolyzni reaktor

Nevyhodou TGA méfeni je fakt, Ze ziskame jen Gdaj o zdstatkové hmoté tuhého zbytku
uhlikatého materialu pri dané teploté a rychlost abytku hmoty pfi ohfevu, ale nevime, kolik
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plynu Ci kapaliny pfi termickém rozkladu vzniklo. Pro tyto Gcely je nutné zvétsSit méfitko, a
pouZivat vsadkové pyrolyzni reaktory, kde se navézka vzorku biomasy pohybuje Fadoveé
v desitkach az stovkach gramd.

3.2.1 Vsadkovy pyrolyzni reaktor s konvencnim ohrfevem

Vsadkovy pyrolyzni reaktor slouzi pro ureni hmotnostni bilance procesu pyrolyzy pfi
danych podminkéach (rychlost ohfevu, kone¢na teplota pyrolyzy, doba zdrZeni na kone¢né
teploté). Slovo konvencni znamend, Ze teplo prestupuje z otopného télesa (vétSinou otopné
spiraly elektrickeé pece) skrz sténu pyrolyzniho reaktoru do ohfivaného materialu. Typickeé
schéma zapojeni laboratorni vsazkové pyrolyzni aparatury je zobrazeno niZze na obr. 15.
Elektrické pece jsou velice dobfe programovatelné z hlediska podminek pyrolyzy. Pfed
experimenty se vzorek biomasy proplachnut proudem dusiku. Za pyrolyznim reaktorem
(nerezova retorta nebo sklenéna baiika) nasleduje chladi¢ a nadoba na kondenzat. Céast
organickych par je nasycena v pyrolyznim plynu a tento aerosol obtizné kondenzuje. Proto je
nutné pro vycisténi pyrolyzniho plynu pfed vstupem do plynoméru pouzit promyvacky
s acetonem a vodou. Vycistény plyn je jiman do Tedlarovych vakl a je analyzovan na plynovém
chromatografu. Pro kontrolu teploty pyrolyzy je vhodné do reaktoru pobliZz vzorku zasunout
dalsi termoclanek. Podrobnéjsi experimenty v této aparatufe jsou popsany v prilohach [P4] a
[P5].

f

N Chladi&
SEA Absorpce organickych par
(2x aceton, voda)

/ T

Nadoba na ”
kondenzat Plynomér Tedlarovy vak

Nerezové retorta

Elektricka pec
Obr. 15 Schéma aparatury vsadkového pyrolyzniho reaktoru s konvenénim ohfevem (Grycova et al., 2017)
3.2.2 Vsadkovy pyrolyzni reaktor s mikrovinnym ohrevem
Aparatura s mikrovinnym ohfevem (viz obr. 16) je obdobou aparatury vsadkové pyrolyzy
s konvencnim ohfevem. Rozdil je pouze ve zplisobu ohfevu, kdy u mikrovinného ohfevu je

nutné vyuzit vhodny absorbent mikrovinného (elektromagnetického) zéfeni, ktery se rychle

ohfeje a ktery poté preda teplo vzorku biomasy ve svém okoli. Diky vysokym teplotam a
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lokalnim hot-spotlim je vhodné pouZivat kiemenné sklo. Pro experimenty byla pouZita bézna
doméci mikrovinna trouba, do jejiz vrchni ¢asti byl vyvrtan otvor o priiméru 3 cm, a do kterého
byla vloZena kovova trubka, kterd byla uzemnéna ke kavité (vnitfni prostor MW trouby), aby
kov neabsorboval MW zéfeni a nevytvérel se elektricky oblouk. Délka kovové trubky by méla
byt alesponl 13 cm, aby nedoslo k uniku mikrovinného zafeni ven ze zafizeni, protoze domaci
MW trouby pracuji s elektromagnetickym z&fenim o frekvenci 2,45 GHz a jejich vinova délka
je pFiblizné 12,2 cm. Do trubky se umistovala sklenéné trubice s normalizovanymi zabrusy na
obou koncich tak, aby na ni bylo mozné napojovat bézné laboratorni Ci kfemenné sklo se
zabrusem. Pro méreni teploty vzorku odpadni biomasy béhem mikrovinné pyrolyzy bylo nutné
ke kavité uzemnit i termoclanek typu K. Béhem mikrovinné pyrolyzy dosahuje teplota vzorku
odpadni biomasy 700 az 800 °C. Pfi experimentech bylo zjisténo, Ze pro rovnomérnou pyrolyzu
v celém objemu vsadky je vhodné pFipravovat homogenni smés, kdy distribuce velikosti ¢astic
biomasy a uhlikatého materidlu (absorbentu zareni) jsou fadové podobné. VVzhledem k velmi
rychlému ohfevu byva pfi mikrovinné pyrolyzy produkovano vice permanentnich plynt, které
s sebou nesou pary organickych latek. Diky tomu je funkce primarniho chladi¢e-kondenzétoru
pfi vysoké rychlosti proudéni velice omezena. Z toho dlvodu je nutné v laboratofi vyuZit
alespon 5 promyvacek k zachytu vSech par, tak aby v Tedlarovém vaku byly jen permanentni
plyny a lehké uhlovodiky, které Ize poté analyzovat na plynovém chromatografu. Podrobnéjsi

experimenty v této aparatufe jsou popsany v prilohach [P3], [P4], [P6] a [P7].

Inertizace N,

Absorpce organickych par
(voda, 3x aceton, voda)

plynomér

N

=4 Biomasa s uhlikem

Zachyt

kondenzatu Tedlarovy vak

Mikrovinny reaktor

Obr. 16 Schéma aparatury vsadkového pyrolyzniho reaktoru s mikrovinnym ohFevem (Lestinsky et al., 2016)

3.3 Poloprovozni kontinuélni pyrolyzni jednotka

Poloprovozni kontinuélni pyrolyzni jednotka je zafizeni, které se skldda z nékolika
soucasti: z nasypky se Snekovym podavacem pro sypké materialy a/nebo Snekovym podavacem

na pelety a zasobnikem na pelety, z pyrolyzniho reaktoru se Snekovym dopravnikem, z
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rozdélovace, vysypky a kondenzatoru. Nasypka davkuje do pece sypky material a je vybavena
Snekovym podavaCem. Néasypka pojme na jedno naplnéné az 20 kg materidlu, ktery lze
postupné dopliovat skrz plnici otvor ve viku. Podava¢ disponuje pojistkou proti ucpéni.
Nasypku s podavacem na sypké materialy Ize odmontovat a nahradit Snekovym podavatem na
pelety vCetné zasobniku na zhruba 80 kg pelet. Z podavace je material davkovan do pyrolyzniho
reaktoru. Pyrolyzni reaktor ma vnitini primér 200 mm, délku 1500 mm a je vytapén elektricky.
Uvnitf reaktoru je Snekovy dopravnik, ktery posunuje materidl od mista, kde je material
davkovan podavacem na pelety nebo na sypky materidl az po konec reaktoru, za nimzZ je
umistén rozdélovac. V rozdélovaci dochazi k oddéleni vyrobeného uhlikatého materialu, ktery
pada do vysypky a pyrolyzni plyn spolu s vodni parou a parami organickych latek odchazi
vrchnim otvorem do kondenzétoru. Vysypka slouZi k uloZeni a vychladnuti vysledného
uhlikatého materialu, je odnimatelna a je napojena na pfivod inertniho plynu, aby se zabranilo
zahofeni Zzhavého uhlikatého materialu. Objem vysypky je 30 dmd. Konstrukeni Cast
poloprovozni jednotky véetné motoru, pfevodovky byla vyrobena firmou SMS CZ s.r.0. na
zékladé nasich pozadavk(l a doporuéenych rozmér(i. Poloprovozni jednotka je dale osazena
nékolika termoclanky pro meéreni teploty a barometry pro méfeni relativniho tlaku, jak je
zobrazeno na obr. 17. Data z termo¢lankd jsou snimany pomoci méficiho modulu Papouch 2TC
doplnénym o Wi-Fi vysilaC. Teploty pak Ize zobrazovat na jakémkoliv zafizeni, které se na
Wi-Fi pFipoji a obsahuje free software Wix firmy Papouch pro zobrazovani dat. Poloprovozni
jednotka byla navrzena jako mobilni, hlavni ¢ast jednotky — pyrolyzni pec je umisténa na

koleCkach, nebot’ se pfedpoklada jeji vyuZziti i mimo prostory laboratore.

VSTUP
MATERIALU
. NASYPKA ) )
\ S VIKEM |— PARNIAPLYNNA
/" —— FAZE
PEC S EL|OHREVEM {

L

v ,
' | VYSYPKA
VYSTUP | \

UHLIKATEHO| [
MATERIALU | |

Obr. 17 Umisténi méFenych velicin na pilotni jednotce

[ ]

PYROLYZNi REAKTOR
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K této pyrolyzni peci byl navrZzen kondenzator v podobé vymeéniku trubka v trubce (tzv.
»shell-and-tube*) s teplosménnou plochou 2 m?, kde jsou pary odchazejici z rozdélovace
chlazeny studenou chladici vodou. Délka trubek kondenzatoru je cca 1000 mm, pritok chladici
vody (o teploté 12 °C) je v rozmezi 5-10 dm*/minutu. Navrh vyméniku byl proveden pomoci

stfedni logaritmickeé teplotni diference (metoda LMDT).

Za kondenzatorem nasleduje skrubr (pracka plynl), kde dochézi k rozstfiku cirkulujici
vody a zé&chytu aerosolu (kapi¢ek organickych par v plynu). Plyny jsou pak odsavany
ventilatorem, pfipadné mohou byt spalovany na fléfe. Za skrubrem se také nachazi odbérné
misto pro pyrolyzni plyn, ktery je bud analyzovan pomoci IC analyzatoru CO; a
elektrochemicky O, diky kterému je mozné vcas rozpoznat prisavani kysliku netésnostmi do
poloprovozni jednotky. Pyrolyzni plyn mize byt také odebiran do Tedlarovych vakl a

analyzovan pomoci plynové chromatografie.

Schematicky je poloprovozni jednotka zndzornéna nize na obr. 18. Podrobnéjsi

experimenty v této aparatufe jsou popsany v priloze [P2].

; . KONDENZATOR SKRUBR
— biomasa a produkty pyrolyzy

inertni plyn (N, nebo Ar) :
——— voda q 4 /\

VSTUP H - 4 PERMANENTNI
MATERIALU | : PLYNY

+ v
\ ( ; T ;
NASYPKA PARNi A PLYNNA Hi e !
). S VIKEM FAZE f

VENTILATOR

| PECSEL OHREVEM |

|

PYROLYZNi REAKTOR VYSTUP KONDEZATU

VYSTUP
UHLIKATEHO

5 MATERIALU
VYSYPKA

Obr. 18 Schéma poloprovozni kontinualni pyrolyzni jednotky (Grycova et al., 2022)

Jak jiz bylo zminéno, zpracovatelskd kapacita jednotky Uzce souvisi s nastavenim
Snekového podavace a Snekového dopravniku v pyrolyznim reaktoru. PodavaC je spinan
pomoci multifunkéniho ¢asového relé (nastaveni doby chodu a doby prodlevy, cyklovac), jehoz

pomoci Ize davkovani materialu regulovat od 0,1 do 5 kg/h. Déle se pomoci ¢asového relé
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nastavuje také Snekovy dopravnik uvnitf pyrolyzniho reaktoru tak, aby bylo dosazeno
pozZadované doby zdrZeni biomasy uvnitf pyrolyzniho reaktoru (od 10 do 120 minut v zavislosti
na typu odpadni biomasy). Sladénim obou ¢asovacl se docili optimalni doby zdrzeni a zaroven
dostateCného zaplnéni pyrolyzniho reaktoru. Toto nastaveni je individualné a zavisi na
granulometrii materialu. Nastaveni ¢asovych relé se provadi na zakladé zkusSenosti obsluhy a
hmotnostni pritok se ovéfuje testem za studena pred spusténim ohfevu pyrolyzniho reaktoru.
Fotografie jednotky jsou k nahledu na obr. 19.

Zasobnik se
Snekovym
podavacéem pro
sypké materialy

Zasobnik se Snekovym
podavaéem pro pelety

= »Shell-and-tube*
Elektricka pec se Snekovym podavaéem Kkondenzator, praékaplyniis

d =200 mm, L =1400 mm, aZ 650°C cirkulujicivodou

Obr. 19 Fotografie poloprovozni kontinualni pyrolyzni jednotky
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4 Zaver

Termochemické procesy, zvlasté pak pyrolyza je dlleZzitym procesem v oblasti
bronzové. Diky stale se zvySujicimu tlaku na snizovani pouzivani fosilnich paliv, a posilujici

roli obnovitelnych zdrojd energie bude i v budoucnu proces pyrolyzy hrat dllezitou roli.

PredloZenad habilitaCni prace ukazuje vysledky vyzkumu z oblasti termochemického
zpracovani odpadni biomasy procesem pyrolyzy. V rdmci vyzkumné problematiky pyrolyzy a
pripravy uhlikatych materiald bylo jiz publikovano 8 €lankU; z toho 3 jsou v nejvyssim kvartilu
Q1 a3 jsou v kvartilu Q2. V8echny tyto ¢lanky jsou uvedeny v pfiloze. Dalsi ¢lanky jsou nyni

VvV recenznim fizeni.

Vyzkum v oblasti nizkoteplotni pyrolyzy, tzv. torefikace prokazal, Ze upravené biomasa
ma lepsi energetické parametry neZ surova biomasa. Nepopiratelnym pfinosem je zejména
hydrofobita torefikované biomasy, protoZe se tim vyrazné zlepSuji moznosti dlouhodobého
skladovani bez rizika navlhnuti a rozpadu pelet. Je ovsem dllezité u kazdého materialu
experimentalné oveérit energetickou hustotu, kterd do sebe promita tbytek hmoty, ke kterému
pfi torefikaci dochazi. Prvotni testy ukazaly, Ze pro torefikaci je vhodnéjsi pouZivat biomasu
v podobé pelet neZ peletizovat torefikovany material. Tato oblast si viak i do budoucna zaslouZzi
pozornost, nebot’ pfi nasi praci nebyly pouZity Zadna pojiva, které se pfi vyrobé pelet s nizkym
obsahem ligninu (tedy z nedfevni biomasy) musi pouZivat, aby byly dodrZeny kvalitativni
vlastnosti pelet. Vhodné bude také podrobit torefikované pelety i palivovym zkou$kam,

zejména jak tato Uprava ovliviiuje emisni parametry pfi spalovani.

Naproti tomu konvenéni pyrolyza se jiz pomalu dostava do primyslovych aplikaci.
Aplikacné zajimavy je zejména tuhy zbytek po pyrolyze, tzv. biouhel, ktery mlze byt vyuzit
jako pldni aditivum, které mliZze zvySovat bonitu pddy. Zbylé produkty pyrolyzy mohou byt
spaleny a produkovana energie vyuZzita pro otapéni pyrolyzniho reaktoru. Prvni takovou
aplikaci na uzemi CR je €istirna odpadnich vod Bohuslavice — Trutnov, kde se pyrolyzuje
Cistirensky kal a produkovany biouhel se prodava jak certifikované pldni aditivum. Vyzkum
v oblasti vSak nadale pokraCuje zejména se zamérenim na pripravu biouhlu se specifickymi
vlastnosti, nebot’ se ukazuje, Ze pro nékteré latky, jakou jsou residua léCiv a pesticidl ve vodach
muzou hrat funkéni skupiny na povrchu biouhlu dllezZitou roli pfi jejich sorpci. Pouziti
mikrovinné pyrolyzy pfinaSi benefit zejména v rychlosti ohfevu. Jiz nyni jsou na trhu

primyslové magnetrony s regulovanym vykonem dle teploty v prostoru kavity. V nasi
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laboratofi tak dokonCujeme vétSi méfitko MW pyrolyzniho reaktoru, které bude vyuzivat
skupina zaméfujici se na fyzikalné-chemické vlastnosti biouhl zejména pro aplikace v oblasti
sorpce vySe zminénych residui.

Karbonizace (vysokoteplotni pyrolyza) a aktivace odpadni biomasy je jednim
z nejrozsirengjsich pyrolyznich procesti v primyslovém méfitku, protoZe se pouZiva pro
vyrobu aktivovaného uhli, a to jak pro medicinské pouZiti, tak i pro pfipravu adsorbent(l pro
zéchyt polutantll z ovzdusi, pfi Cisténi spalin na spalovnach odpad(l (zachyt rtuti a dioxin(),
nebo pfi Gisténi pitné vody od residui pesticid(i a Ié¢iv*. Pestrost odpadni biomasy je velka, a
tak je zde stale potencial pro hledani vhodnych material(l a aktivacnich Cinidel pro tvorbu

novych sorpénich material(.

Vyzkum Kkatalytického zu$lechtovani par vznikajicich pfi pyrolyze pfinesl mnoho
uziteénych poznatkd v oblasti krakovani a suchého reformovani, které jsou dale rozvijeny napf.
pfi krakovani dehtovych latek pfi Cisténi syntézniho plynu ze zplyfiovani biomasy. Tyto znalosti
byly pfeneseny na dal$i vyzkumna témata tykajici se napf. zpracovani odpadnich plast(, suché
reformovani pyrolyznich par a plynd. Vyzkum v této oblasti dale pokracuje i ve spolupréci se
zahrani¢nimi pracovisti.

Nedilnou soucasti vyzkumnych aktivit a praci s odpadni biomasou jsou laboratorni

v\

pristroje a experimentalni aparatury. Soustavnym vyzkumem jsme se od mikroméfitka dostali

v\

az do poloprovozniho méfitka. Presto pravé mensi aparatury hraji ddlezitou roli v pfipravé na
poloprovozni testy. DokaZzeme na nich ovéfit chovani biomasy pfi rdznych teplotnich
podminkach a ziskat hmotnostni bilanci. Znalost hmotnostni bilance pyrolyzy je zakladni
predpoklad pro bezpecny provoz poloprovozni jednotky. DUlezita je i zpétna vazba, kdy
produkt pyrolyz — uhlikaty zbytek je analyzovan a srovnan se stejnym uhlikatym materiadlem
vyrobenym vsadkovou pyrolyzou. Poloprovozni pyrolyzni jednotka je v sou€asnosti zafazena
do Velky vyzkumné infrastruktury ENREGAT, kde ji vyuZivaji pro produkci biouhlu Ci

torefikovanych pelet jak lidé z akademické, tak i komercni sféry.

4 Prazské vodovody a kanalizace, Upravna vody Zelivka, https://cistavoda.pvk.cz/upravna-vody-zelivka/uprava-vody/
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Abstract

Greater heating values, greater energy density and improved physical properties such as shape stability, homogeneity and
hydrophobic behaviour are advantages of torrefied biomass. All this leads to an overall reduction in transport costs, storage
capacity and to lower requirements for factory equipment. The properties of the different types of biomass used before and after
torrefaction and the effect of torrefaction at the different process conditions were studied. For the laboratory tests of torrefaction,
wood and grass waste biomass were used. For these selected materials, a number of measurements were performed to verify the
most suitable torrefaction conditions (heating temperature and retention time). Experiments were carried out on a small scale on
TGA 701 (LECO). Waste biomass was heated to a final temperature of 200, 225, 250, 275 and 300 °C with a retention time at
these temperatures of 10, 20 and 45 min. The heating rate was set up to 15 °C min '. The determination of the appropriate
temperature depended on the optimum ratio between mass loss and higher heating values (in case of grassy material from 200 to
225 °C and for woody material at 250 °C). From the results we can state that it is possible to do fast and exact test in TGA before

the torrefaction process on the pilot unit to shorten the whole process.

Keywords Torrefaction - Biomass - Thermogravimetric analysis - Process conditions

1 Introduction

Commitments to reduce greenhouse gas emissions, the wide
spreading identification on the need to replace coal and legally
binding EU 20-20-20 targets are all strong inspiring reasons to
prioritize the renewable energy. Low-cost preconditioning
technologies of raw biomass that are able to transform and
modify various sources of solid biomass into a bioenergy
feedstock with similar or even better properties as coal could

Highlights

* Four types of biomass pellets were torrefied.

* Small scale laboratory torrefaction tests using TGA were performed.

* Different torrefaction temperatures and residence times in reactor were
experimentally tested.
« It is more efficient to pelletise biomass material prior to torrefication.
* The Van Krevelen diagram was created.
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significantly improve trade and usage of biomass in the
existing transport and conversion infrastructure.

Among numeral technologies that could be used to meet
this goal, such as conventional pyrolysis, hydrothermal
carbonisation or chemical treatment. Torrefaction is consid-
ered as a mild pyrolysis process, where the biomass is treated
in a temperature range from 200 to 300 °C. It stands out as a
very promising technological possibility, drawing attention
and financial support for following development.
Torrefaction is currently being greatly commercialized.
Engineering initiatives focuses not only on a number of dem-
onstration plants but now also first commercial plants are in
operation respectively under construction. Several pilot scale
torrefiers have been reported in the literature ranging in
throughput from 3 to 274 kg h™' [1]. After torrefaction, the
bulk density of torrefied biomass is decreased, therefore
pelletisation is proposed. This traditional approach has a main
drawback. To pelletise torrefied biomass is a key challenge
because of the degradation of bonding forces between bio-
mass particles and the loss of natural lignin-binding features
after torrefaction [1] and may require the use of binders, which
are expensive and can be unsuited.

The number of publications on torrefaction is relatively
small compared with another biomass processing methods
but has increased significantly currently. Literature sources
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about the torrefaction of bagasse [2], bamboo [3], wood bri-
quette [4], oak [5] and others can be found [6-8].

Torrefaction is a controlled process of carbonisation in
which the biomass is heated in the temperature range from
200 to 300 °C in an oxygen-free environment or in the presence
of only a small amount of oxygen. To provide a non-oxidizing
atmosphere, nitrogen is the most commonly used carrier gas.
Thermal methods below 200 °C are used for wood preservation
[9, 10], while higher temperatures in the torrefaction method are
used for energy purposes. In addition to temperature,
torrefaction time or duration is another important factor in de-
termining the performance of torrefaction. Torrefaction can be
carried out between several minutes [11] to several hours [12].
This process leads to the moisture reduction and the transfor-
mation of biomass into a product with properties comparable
with coal. Torrefaction also increases the hydrophobicity of
biomass. And therefore, biomass becomes more resistant to
water adsorption, resulting in an improvement in the control
of storage conditions [13]. Due to its low water content, it also
becomes lighter and less predisposed to rot [14].

Combinations of the range of temperatures and retention
times can be done in terms of reaching a given degree of
torrefaction, as represented by the mass loss. The exposure
of biomass to high temperatures leads to thermal degradation
of'its physical structure and, accordingly, to mass loss [15]. In
contrast, the key properties of the torrefied product, such as
higher heating value and saturated moisture uptake, are pri-
marily determined by the mass loss [1, 16]. Retention time
generally affects the decomposition of hemicellulose, whereas
cellulose is decomposed in particular, depending on the reac-
tion time [17]. The used heating rate throughout the
torrefaction process has influence on the secondary degrada-
tion reactions, which affect the final solid, liquid and gas
product distribution [18]. Kumer et al. noticed that by the rate
increasing, there would be a reduction of the effects of heat
and mass transfers between particles [19].

The mass loss of the biomass leads to an increase in
the porosity. As a result, significant decrease in the
volumetric density of the biomass has been observed,
depending on the initial density [20]. Despite this de-
crease in bulk density, the energy density of the
torrefied biomass increases after torrefaction by 30%
approx. [21]. Factors, such as particle size distribution
and specific surface area, are essential parameters with
respect to behaviour during burning of the torrefied bio-
mass [22]. The heating value of the torrefied biomass is
higher than that of the non-torrefied biomass, since
there is an increase of the fixed carbon, on the contrary
to the release of the oxygen compounds, leaving more
carbon available to be oxidized [23]. Recent results
have shown that torrefied biomass particles were harder
to pelletise. So it was found that it is more efficient to
pelletise biomass material prior to torrefication [24].

@ Springer

This article aims to show a possibility of fast small-scale
laboratory torrefication tests, which could be used for basic
introduction of different types of biomass torrefaction. The
properties of the different types of biomasses used before
and after torrefaction, and the effect of torrefaction in the
different process parameters were studied.

2 Materials and methods

Pellets from grass biomass (Sorghum), straw, rice husk and
spruce were used as torrefaction materials. Size of the pellets
was 20 mm with a diameter of 6 mm.

Raw materials as well torrefied samples were analysed with
the thermogravimetric analyser, TGA 701 (LECO). For deter-
mination of moisture, ash, volatile and fixed carbon approxi-
mately 0.8—1 g of sample was used. Samples were first heated
to 105 °C to constant weight in inert atmosphere to define
water amount; further samples were covered and heated in
inert atmosphere to 800 °C, and the last step was burning
the samples in pure oxygen to 815 °C to constant weight.
The measurement was done according to the ASTM D7582
MVA in Coal. Nitrogen was used as an inert medium.

Around 100 mg of sample was used for the determination
of C, H, N and O; the measurement was done by the elemen-
tary analyser CHN 628 (LECO). This instrument utilises a
combustion technique and provides a fast result for all the
elements being determined. A weighed and encapsulated sam-
ple was placed in the loader and transferred to the purge cham-
ber directly above the furnace. The sample was then intro-
duced to the primary furnace resulting in a rapid sample oxi-
dation. Non-dispersive infrared absorption was used to detect
C/H. TCD was used for nitrogen detection.

Higher heating value was defined by isoperibol method
with the calorimetric analyser, AC 600 (LECO) combined
with the use of thermodynamic TruSpeed®. Approximately
200-300 mg of sample was placed into a combustion vessel,
which was pressurized with oxygen. The combustion vessel
was automatically lowered into a water bath. The sample was
ignited, and the temperature was measured by an electrical
thermometer. Compositions of inputs biomass pellets are
listed in Table 1.

Small scale laboratory torrefaction tests were performed for
the four biomass materials using a thermogravimetric analyser
(TGA 701 - LECO). In an automated sample changer, a total
of 19 crucibles could be loaded with biomass and placed in-
side the TGA, where the mass loss with increasing tempera-
ture was constantly measured. The weight used for all the
experimental runs for TGA torrefaction was around 0.8-1 g
(one pellet). The final temperature in TGA was 200, 225, 250,
275 and 300 °C with a heating rate of 15 °C min . The
retention times, when the biomass materials were exposed to
final torrefaction temperatures, were 10, 20 and 45 min,
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Table 1 Proximate and ultimate analysis of biomass pellets

W, (wt.%)  C4 (Wt.%) Hq Wt.%)  Ng(Wt.%)  Og (Wt.%)  Ag(wWt%)  VqWwt%)  FCq(wt.%)  HHV4 (Mkg)
Spruce 8.5+02 50.7+04 62+02 03 +0.1 423 +£0.3 05+0.1 81605 17.9+02 198 £ 04
Straw 7.8 +0.2 464+04 63+02 1.2+0.1 40.9 £ 0.3 51+02 772+04 17.7+02 172 £ 0.5
Grass 75+03 464+04 62+02 1.3+0.1 41.7£0.3 44+£02 782+0.5 174+0.2 169 £ 04
Rise husk 52 +0.2 427+03 6.1+03 0.7+0.1 358+03 146+02 661+04 193+02 164 +04

W Water content, A ash, V volatile matter, FC fixed carbon, HHV higher heating value, d dry

respectively. Inert atmosphere inside the TGA was archived by
flow of 10 I min™" of nitrogen. After the torrefaction tests were
done, proximate, ultimate and calorimetric analyses with the
same methods were again performed for the torrefied mate-
rials (Table 2). All measured data were finally evaluated.

3 Results and discussion

Several materials were treated by means of the thermogravi-
metric analyser used as small torrefaction reactor. Different
torrefaction temperatures and retention times in reactor were
experimentally tested. All torrefied samples were analysed by
proximate and ultimate analysis. Dried and deoxygenated bio-
mass was the main goal of torrefaction which was archived.
The change of oxygen content during the torrefaction process
for different temperatures is noticeable in Fig. 1.

The results of elemental composition of individual samples
were put into the Van Krevelen diagram, as can be seen in Fig.
1. The increasing of torrefaction temperature leads to decreas-
ing of the oxygen content. Of course, the hydrogen content
decreases as well. The materials with lowest oxygen content
can be classified as a subbituminous coal or alike. The highest
oxygen content was in torrefied spruce, because spruce mate-
rial has the higher content of lignin, and the degradation of
lignin needs higher temperature than the degradation of cellu-
lose. Dry materials are marked as full black. In the picture is
missing materials after 200 °C torrefaction, because the dif-
ference between composition of dry biomass and torrefied
biomass at 200 °C was insignificant.

The decrease of oxygen content had positive effect, but on
the other side, it is connected with a decreasing of mass
amount. The mass decreasing depends on the temperature
and on the retention time in the reactor. The maximum reten-
tion time used for our experiments was 45 min. We tested

Table 2 Proximate and ultimate

analysis of torrefied biomass T (°C) Cq (Wt.%) Oy (Wt.%) Vg4 (Wt.%) FCy4 (Wt.%) HHV4 MJ/kg)
pellets
Spruce 200 50.3 £ 0.4 429+ 03 80.9 + 0.6 18.9+£0.2 199 £0.5
225 50.6 £ 0.5 424 +£04 79.7 £ 0.5 19.9£0.2 20.0 £ 0.6
250 522+04 41.2+03 77.6 0.5 22.1+0.2 202 £0.5
275 56.2 +0.4 37.9 £ 0.3 65.0 £ 0.4 345+0.2 20.7 +£04
300 67.9+05 274 +04 47.0 £ 04 52.1+04 243 +05
Straw 200 463 £ 04 41.6 £0.3 75.8 £ 0.6 19.1+£0.2 172 +£04
225 48.6 £ 0.4 38.7+0.3 71.5+ 0.5 229 +0.2 17.5+04
250 58.0+04 27.6 £0.3 44.6 £ 04 46.8 £ 0.3 20.7 £ 0.5
275 60.9 £ 0.5 22.1+03 34.6 0.3 54.0 +0.4 219 +04
300 652+ 04 178 £ 04 31.3+03 56.8 + 0.4 232 +0.5
Grass 200 462 £ 04 41.7£03 76.8 +0.5 182 +02 170 £ 04
225 48.9 £0.5 38.1+04 732+ 0.6 21.3+£0.2 179 £ 04
250 549 +04 31.8 £0.3 57.5+04 359+03 19.7 £ 04
275 61.4+05 234 +£03 441+04 469 £ 04 223 +£0.5
300 63.2+05 144 +04 335+03 49.4 £ 0.5 232+05
Rise husk 200 417+ 04 38.1+£03 65.7+0.5 19.9 £0.2 16.5+04
225 435+ 04 357+£03 63.1+05 21.6 £0.2 16.7 £ 04
250 458 £ 04 29.6 £ 0.3 51.0+ 04 29.8 £0.3 169 £ 04
275 49.6 £ 0.5 21.3+04 355+ 04 40.1 £0.3 17.7 £ 0.5
300 51.6 £ 0.5 159+04 27.6 £0.3 44.1+£04 18.6 £ 04

T Torrefaction temperatures, V volatile matter, FC fixed carbon, HHV higher heating value, d dry

@ Springer
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shorter torrefaction retention times, e.g. 10 and 20 min for our
biomass materials too, but these times were insufficient. Time
for heating to the final temperature was not calculated to the
retention time. Mass loss of spruce samples for different re-
tention times is shown in Fig. 2. It can be seen that the vapor-
ization of all water (free and bound) were already achieved
during increasing of temperature up to 200 °C. Retention time
to 10 or 20 min led to stable sample only for torrefaction
temperature of 200 °C. Vaporization of organic compounds,
mainly for the higher torrefaction temperature, led to higher
slope of mass loss curve, and longer retention time was need-
ed, because 10 or 20 min were insufficient. It is noticed that
longer retention time has comparable effects as increased
torrefaction temperature. The opposite effects can be seen
when the particle size was increased. The torrefied pellets
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Fig. 2 TGA curves of spruce biomass for different torrefaction
temperatures and residence time of 45 min (the grey line indicates the
temperature)
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O/ C ratio

obtained from the short-time tests were also tested by naked
eye: pellets were cut, and the colour of the centre was different
(with a lighter coloured core). This indicated that the material
was not treated through the whole volume. Therefore, all sub-
sequent experiments were done with a retention time of
45 min, which led to homogenous coloured pellets. At the first
part (drying during heating time), the mass loss was connected
to free and bound water removing. Reaching a temperature of
200 °C is sufficient for biomass drying; retention time on this
temperature is not necessary. At the second part (torrefaction
process), the significant decreasing of weight is caused by the
decomposition of hemicellulose in spruce material. This is
supported by the knowledge that cellulose and lignin are
decomposed at 300 °C only very slow or not at all [25, 26].
The degradation of hemicellulose can be seen significantly for
torrefaction temperatures of 275 and 300 °C. During suffi-
ciently long retention times at these temperatures range, cel-
lulose and lignin started decomposition too.

On the other side, mass loss is one of the important
economic parameter, which decides about the feasibility
of torrefaction process. Mass loss at different
torrefaction temperatures for all examined biomass ma-
terials can be seen in Fig. 3. The biggest grass and
straw mass loss had occurred between 225 and
250 °C. The decreasing of the weight was slower only
for wood biomass. The weight of rice husk sample was
stable to 250 °C; this means that rice husk is more
stable then spruce sample. But looking at the proximate
and ultimate analysis, it can be found that the rice
husks have a very different composition than the re-
maining grassy biomass, i.e. higher content of ash,
therefore lower content of volatile matter and lower
content of oxygen.
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Fig. 3 Mass loss for different materials at different torrefication
temperatures

Another important parameter for torrefied material is the
higher heating value (HHV) which is one of the most impor-
tant parameters for combustion technology. During the
torrefaction process, the content of oxygen and part of volatile
matter (mostly water of constitution, CO, and CO) decreased,
which was accompanied by an increasing amount of carbon,
and HHV (see Table 2). The biggest changes of material hap-
pened when torrefied to 300 °C, but on the other side, for this
temperature, the mass loss of dried biomass was more than
50%.

So, for choosing the best parameters for torrefaction
processes, it is necessary to balance the ideal ratio
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Fig. 4 Energy yields for torrefied biomass pellets for different
temperatures and residence time 45 min

between mass loss and HHV. Energy yield, which is
given in Fig. 4, was calculated as multiplication of
HHV and the fraction of solid residues from
torrefaction. The most economically worthy torrefaction
temperatures for grassy material seems to be in the
range from 200 to 225 °C and for woody material at
250 °C. But low torrefaction temperatures of 200 and
225 °C made just negligible changes to the raw bio-
mass; it looks like it mostly just dried the material.
From the comparison with other articles [27-29], it
can be seen that mostly the amount of carbon and
HHV correspond with our measurements. From the re-
sults, we can state that it is possible to do fast and
exact test in TGA before the torrefaction process on
the pilot unit. This significantly shortens the initial tests
on a pilot unit and gives time to investigate products,
including pyrolysis water and gases, investigate a heat
and mass balance which cannot be studied on a small
scale.

4 Conclusion

Torrefication is one of the technologies to use renewable
energy sources such as biomass to supplement fossil fuels
in the energy sector. It is probably not worth discussing
the use of wood biomass, because it is the best. The po-
tential in the production of black pellets is huge, but pro-
duction of these pellets brings a big loss of mass, which is
unreasonably reflected on value of energy yields. For ex-
ample, spruce pellets torrefied to 300 °C (HHV =24 MJ/
Kg, C~=68 wt.%) resemble to brown coal (HHV =20 MJ/
kg, C~50-80 wt.%), but the energy yields are half (52%)
that of the raw state. So, the most economically worthy
torrefaction temperatures for woody material is 250 °C
with yield of 91% because loss of mass is only
11.1 wt.%, and this torrefied wood is totally waterproof,
so it is great to store and transport. But even grass and
agrobiomass can be processed with torrefaction process,
mainly up to 225 °C to facilitate year-round storage. The
use of a thermogravimetric analyser for biomass
torrefication has proven to be very useful as it saves a
lot of time for pilot plant optimization process. Minimal
time for biomass treatment by torrefaction processes is
45 min, but it is necessary added time for preheating of
materials.
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Abstract

Torrefied biomass is characterized as a high-quality renewable energy commodity that can substitute fossil fuels. Combined
torrefaction and pelletization are used to increase the value of biomass by improving its handling and fuel properties. The
aim of this study is to present the influence of pelletization process on torrefaction in a pilot-scale unit. Above that, two
process modes were assessed, and the properties of the torrefied and pelletized biomass and vice versa were studied. Mode
I involved torrefaction prior pelletization. In mode II, on the contrary, the waste biomass was first pelletized and then torre-
fied. Analysis of mechanical parameters and chemical composition was therefore used to determine which of the modes was
more advantageous. The results showed that within both modes it is evident that a higher torrefaction temperature caused
wettability index decrease with a simultaneous higher heating value increase. Pellets produced in mode I showed better
calorific values, however worse mechanical properties particularly durability.

Keywords Torrefaction - Biomass - Pelletization - Pilot-scale unit

1 Introduction

The world’s interest in finding new sources of green energy
reflects growing energy demands, the loss of fossil fuels, and
environmental damage. There is a freely available amount
of biomass for bioenergy production, and this amount is
expected to increase in the next few decades. Various bio-
mass pre-processing technologies has been introduced over
the years, but only a small percentage of them (such as tor-
refaction) has been shifted into extensive demonstration [1].

During the torrefaction process, heat is transferred to the
surface of the individual biomass particles and then passed
through the surface of the particles to their center, where
thermal decomposition occurs. Heat transfer is affected by
the size and conductivity of the biomass, which is gener-
ally low, and therefore, the initial heating takes longer. The
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course of the exothermic reaction is greatly influenced by
particle size. Unfortunately, it is generally not constant in
an industrial environment, so it is necessary to consider this
effect on the whole torrefaction process when designing the
equipment [2].

Even though torrefaction is able to improve the biomass
properties [3], it also has some operating challenges. By
studying various operating conditions and reactor configura-
tions is how researchers are increasingly trying to improve
the operational feasibility of this process. There are numer-
ous contributions explaining in detail the chemistry of bio-
mass torrefaction, discussions about torrefaction Kinetics,
and reaction mechanisms as well. On the other hand, eco-
nomic and environmental feasibility of torrefaction process
has been reviewed the least in the literature [4]. Studies on
the environmental feasibility of torrefaction process confirm
that using torrefied pellets instead of wood pellets is highly
recommendable because of lower emissions generation.
However, the economic data shows that torrefied biomass is
not yet competitive to wood pellets, mainly due to the addi-
tional investment for torrefaction reactor. The most influen-
tial factor on the overall economics of the torrefaction, the
price of raw materials is playing [4].

Torrefied char has fuel properties similar to sub-bitumi-
nous coal, and therefore, it is able for co-firing with coal
in already working coal-fired power plants [5]. Some large
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dimensions’ torrefaction units have been built around the
world thanks to this possibility. Despite the fuel proper-
ties improvement, torrefied char has a lower energy density
in comparison with coal [6]. However, to increase energy
density and thus easy transport, it is possible by pelletiz-
ing torrefied biomass [7]. Biomass does not require addi-
tional binders for pelletization thanks to lignin and its bind-
ing properties [8, 9]. By torrefaction, the biomass loses its
natural moisture, which then has an adverse effect on the
pelletization process. Therefore, it is hardly possible to
approach pelletization of already torrefied biomass in the
same way [7]. The effect of changes in pelletization condi-
tions has already been studied, as well as the use of exter-
nal binders [10]. As already tested binders, it is possible to
mention plastics, starch, molasses, phenolic resins, crude
lignin, calcium hydroxide, and heavy oils [11]. However,
these binders often significantly increase energy costs of
torrefied char pellets [12], which is undesirable. The influ-
ence of moisture and additives such as pine, grape pomace,
and glycerol on the core features of the obtained pellets were
assessed and compared with pellets formed from raw pine
with regard to international standard requirements [13].
Other biomass fuels (almond shell, cocoa shell, Miscanthus,
and olive stone) were also evaluated as possible additives
[14]. Various parameters, including torrefaction temperature,
time, pressure, and water content during pelletization, can be
modified to produce torrefied pellets of the required quality,
i.e., with high-energy density, resilience, and hydrophobic-
ity [15].

Some researchers observed higher HHV in torrefied pel-
lets compared to non-torrefied one, and moreover lower the
overall cost, including production and logistics costs [16,
17]. These days, combined pelletization and torrefaction,
have been the subject of many studies [18]. As already
mentioned, pelletization of torrefied biomass may not be
easy because of hydroxyl groups elimination and lignin
components breakage during the process [19]. Taking into
account the overall energy and material balance, torrefaction
of pellets is more advantageous than pelletization of torre-
fied biomass, as described by Ghiasi et al. [20]. It should
be noted that although pellets after torrefaction lose some
hardness and they are fragile, there is always an optimal
balance between the benefits and weaknesses that can be
achieved [21].

Relatively less often it is written about the process of
torrefaction of already pelletized biomass [22]. Man-
ouchehrinejad and Mani [23] dealt with torrefaction of wood
pellets and concluded that improvements in the calorific
value and water resistance have been achieved. On the other
hand, properties such as density, hardness, and durability
of pellets were aggravated. The bulk density remained sta-
ble up to a temperature of 270 °C; above this temperature
there was a drastic fall. A similar trend is described by Siyal

1=

et al. [24]. In this case, torrefaction subsequent to pelletiza-
tion improved the features of pellets and made them fit for
other thermal processes used in industrial fields. A notice-
able decline in mass and energy yields with increasing tem-
perature was determined. The highest lower heating value
26.76 MJskg™! and energy density ratio 1.46 for torrefied
sawdust pellets were achieved at the following conditions
(temperature of 300 °C and time of 120 min). The highest
true density 2.40 and porosity 1.85 gecm™ were achieved
during these conditions, much higher than those of non-
torrefied pellets. Abedi and Dalai [25] came up with the
comparable conclusions for oat-hull pellets.

Recently, many studies have been focused on pelletization
of mostly single-species torrefied biomass. Torrefaction sub-
sequent to pelletization has rarely been reported. However,
the effect of both process modes and especially the choice
of their sequence in the case of garden waste treatment has
not yet been thoroughly investigated. Therefore, this study is
addressed to a comparison of both modes with their advan-
tages and conversely difficulties together with the detailed
evaluation of the resulting pellets in terms of changes in the
physical quality and fuel properties. Parameters optimization
in order to prepare binder-free pellets was discussed.

2 Material and methods
2.1 Material characterization

The production of biowaste with Cat. No. 200201 recorded
a change in the trend on the basis of Decree No. 321/2014
Coll. implementation. Thus, an obligation was imposed on
municipalities to allow biowaste separation. This waste frac-
tion includes biodegradable kitchen waste from households
and garden waste. The theoretical potential of biowaste sepa-
ration is significantly influenced by the type of the given
area. In the case of rural and residential area, this was cal-
culated at 140 kg per person and year. Garden waste used in
this experimental part as a raw material was obtained from
the maintenance of greenery in the city of Ostrava. This
type of waste is often processed by biochemical processes
or just landfilled. The biomass was composed of picea abies
branches, picea abies needles, and thuja, including a tiny
number of fruit trees and shrubs, simply spring pruning of
trees. The randomly composed mixture was first crushed to
2-3 cm, then to 5 mm, and finally to 3 mm. The mixture of
biomass was air dried to constant humidity for several days.

The proximate analysis was performed in accordance
with the standard procedure of the American Society for
Testing and Materials (ASTM E790, 830, 897). Moisture
(W), volatile matter (VM), fixed carbon (FC), and ash (A)
contents were determined with the use of LECO TGA701.
The samples of raw garden waste and pellets from garden
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waste were heated from 20 to 800 °C with a heating rate
of 5 °C/min in an inert nitrogen atmosphere. Carbon (C),
nitrogen (N), hydrogen (H), and sulfur (S) content of garden
waste were determined by LECO CHSN628 elemental ana-
lyzer according to ASTM E775-8. The mass of oxygen (O)
was calculated by difference (i.e., O=100-C-H-N-S-A [%]).
A bomb calorimeter LECO AC600 was used to determine
the higher heating value (HHV) in accordance with ASTM
E711. Initially, the calorimeter was calibrated using the ben-
zoic acid tablets. The content of lignin, cellulose, and hemi-
cellulose was determined according to the standard SOP 87.

2.2 Pre-treatment, pelletization process,
and characterization of pellets

In order to pelletization, garden waste was ground with the
use of a knife grinder LMN 180 to a powder and passed
through a 3-mm sieve and further homogenized in a homog-
enizer Alba Re 22. During the homogenization, water was
gradually added by spraying. The humidity of the mixture
was adjusted to 15 wt. %. For pelletization, the laboratory
rotary pelletizer KAHL 14-175 (Amandus Kahl GmbH &
Co. KG) with a flat die of engine power 3 kW was used.
The main parts are rollers and flat die. They are practically
tools for making pellets. Rollers thicken and push the lying
material carpet into the channels in the flat die. Rollers
rotate freely on fixed axis. The garden waste samples were
compressed in range 200-250 MPa and at frequency 52 Hz.
Temperature was in the range 80-100 °C.

Mechanical resistance of the pellets, durability (D) was
measured according to EN15210-1. (EN15210-1: Solid bio-
fuels—Determination of Mechanical Durability of Pellets
and Briquettes—Part 1: Pellets) on a Holmen NHP 1000
instrument. During the test, a sample of 100 g of pellets
pneumatically circulated at 70 MBar in a chamber with
perforated conical walls for 60 s. After the test, the sample
was sieved through a 3-mm sieve. Durability was calculated
according to Eq. (1), where m, is the pellet weight before the
test and m, after the test:

n,

D= m_] X 100[%] 1)

The procedure was repeated ten times. The average value
was calculated from the results [26]. Bulk density (BD) was
determined according to standard ISO 17828:2015 [27].
Specific density (SD) was determined with the use of Met-
tler Toledo JEW-DNY-43. The values were taken from 10
measurements as the average value. The hardness test (H)
was carried out using KAHL ac-14 hardness tester. Pellet
hardness, defined as the force that is required to break it,
was expressed as the mass load on the given pellet area in
kilograms.

The resistance to moisture, the so-called wettability index
(WI), was performed according to Eq. (2) defined by %:

W= "2"" o 100[%]
== 0 @

where m, is the weight of the pellet before the test and m, is
the weight of the pellet after the test. The test consisted in
immersing the pellet in distilled water for 30 s. The proce-
dure was repeated ten times. The average value was subse-
quently calculated from the results.

Samples of pellets were also characterized by scanning
electron microscope (SEM: Tescan Vega) with tungsten
cathode and energy-dispersive X-ray spectroscopy (EDS:
EDAX). Micrographs were obtained using secondary elec-
trons (SE) and backscattered electrons (BSE) mode with an
acceleration voltage of 30 keV. To ensure adequate electron
conductivity, samples were gold sputtered before imaging.

The FT-IR spectra were measured by a Thermo Scientific
Nicolet iS10 FTIR Spectrometer. The measurements were
carried out in the range 5004000 cm™! with a resolution of
2 cm™! using transmission mode. A small amount of sam-
ple (approx. 1 mg) was mixed and homogenized with KBr
(approx. 200 mg) and pressed at a pressure of 10 MPa to
obtain transmission tablet. The prepared sample was placed
in the holder and then in the transmission attachment where
the spectrum was collected. Each spectrum consisted of at
least 64 scans lasting 1 s. Before each measurement, the
background was collected to eliminate apparatus and envi-
ronmental effects. Each sample spectrum was ratioed.

2.3 Torrefaction

Torrefaction tests are performed in a pilot-scale unit using
an inert atmosphere of argon, the scheme of which is shown
in Fig. 1. A reactor with a length of 155 cm, an inner diam-
eter of 14.5 cm, and an outer diameter of 22 cm was used.

4
v

Fig.1 Pilot-scale unit (1, tank with pelletized and non-pelletized
input material; 2, oven with screw conveyor; 3, tank with solid resi-
due; 4, organic vapors, steam, and gaseous products; 5, cooling; 6,
tank with liquid residue; 7, ventilator)
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Fig.2 Description of gar-
den waste procedure and its
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Table 1 Biochemical composition of samples

Lignin (%) Cellulose (%) Hemicellulose (%)
GW 28.10+0.06 29.41+1.57 15.92+0.27
TGWP225 34.54+1.97 28.29+0.36 15.50+0.18
TGW225 64.13+0.28 13.70+0.09 3.68+0.61
TGWP250 53.24+1.07 26.79+0.48 6.62+0.62
TGW250 74.61+2.25 9.05+0.61 0.15+0.03

The garden waste (GW) and garden waste pellets (GWP)
were torrefied at two different temperatures, i.e., 225 °C and
250 °C. These temperatures were selected on the basis of
previous experiments [28]. The garden waste was poured
into a tank; a certain amount of waste was continuously
dosed into the furnace space. A different feeder type was
selected for each material. The tube kiln was equipped with
a screw conveyor. The residence time of garden waste in the
oven was set up to 55 min. It was calculated on the basis of
experience as the time when all the material in the apparatus
was sufficiently torrefied. In case of pellets, 1.445 kg was
processed per hour, while in case of bulk material, 0.780 kg
was processed per hour. The total duration of one experiment
was 3 h, including the residence time. The torrefied mate-

+ Torrefication 250°C ——» TGWP250 [— Specific. Density

Proximate and
Ultimate analysis

2.4 Pellets physical quality evaluation

The pellets produced during the torrefaction experiments at
two different temperatures (225 and 250 °C), as well as pel-
lets made from torrefied garden waste processed at the same
temperature regime, are subjected to the analyses mentioned
in Fig. 2. To clarify acronyms, TGWP means torrefaction
after pelletization, while PTGW means torrefaction prior
pelletization. Physical quality (durability, hardness, wettabil-
ity index, bulk and specific density) of produced pellets was
evaluated. Proximate and ultimate analyses were performed
as well Table 1.

3 Results and discussion
3.1 Characterization of garden waste (GW)
The results of the evaluation of garden waste are shown in

Table 2 and Table 3 together with the proximate and ultimate
analysis results of all produced pellets. The volatile matter in

Table 3 Ultimate analysis of samples

rial was collected in a container. The generated gas flowed N (wt.%) C (wt.%) H (wt.%) 0O (Wt.%)
through the cooler. The condensate was collected in a tank
GW 0.83+0.02 50,96+0.22 6.78+0.31 38.08+0.04
under the cooler.
TGWP225 0.82+0.01 50.66+£0.076.35+0.29 38.70+0.08
PTGW225 1.15+0.01 55.12+£0.215.81+0.34 32.50+0.14
TGWP250 0.96+0.04 54.64 +£0.566.08+0.25 34.77+0.55
PTGW250 1.17+0.01 57.27+0.215.82+0.35 30.26+0.15
Table 2 Proximate analysis of W (wt.%) AY (wt.%) VM? (wt.%) FC (wt.%) HHV (k] kg—l)
samples
GW 7.39+0.11 3.35+0.06 76.30+0.63 20.35+0.61 20,841+49
TGWP225 2.51+0.33 3.47+0.16 75.04+£0.91 21.49+0.79 21,098+ 130
PTGW225 4.70+0.06 5.42+0.01 65.58 +£0.31 29.00+0.33 22,534+ 180
TGWP250 1.98+0.17 3.55+0.04 74.08 £0.69 22.37+0.65 22,244 + 84
PTGW250 3.82+0.02 5.48+0.01 64.36+0.05 30.16+0.06 23,078 +26

A ash, W moisture, VM volatile matter, FC fixed carbon, HHV higher heating value
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garden waste (76.30 wt.%) strongly influenced the thermal
decomposition during torrefaction. The higher heating value
was measured 20.9 MJ kg™!, which was noticeably higher
than the garden waste used by Pradhan et al. [9].

3.2 Torrefaction of garden waste

The samples were denoted according to the component
acronym and final temperature. In total, four experiments
in a pilot-scale unit were performed, namely torrefaction of
garden waste pellets at temperature of 225 °C (TGWP225),
of 250 °C (TGWP250), and torrefaction of garden waste
(non-peletizied) at temperature of 225 °C (TGW225) and
250 °C (TGW250). The mass balance for each experiment
was determined. A noticeable decline in mass yields with
increasing temperature was noticed. The highest yield of
solid residue was observed in the case of TGWP225 (93.5
wt.%), while the lowest yield was reached when process-
ing the same sample at higher temperature (76.1 wt.%).
In case of garden waste torrefaction, the solid yields were
similar (TGW225 82.1 wt.%; TGW250 82.3 wt.%, respec-
tively). The yields of energetically poor process gas did not
exceed 10 wt.% (namely TGWP225 3.0 wt.%; TGWP250 5.7
wt.%; TGW225 4.5 wt.%; TGW250 8.8 wt.%). The yields
of condensate ranged from 3.5 (TGWP225) to 18.2 wt.%
(TGWP250).

3.3 Pelletization process

The produced pellets had a diameter of 6 mm. Garden waste
pellets (GWP), torrefied garden waste pellets (TGWP), and

pelletized torrefied garden waste (PTGW) are shown in
Fig. 3.

3.4 Effect of torrefaction on biochemical
composition

Hemicelluloses, cellulose, and lignin are three main con-
stituents’ part in lignocellulosic biomass. The number of
individual components depends on the type of biomass. The
garden waste sample contained 28.10 wt. % of lignin, 29.41
wt. % of cellulose, and 15.92 wt. % of hemicellulose.

During torrefaction, most of the oxygenated compounds
(mainly hemicellulose) from biomass is decomposed to
produce a torrefied biomass as already reported by Man-
ouchehrinejad and Mani [23] and can be seen in Table 1.
Both the temperature and the input material condition had a
strong influence in terms of all components content due to
their decomposition. Lignin generally increases the hardness
and density of pellets. Lignin is hydrophobic, so pellets with
higher lignin content show good water resistance, as can
be confirmed in Table 4. Another undeniable role of lignin
is that it acts as a binder at elevated temperatures; lignin
softens and aids the binding process. However, the higher
proportion of lignin is debatable, because it encounters the
possibilities of this analytical method, which does not serve
for the analysis of already partially thermally degraded (tor-
refied/pyrolyzed) material.

As expected, torrefaction noticeably reduced the hemicel-
lulose content of the raw material representing volatiliza-
tion and carbonization during the torrefaction process. This
hemicellulose loss reduced the hydrogen bonding sites in the

;Ziﬁlst: Physical properties of BD (kg.m™) H (kg) WI (%) SD (g.cm™) D (%)
GWP 502.54 +14.77 21.10+1.61 13.54+4.30 1.27+0.02 99.08+0.20
TGWP225 585.87+8.99 21.90+1.97 9.35+4.65 1.14+0.02 99.32+0.15
PTGW225 49235+ 14.15 30.30+£6.72 3.06+2.21 1.29+0.01 95.05+1.07
TGWP250 516.73+10.89 20.10+1.92 0.59+0.94 1.04+0.02 97.60+0.33
PTGW250 554.82+15.92 22.90+7.91 1.73+0.73 1.06 +0.05 72.85+6.43

BD bulk density, H hardness, WI wettability index, SD specific density, D durability
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material which caused a poorer affinity to water. This also
explains why torrefied material was more hydrophobic com-
pared to the raw material as mentioned by Ghiasi et al. [20].

3.5 Effect of torrefaction in terms of fuel properties

The thermal decomposition of all samples is investigated
through thermogravimetric and calorific analysis as can be
seen below in Table 2.

By torrefaction, the biomass losts its natural moisture,
which then had an adverse effect on the pelletization pro-
cess, as stated by Kambo and Dutta [7]. With increasing
temperature, the fixed carbon content increased, while vola-
tile matter decreased; this was reflected in an increase in
the value of HHV (20 841 to 23 078 kJ kg™!). This trend
is in line with literature sources [15, 18]. The increasing
HHYV tendency during torrefaction was similar as reported
by other researchers [3, 17]. Thus, it can be concluded that
torrefaction is very important to promote the fuel quality of
biomass pellets. The ash content increased, especially for
PTGW mode, compared to raw material. These results are
correspond to Ramakrishna’s findings [18]. When compar-
ing the influence of pelletization on torrefaction, better prop-
erties regarding fuel qualities were reached in the mode of
torrefaction prior pelletization (PTGW). The disadvantage of
pellets is their mass (volume), through which the heat must
pass while the products of pyrolysis go out in turn. The time
of this process was significantly higher compared to the tor-
refaction of small biomass particles. However, this param-
eter must be compared with the production capacity, where
thanks to the higher bulk density it was able to process up
to 2 X more material in the same time. By extending the resi-
dence time, it would be possible to obtain pellets of the same
composition as in case of small torrefied biomass. Oxygen
contained in the material generally contributed to fuel com-
bustion but reduced the heating values as was confirmed.
The moisture content of the pellets which were subsequently
torrefied (TGWP) was only 2.5% compared to 4.7% of the
moisture presented in the torrefied and subsequently pel-
letized material (PTGW). This trend was also reported by
Ghasi et al. [20]. Elemental composition is given in Table 3.

3.6 Effect of torrefaction on the physical quality
of pellets

For all pellet samples, durability, bulk and specific den-
sity, wettability index, and hardness were determined.
The results of the individual experiments are presented
in Table 4, which gives the average values for individual
samples. The results showed that the hardness of the pel-
letized torrefied garden waste, i.e., torrefaction prior pel-
letization, at 225 °C is greater than that of torrefied garden
waste pellets, i.e., torrefaction after pelletization, which
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corresponds to Spirchez et al. [21]. The torrefaction pro-
cess contributed to the hardness of the pellets. However,
as the torrefaction temperature increased, the hardness and
durability of pellets decreased; this effect was particularly
noticeable in case of torrefaction prior pelletization. The
pellet hardness decreased at higher torrefaction temper-
atures as described elsewhere in the literature [22, 23].
However, torrefaction in these studies was performed for
wood respectively furfural residue pellets, not for available
garden waste.

Wettability index decreased with material modification.
The lowest water absorption was indicated for the TGWP250
sample with a value of 0.59%. A significant decrease in WI
with torrefaction temperature was evident, for both PTGW
and TGWP samples. Water absorption affected the calorific
value of the fuel (see Table 2). Within the individual modi-
fications (PTGW/TGWP), it is evident that a higher torrefac-
tion temperature caused the WI decrease with a simultane-
ous HHV increase. Moisture of the pellets is undesirable as
it can cause swelling and clogging of transport systems. In
addition, there is also a possible risk of mold creation during
storage. All produced pellets showed a higher specific den-
sity than water. Both modified pellets prepared at tempera-
ture of 250 °C floated on water. The result again confirmed
the increased hydrophobicity of these pellets. The mechani-
cal resistance of the pellets was significantly affected by
the torrefaction temperature. A significant decrease in this
parameter was observed at the temperature of 250 °C.

Generally speaking, the mechanical resistance of com-
posts starts from 90.0% [29, 30]. However, the D value of
the PTGW250 sample (73%) was low and unsatisfactory; on
the other hand, these pellets showed a slightly better value
in terms of hardness. Since wettability index and hardness
are not normative parameters, which could be evaluated by
standard procedures, they were compared with hay pellets
produced by our team, to make thorough evaluation possible
[31]. Their durability reached 98.9%; wettability index was
17% and hardness 33.6 kg. These hay pellets with a mois-
ture content of 6.3% and ash <6% normatively complied
with the EN 17,225-6 standard. It can be seen that only
GWP, TGWP225, and TGWP250 pellets would be suitable
according to durability D, which can be considered as sat-
isfactory according to the standard D >97.5%. Durability
for PTGW225 and PTGW250 can be effectively increased
by adding a suitable binder such as starch, lignosulfonate,
bentonite, and modified cellulose [32]. The choice of binder
should be considered with regard to its cost and environmen-
tal friendliness. From this point of view, using also waste
as a binder in the production of PTGW225 and PTGW250
seems to be the only appropriate approach given their low
cost and availability. For example, fallen pinecones could be
added to garden waste as a binder. However, by how much
durability would be raised is a question of further study.
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The comparison also shows that the WI was significantly
lower (better) for all samples except GWP. Again, it corre-
sponds to the increasing hydrophobicity of the torrefaction-
treated pellets. At the same time, a higher torrefaction tem-
perature reduced the WI and increased the HHV (Table 2).
The hardness (H) of the tested samples widely ranged. For
hay and energy grass pellets, this range was measured from
33.6 to 47.7 kg. By processing garden waste by both modes,
significant changes occurred in terms of hardness. The value
of around 20 kg for TGWP250, TGWP225, and GWP was
lower; therefore, the handling of these pellets could be more
complicated. However, the value of this parameter can be
influenced by the torrefaction process and the temperature
setting. The durability of the torrefied pellets was also fairly
close and comparable to that of the raw material pellets
which also corresponds to data measured by Ghasi et al.
[20].

Micro-structural analysis of all pellets is presented in
Fig. 4. The preparation process had a significant influence
on the morphological structure. The analysis clearly shows

PTGW225

that pellets had large quantities of small flakes on the sur-
face. Unlike the pellets from the torrefied material, only
small cracks appeared on the surface. This is due to the fact
that torrefied garden waste was dry and without any binders,
making it possible to create strong pellets without cracks on
their surface. The flakes on the surface of these pellets were
bigger, in comparison with TGWP. Their quantity increased
with growing temperature. The micro-structural analysis of
torrefied pellets showed that the natural binders in these
biomass materials created bonding between particles in the
pellets. Activating the natural binding components through
moisture and temperature is essential to produce highly
durable pellets.

FTIR spectrum (Fig. 5) was measured for study of surface
properties of torrefied material. Difference between TGWP
and PTGW is invisible, but can be observed small effect
of torrefaction temperature to change of surface function
groups. With increasing temperature, we can see a decrease
in the broad peak representing the O—H group at 3440 cm™".
Another decrease to almost disappearance of the peak is at

PTGW250

TGWP250

Fig.4 Micrographs of GW, PTGW225, PTGW250, TGWP225, TGWP250 (SEM: SE-BSE)
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Fig.5 FTIR spectrum of the pelletized torrefied garden waste

1740 cm~! where the C =0 group is associated with car-
boxylic acids. These disappearing carboxylic acid groups,
in turn, appear in the liquid condensate-pyrolysis water. A
certain decrease in peaks can be observed in the range from
1150 to 1030 cm™! where the C-O group is located; the
decrease in oxygen content is also observable from the ele-
mental analysis. All these changes are related to the loss of
oxygen and O—H group and the formation of hydrophobicity.
However, it is necessary to mention a small increase of the
peak at 1625 cm™! representing the C=C group. It is the
wide peak of the O—H group between 3400 and 3300 cm™!
in combination with C=C group and a small group of C-O
peaks that indicates the presence of phenolic groups. Peak at
2350 cm™! is probably due to adsorbed CO,, created during
torrefaction, and can be neglected.

4 Conclusions

This study compared two different process modes to convert
garden waste into torrefied binder-free pellets as the final
product. From the measured data, it can be stated that both
modes have their advantages and they are also accompanied
by some difficulties.

Pellets prepared in mode I (torrefaction prior pelletiza-
tion) showed better fuel properties (calorific value, carbon
content), but it is worth mentioning that after torrefaction,
pellets of lower quality concerning mainly their durabil-
ity were produced. In addition, the pelletization of torre-
fied garden waste was due to the mechanical and physical
properties of the material (brittleness, friability, fluffiness)
more complicated than pelletization of non-toredified gar-
den waste. The torrefied material adhered to the walls of the
hopper, layered, and had to be mechanically removed during
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pelletization. However, the selection of an optimal binder,
which is not the subject of this study, might help to optimize
the durability. Moreover, these binders often significantly
increase demands in terms of costs and energy uses. For
pellets prepared in mode 11, it is necessary to strictly monitor
the residence time in order to heat the entire volume of the
pellet to the center, because fuel properties of torrefied pellet
were worse at the same retention time in reactor than torre-
fied fine GW particles. On the other hand, during pellet tor-
refaction, organic vapors such as furfural or phenols, act as
a natural binder, which improves the mechanical properties
of the pellets. Further work would be appropriate to deter-
mine the optimum pelletizing conditions for the production
of pellets with reasonable transportable properties and a high
potential in different end product applications when charging
costs associated with the binders.
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ABSTRACT

The production of energy from wood biomass is as old as humanity itself. In the last 20 years there
has been enormous progress in research of torrefaction, pyrolysis and mainly gasification of biomass.
Products from conventional pyrolysis of biomass are gas known as pyrolysis gas, a liquid condensate
known as bio-oil and char named bio-char. Most of the articles dealing with convectional pyrolysis of
biomass are focused on the production of bio-oil. Only some works deal with the possibility of producing
high-quality syngas (H, + CO) or hydrogen itself. For this purpose, the technology of microwave pyrolysis
could be suitable. Microwaves can generate microplasma and hot spots, which promote heterogeneous
catalytic reactions and produce a greater concentration of hydrogen in the resulting gas than convectional
pyrolysis. In this work, an experimental study of spruce sawdust microwave pyrolysis was performed
in the presence of catalysts to maximize the yield of hydrogen or syngas. Experiments were carried out
in a microwave reactor with a power of 400 W. As catalysts char from sawdust, or sawdust char-doped
with metal ions (Ni, Co, Fe) were used. lons of metals were used to increase the yield of hydrogen (e.g.
Nickel is widely used in the catalytic cracking of methane). The influence of the catalyst on the quantity of
products (gas, liquid and solid) was studied, as well as the amount of hydrogen generated in the pyrolysis
gas, or the amount of waste water in the liquid condensate.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is the oldest and simplest element in the universe.
Hydrogen can be produced in many ways. Most environmentally
friendly method is electrolysis of water. The large consumption of
electricity is main disadvantage of this method for industrial pro-
duction. The thermal decomposition of hydrocarbons is another
option to obtain hydrogen.

Declining supplies of fossil energy resources and adverse
impacts of fossil energy uses on the worldwide environment
have prompted a strong interest in renewable energy. Biomass
can be used as a renewable energy source. There are already
several possible industrial processing methods, such as combus-
tion, gasification, pyrolysis, liquefaction or torrefaction [1,2]. The
microwave technique is one of the most promising methods of
enhancing and accelerating chemical reactions. Fast, selective, and
uniform heating are the first advantages of this method which
make the treatment and utilization of non-homogeneous wastes
and large size biomass feasible. Process flexibility and equipment

* Corresponding author.
E-mail address: pavel.lestinsky@vsb.cz (P. Lestinsky).

http://dx.doi.org/10.1016/j.jaap.2017.02.008
0165-2370/© 2017 Elsevier B.V. All rights reserved.

portability are the other advantages of this technique [3]. The choice
of material for microwave radiation absorption is the most impor-
tant parameter in the case of microwave heating. Materials such
as activated carbon or charcoal absorb radiation more than distil-
late water. Carbon materials can be used as an effective absorbent
of microwave radiation [4]. Microwave heating for treatment of
various materials, such as biomass [5], coal [6] or waste oil [7]
was done. The heating of material occurs when microwave radi-
ation is absorb by carbon particles and this energy is converted
to thermal energy by dipole reorientation (polarisation) and ionic
conduction [8]. These mechanisms generate heat within the car-
bon particles. The accurate measurement of temperature is one
of the most important challenges under microwave pyrolysis as it
affects the reaction’s conditions and efficiency. Choosing the correct
temperature sensor seems critical to reduce measurement errors.
Microwave heating is often used for catalytic reaction. Fidalgo
et al. [9] used microwave radiation for heating of catalytic bed for
CO, and CH4 reforming. As a catalyst mixture of carbon with Ni on
Alumina was used. Conversion in microwave heating was higher,
than during reforming in conventional oven at the same tempera-
ture. The using of microwave heating in the other scientific works
[10,11] shows the great potential to catalyse. The effect of con-
ventional and microwave-assisted methods for syngas production
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Table 1 Table 2

Proximate and ultimate analysis of spruce sawdust. Proximate analysis of char and char-doped catalysts.
Material Spruce sawdust W' (wt.%) V' (wt.%) FC" (wt.%) AT (wt.%)
Proximate analysis (wt.%) CM 0.97 +£0.02 10.59+0.84 85.82+0.84 2.62+0.84
Moisture 0.64+0.04 Ni 0.95+0.03 14.11+0.97 73.67+0.84 11.27+0.84
Volatiles 77.51+0.65 Co 0.71+0.02 14.60+0.82 73.88+0.84 10.81+0.84
Fixed Carbon 21.25+0.24 Fe 0.94+0.02 15.86+0.93 71.06+0.84 12.14+0.84
Ash 0.60+0.05
Ultimate analysis (wt.%) .
c 51.74+0.38 of less than 1Pa. The specific surface area, Sggr, was calculated
N 0.96+0.07 according to the Brunauer-Emmett-Teller (BET) theory for the
H 6.07+£0.11 = i 7

) range = 0.05-0.25. Whereas Sggt is not appropriate parameter

o 4193 4047 p/po rang BET pprop p

from glycerol was compared within the three different processes,
namely pyrolysis, steam reforming, and dry reforming by using
commercial activated carbon as the catalyst [12]. The results proved
that the microwave-assisted heating method produced higher gas
yields in comparison with conventional heating methods. Addi-
tionally, it was observed that the use of a carbonaceous catalyst
improved syngas production and produced the least amount of CO,
emissions.

In this study, microwave pyrolysis of spruce sawdust was per-
formed in the presence of catalysts to maximize the yield of
hydrogen, or syngas. As catalysts char from sawdust or sawdust
char-doped with metal ions (Ni, Co, Fe) were used. lons of metals
were used to increase the yield of hydrogen (e.g. Nickel is widely
used in the catalytic cracking of methane). The influence of the cat-
alyst on the quantity of products (gas, liquid and solid) was studied
as well as the amount of hydrogen generated in the pyrolysis gas,
and the amount of waste water in the liquid condensate.

2. Material and methods
2.1. Raw material

Spruce sawdust was used as a feed biomass material. The spruce
sawdust was dried at 105 °C for 24 h before each experiment. The
ultimate and proximate analyses of spruce sawdust (dry) were per-
formed on analysers LECO TGA701 and LECO CHSN628 (Table 1).

2.2. Preparation of char and char-doped catalyst

The spruce sawdust was thermal treated in a microwave reactor
for 20 min at 400 W. The prepared char was used as an absorber of
microwave irradiation and the experiment was labelled as carbona-
ceous material, abbreviated as CM. The spruce sawdust was mixed
with 0.1 M aqueous solution of Ni(NO3),-6H,0, Co(NOs3),-6H,0
and Fe(NO3)3.9H,0. Samples of sawdust were wet-impregnated
for 24 h in these solutions. The impregnated sawdust was dried
at a temperature of 110°C in an oven for 48 h. These dried wet-
impregnated samples were treated in the microwave reactor to
obtain char (char-doped metallic catalyst) in the inert atmosphere.
These experiments are labelled according to the metal element
used - nickel as Ni, cobalt as Co and iron as Fe. The average content
of metal on the carbon surface is 7wt.%. The proximate analysis
of char (CM) and char-doped metallic catalysts (Ni, Co, Fe) were
performed on analyser LOCO TGA701 (Table 2).

2.3. Characterisation of catalysts

The textural properties of ACs were evaluated based on
nitrogen physisorption. The nitrogen adsorption — desorption mea-
surements at 77K were performed using a 3Flex instrument
(Micromeritics, USA). Prior to the nitrogen physisorption measure-
ments, the ACs were degassed at 300 °C for 24 h under a vacuum

for characterisation of mesoporous solids containing micropores
[13], the mesopore surface area, Smeso, and the micropore volume,
Vinicro» Were also evaluated from the t-plot method [14], using Car-
bon Black STSA standard isotherm. The total pore volume, Vyet,
was determined from the nitrogen adsorption isotherm at p/pg
(~0.988). The mesopore-size distribution was evaluated from the
adsorption branch of the nitrogen adsorption-desorption isotherm
by the Barrett-Joyner-Halenda (BJH) method [ 15], using the Carbon
Black STSA standard isotherm with Faas correction. The micropore-
size distribution was evaluated from the low-pressure part of the
nitrogen adsorption isotherm (10~7 <p/pg <0.05) by the applica-
tion of the Horvath-Kawazoe solution for the slit-pore geometry of
carbonaceous materials [16] using the Micromeritics software.
The phase composition was determined using X-ray powder
diffraction. The XRD patterns were obtained using Rigaku Smart-
Lab diffractometer (Rigaku, Japan) with the detector D/teX Ultra
250. The source of X-ray irradiation was a cobalt lamp (CoKa,
0.15418 nm), operated at 40kV and 40 mA. The powder samples
were pressed in a carousel holder and measured in the reflection
mode. The XRD patterns were collected in a 20 range from 5° to 90°
with a step of 0.02° and speed of 1.5087° min. The registered XRD
patterns were evaluated using the databases PDF 2 and COD.

2.4. Experimental apparatus

A 50 g of sawdust sample with 10 g of char/char-doped catalyst
(the ratio of 5:1) was placed into the glass reactor. The gas-tight
reactor was inserted into the microwave oven with a power of up
to 1kW and connected to the rest of the device components. The
nitrogen was used as an inert medium for purging. The spruce sam-
ples with the catalyst were treated in the microwave reactor for
20 min at a power of 400 W and a frequency of 2450 MHz. Gaseous
and vapours products of microwave catalytic pyrolysis were treated
in the water cooler (the condensate was captured in a condensate
flask) and were further purified in five gas bubblers with water and
acetone. This purified pyrolysis gas flowed through the gasometer
to the gas sample point. The gas samples were taken into 20 dm3
gas sampling bags (Tedlar).

2.5. Characterization of products

The selected gaseous components were analysed by gas
chromatography (methane, acetylene, ethylene, ethane, propane,
hydrogen, carbon monoxide and carbon dioxide). Agilent 7890A
gas chromatograph, with a flame ionization detector (FID) and a
thermal conductivity detector (TCD), was used for analysis of the
pyrolysis gas. The Micropacked column (2 m x 0.53 mm) was used
for separation. Agilent 7890A gas chromatograph with MS detector
Agilent 5975C was used for analysis of liquid products. A column
of 30m x 250 wm x 0.25 wm was used for separation. The water-
and oil-phase were dissolved in methanol before chromatographic
analysis. The content of water in the water- and oil-phase of con-
densate was analysed by Karl-Fischer titration on TitroLine 7500
KF.
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Fig. 1. XRD patterns of catalysts Ni-C and Co-C.

3. Results and discussion
3.1. Characterization of catalyst

Char and char-doped metallic catalysts were analysed using
nitrogen physisorption. The results from this analysis are shown
in Table 3. From the results of the surface area, it is clear that the
preparation of the catalyst in the microwave reactor is very good,
since the catalysts have nearly the same surfaces. This applies par-
ticularly to the CM itself, because these surface properties cannot be
achieved by conventional thermal treatment without activating the
surface. This relates to the fact that the microwave heats the mate-
rial from the inside, thus creating a porous structure, in contrast
to convectional heating, which heats the material from the surface.
The cobalt and nickel catalysts have a bigger mesopores surface
area, as we can see in the following table. These mesopores have
a major effect on the cracking and dry/steam reforming reactions.
This also explains the lowest amount of gas in the CM.

Char-doped Nickel and Cobalt catalysts were analysed using X-
ray diffraction (XRD) to compare the catalyst’s structure for each
metallic ion (see Fig. 1). The main phases detected on the Ni-C cata-
lyst surface included metallic nickel (Ni%) (2Theta =52.0° and 60.9°),
a small amount of nickel oxide (NiO) (2Theta=43.3°, 50.8° and
74.5°), and finally carbon (C%) (2Theta =30.9°). Similarly, the main
phases detected on the Co-C catalyst surface were metallic cobalt
(Co®) (2Theta=51.7° and 60.5°), a small amount of cobalt oxides
(Co0) (2Theta=42.8° and 50.5°) and (Co304) (2Theta=77.1°), and
finally carbon (C°) (2Theta=30.9°). The main phases detected on
the Fe-C catalyst surface were iron carbide (Fe3C) (2Theta=50.5°,
52.3°, 56.9° and 57.7), a small amount of iron oxides (Fe304)
(2Theta=41.5°, 44.0°, 67.6° and 74.5°), and finally carbon (C%)
(2Theta=30.8°). The Fe-C catalyst has not any content of metallic
iron, which conflicts with literature [17].

1000
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<

L 600 T

2

£

2 400 T
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[
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o F—7——t——t+———F——"—+——+—
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Fig. 2. Temperature profile inside bed of spruce sawdust.

Table 4
Comparison of product distribution for different catalysts.

CM (wt.%) Fe (wt.%) Co (wt.%) Ni (wt.%)
gas 31.21+£2.20 47.74+£2.33 52.72+3.07 51.59+2.30
liquid 46.18 £2.71 32.68 £2.21 29.42 +2.01 27.89+2.38
solid 22.61+1.13 19.58 +£1.04 17.86+1.30 20.52+1.07

The peak marked as (*) at 2Theta=34.2° is magnesium calcite
(Mgg.03Cagg7C03). It is a common component of biomass ash.

This catalyst structure gives us some interesting information,
because metallic nickel has a higher catalytic activity than nickel
oxide for dry and stream reforming reactions.

The metallic nickel (Ni%) as well as cobalt (Co) are generated by
reducing hydrogen at a high temperature. The temperature inside
the microwave reactor was measured using a K-type thermocouple,
which has to be grounded and shielded. The increase of the tem-
perature in the microwave reactor with power of 400 W is shown
in Fig. 2. The temperature inside the bed was stabilized at 780°C
after 10 min. Shi et al. [18] found that metallic iron (Fe®) can be
created from iron oxides at the temperature above 800 °C, but the
iron carbide (Fe3C) was created too. The formation of iron carbide
(Fe3C) was observed at the 1000 °C. Iron carbide decomposed to the
iron above 1600 °C, which corresponds with knowledge of the equi-
librium iron-carbon phase diagram. On the other site, iron carbide
together with iron oxide are used as catalyst too.

3.2. Mass balance

Three products of catalytic microwave pyrolysis were produced
— pyrolysis gas as gas, liquid condensate as liquid and solid residue
as char. The balance was calculated based on the weight of char
and gas volume together with the composition of the pyrolysis gas.
The amount of condensated liquid in the cooler was only 90 wt.%
of the overall liquid, the rest of non-condensated liquid, such as
tar-vapour dispersion, were absorbed in the water and the acetone
bubblers. This weight was recalculated to 100 wt.%. The product
distribution is listed in Table 4. It is obvious that the presence of
catalysts has affected the gas production. The metallic catalysts,

Table 3
Textural properties of activated carbons determined from nitrogen physisorption.
SpET (mz g,1) Smeso (mz gfl) Vmicro (Cm3]iq gfl) Vet (Cmsliq gfl) Vinicro/Viet (%) Liicro (NmM)
CM 341 35 0.150 0.192 78 0.43
Fe 342 73 0.132 0.244 54 0.45
Ni 343 104 0.118 0.267 44 0.43
Co 335 134 0.099 0.275 36 0.45

Sger specific surface area.

Smeso Mesopore surface area.

Viicro Volume of micropores.

Ve total pore volume at relative pressure p/po =0.988.
Liicro Mmedian micropore width.
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Fig. 3. Comparison of pyrolysis gas composition for different catalysts.

especially cobalt and nickel, reduced the amount of the liquid,
specifically cracked more tars and hydrocarbons into gaseous prod-
ucts than the separate carbonaceous material (CM).

3.3. Pyrolysis gas composition

The pyrolysis gas composition was very dependent on the cata-
lyst used; especially char vs. doped-char. The main components of
gas are shown in Fig. 3.

We can see that the amount of hydrogen generated in the case
of cobalt and nickel catalysts is almost double compared to the
experiment only with CM. These results of gas composition can be
explained by the dry and steam reforming reaction. The catalytic
effect of metal in the char promoted several types of cracking and
reforming reactions. Zhang et al. [17] published list of reactions
which have big effect to the difference in syngas composition, such
as tar cracking reactions, hydrocarbons and methane dry reform-
ing reactions, hydrocarbons and methane steam reforming reaction
and water gas-shift reactions. And finally, the reduction of carbon
due to the Boudouard reaction. These reactions are promoted by
metallic catalysts.

The change of pyrolysis gas composition due to the dry and
steam reforming reaction is listed in Table 5. It is evident that the
concentration of CHy, CxHy and CO, decreased with the presence
of cobalt and nickel catalysts. Hydrogen production in microwave
pyrolysis with a Fe catalyst was high, as well as with nickel and
cobalt. Due to higher water content in the liquid phase for Fe cata-
lyst it is assumed, that the increase of hydrogen was not achieved
through methane dry reforming reaction, but probably due to the
decomposition of tar and tar reforming reaction (see Table 5).

3.4. Liquid condensates

The liquid condensate was a mixture of water and organic
liquids. The composition of liquid condensate was analysed by

Table 5
Pyrolysis gas composition for different catalysts.
CM (vol.%) Fe (vol.%) Co (vol.%) Ni (vol.%)

H, 28.37+1.03 40.24+1.08 43.22+£0.50 41.00+1.28
(€] 32.27+1.38 41.74+0.83 40.81+£0.82 42.25+1.41
CO, 21.30+2.69 9.05+2.04 9.03+1.46 9.42+191
CH4 12.34+£0.78 8.22+0.13 5.42+042 6.85+0.24
CoHy 0.164+0.009 0.029+0.007 0.015+0.007 0.016+0.010
CyHy 2.110+0.071 0.620+0.031 0.263+0.037 0.415+0.066
CyHs 0.700+0.075 0.377+0.052 0.267+0.029 0.342+0.018
C3Hs 0.182+0.009 0.107+0.015 0.071+0.014  0.090+0.009
C3Hs 0.078 £0.009  0.047+0.009 0.039+0.012 0.049+0.005
H,+CO 60.63 +2.41 82.44+1.79 83.95+1.24 83.25+2.63
CHy + CxHy 15.72+£0.75 9.35+0.15 6.08 £0.50 7.81+0.26

Table 6
Content of water in water-phase condensate for different catalysts.

Water content (wt.%)

M 63.91+£1.22
Fe 77.79+1.31
Co 67.98 +£1.29
Ni 65.48 £1.28

Karl-Fisher titration to determine the water content in the water-
and oil-phase and by gas chromatography (with a mass spectrom-
eter) to determine organic compounds. The content of water in the
water-phase is listed in Table 6. The content of water in the oil-
phase (from pyrolysis with CM) was only 5.63 wt.%. The oil-phase
was not observed in the condensate flask during the pyrolysis with
metallic catalyst, but 10 wt.% of liquid condensate was absorbed
in water and acetone bubblers. Therefore, it is possible to say
that components from the oil-phase of the liquid condensate were
cracked during the catalytic pyrolysis. The content of water in the
water-phase was very high. This high content is caused by areverse
water gas-shift reaction, especially for the Fe catalyst.

The metallic catalysts have big effect on the amount of oil-phase
in the liquid product. The amount of oil-phase created with metal-
lic catalyst was lower than the amount obtained with pyrolysis
without catalyst. On the other hand, the composition change in
the liquid product was small.

The composition of organic species in the water phase of lig-
uid condensate is a little bit more complicated. The composition in
Table 7 is approximately similar. It can be estimated that the organic
substances contained in the condensate are not involved in the cat-
alytic cracking reactions. These substances are formed by thermal
decomposition of wood or his part (cellulose, hemicellulose and
lignin). The short residence time in the bed and minimal contact
with a catalytically active surface is main reason, why these com-
pounds are not decomposed to lighter hydrocarbons or gases and
were captured after cooling as a condensate. It can be assumed that
by modifying batch reactor to the tubular reactor with plug flow
through the catalyst bed will improve the catalytic cracking reac-
tions. A change of composition of the condensate was observed in
some experiments, e.g. with furfural. But the overall catalytic effect
on the oil-phase is much more complicated and requires further
research in the field of bio-oils and catalysis.

Table 7
Composition of liquid condensate.

CM (rel.%) Fe (rel.%) Co (rel.%) Ni(rel.%)

Acetaldehyde, hydroxy- 7.93 3.60 4.01 2.78
Acetic acid 13.56 6.86 17.12 11.60
2-Propanone, 1-hydroxy- 8.17 1.70 5.49 433
Acetic acid, methyl ester 3.94 1.12 3.11 2.32
Furfural - 1.67 6.33 5.52
2-Pentanone, 4-hydroxy-4-methyl- 2.30 - 0.95 1.04
2-Furancarboxaldehyde, 5-methyl- 1.06 1.11 1.72 1.70
Phenol 2.69 1.46 1.83 2.15
1,2-Cyclopentanedione, 3-methyl-  1.53 2.02 1.81 1.96
p-Cresol 1.60 1.01 1.02 1.11
Phenol, 2-methoxy- 1.81 0.47 1.26 1.09
Cyclohexanol, 4-methyl- 2.78 6.66 6.26 6.44
Creosol 2.22 0.53 1.12 1.11
Catechol 217 2.38 1.60 1.99
5-Hydroxymethylfurfural 1.21 1.96 1.97 2.23
Vanillin 0.78 1.72 0.98 1.12
d-Mannose 3.37 4.65 242 5.35
Apocynin 1.82 6.70 2.82 0.59
d-Allose 12.57 25.91 13.80 18.48
3:4 Altrosan 1.27 1.53 1.55 1.60
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4. Conclusion

In this study, a microwave catalytic pyrolysis of wood waste
biomass has been carried out. Spruce sawdust was mixed with char
from a previous pyrolysis of spruce sawdust at the ratio of 5:1. Char
from the woody biomass also contained small amounts of inorganic
ash (up to 3 wt.%), which included alkali metals and alkaline earth
metals. The presence of such char has a catalytic effect on the pyrol-
ysis process, the cracking of tars and phenolic compounds to the
simple gases (H, and CO). However, the addition of the catalytic
active elements, such as a nickel, cobalt or iron to the char (metal-
lic catalysts), has a strong effect on hydrogen production. It was
also found that the most active phase of catalysts for heavy com-
pounds cracking and reforming is the metallic phase, i.e., Co® and
NiC. It corresponds to basic research in the area of these catalysts
[19]. The preparation of a metallic catalyst in the microwave reactor
was quick and easy, but due to lower temperature (around 800 °C)
is a better for Ni catalyst then Fe catalyst. The catalytic surface also
has suitable properties for cracking and reforming. Still, it will be
necessary for these metals to add some promoters; because of the
influence of reverse water-gas shift reaction was considerable. The
overall efficiency of the process of hydrogen production was only
around 40%. This means that from 1 kg of wood biomass (60.7 g H)
only about 25 g of H, could be obtained. Distributing the reactor to
pyrolysis and a catalyst bed would also help to increase the yield
of hydrogen.
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Abstract: Waste coffee was treated by pyrolysis in the
conventional laboratory apparatus at 800°C. Afterwards,
a mass balance of the final yields, gas chromatographic
analysis and assessment of solid and liquid residues were
done. The selected waste material was also subjected to
microwave pyrolysis in terms of adsorbents preparation.
The solid residues were further activated with potassium
hydroxide. Final characterization of prepared sorbents
was made by sorption of nitrogen at 77 K. Activated sor-
bents had much better sorption properties. The surface
area according to Brunauer-Emmett-Teller (BET) theory
of activated material (from conventional pyrolysis) was
measured 1794 m?- g1

Keywords: activated carbon; food waste; pyrolysis.

1 Introduction

An enormous amount of food waste is produced in the
world. These recyclable wastes threaten the localities
due to depositing wastes in landfills, which are known
to produce carbon dioxide, methane and other contami-
nated elements. In particular, methane is classified as the
most plentiful greenhouse gas. Because of the Directive
No. 1999/31/EC on the waste landfilling [1], pressure to
decrease the quantity of recyclable waste placed in land-
fills until 2020 to 35 wt. % of the weight of this type of
waste produced in 1995 is growing. Usually, wastes from
food processing are constantly stereotypically placed in
landfills; a trivial amount is utilized for fattening intents
and for biogas performance [2, 3], or compost [4]. Lipid
originating from these wastes could be transformed to bio-
diesel [5, 6]. Furthermore, a comprehensive carbohydrate
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such as cellulose plus starch may be hydrolyzed to glucose
and fructose and these sugars may be converted to bioeth-
anol by fermentation later on [7, 8].

Pyrolysis is demonstrably an original form of applica-
tion technique related to waste that converts less valuable
material to higher value outputs [9]. Pyrolysis has been
utilized for production of charcoal from biomass for thou-
sands of years. At present, a trendy approach is rising up
in the manufacture of low-cost adsorbents from biomass
and numerous food waste inputs on a commercial basis.
Activated carbons (ACs) are extremely permeable sub-
stances with the required surface characteristics [10],
which are widely used in various fields of purification
and industrial processes [11]. For that reason, the demand
for ACs is constantly growing. New invention methods
and the use of low-priced raw materials have been con-
sidered [12]. Conventional heating is one of the most
appropriate methods used for preparation. As a substi-
tute heating method, microwave irradiation has created
hopeful results recently in this area [13, 14]. Microwave
heating provides many benefits in comparison with con-
ventional heating, such as non-contact prompt heating,
energy transmission instead of heat transmission, quick
start-up and stopping, advanced level of protection and
mechanization [15].

Basically, physical activation and chemical activa-
tion are used to obtain ACs. The enormous interest in
the research area belongs to chemical activation due to a
number of benefits equated to the so called physical acti-
vation, e.g. lower temperatures for process, extremely
high surface area, etc. Between the weaknesses of this
procedure, the process corrosiveness and the washing
phase are to be noted. The chemicals mostly used are
alkali (potassium hydroxide, sodium hydroxide), alkali
earth metal salts (aluminum chloride and zinc chloride)
and some acids (phosphoric acid and sulfuric acid).
These chemicals are dehydrating representatives sup-
porting pyrolytic decomposition and suppressing the tar
creation. KOH and ZnCl, belong to among the most fre-
quently used compounds for the production of sorbents
[16]. Universally, physical activation covers a carboni-
zation and activation stage. For activation, steam and
carbon dioxide are the most shared elements, pronounc-
edly prompting the porosity of the resulting material [17].
Most predecessors which are practical for the production
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of ACs are organic carbon-rich materials. Natural wastes
can be taken into account to be a very meaningful feed-
stock for this production due to their availability and
renewability. During the last several years, there has
been growing interest in research with the use of renew-
able and lower priced precursors. A significant portion
of research has been stated on ACs from agricultural and
food wastes, such as walnut shell [18], coconut shell
[19, 20], almond shell [21], acavia mangium wood [22],
rice husk [23, 24], mung bean husk [25], buriti shell [26],
edible fungi residue [27], coffee husk [28], coffee ground
[29, 30], tea industry waste [31, 32], olive-waste cake [33],
etc.

Authors of the study [34] assessed the pyrolysis process
with regard to syngas and hydrogen flow rates, complete
gas and hydrogen yields, and also apparent thermal effec-
tiveness. The outcomes prove that food waste provides
a worthy potential for compact waste thermal handling
with the exact target of power generation. Energy genera-
tion based on the food waste by means of digestion with
subsequent pyrolysis was also evaluated [35].

In this study waste coffee was pyrolyzed in the con-
ventional pyrolysis apparatus at a maximum temperature
of 800°C and also in the microwave reactor with power of
400 W. The solid residues were further activated with KOH.
Final characterization of prepared sorbents was made by
sorption of nitrogen at 77 K.

=
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2 Materials and methods

2.1 Material

For the measurement, a sample of waste coffee was selected: WaCo
(Cervus Inc.)

The production of this waste is counted in tonnes per week. Most
of this waste is landfilled. WaCo was analyzed by thermogravim-
etry and differential scanning calorimetry with the use of the unit
STA 409C (Netzsch, Selb, Germany) on 18-414/4 in an atmosphere
of helium, with two heating rates of 10 K- min-! and 20 K-min~".
Thermo-analytical techniques are specific methods to determine
mass loss properties which are necessary for understanding the
pyrolysis kinetics in an easy way [36, 37]. Elemental analysis was per-
formed with the use of the LECO CHSN628 (LECO, Saint Joseph, USA).
The higher heating value HHV was measured based on ISO 1928 with
the use of the calorimeter LECO AC-350.

2.2 Laboratory devices

Laboratory apparatuses assembled for the purpose of experiments
are shown in Figure 1. In the case of conventional pyrolysis, an
appropriate quantity of sample (200 g) was weighed and placed into
the prepared retort. The retort with length of 30 cm and inner diam-
eter of 5.5 cm was tightly fastened, positioned into the furnace and
connected to other components of the apparatus. A gasometer was
placed at the end of the apparatus. The final temperature of 800°C
was chosen. Nitrogen was used for inertization.

The sample was also treated in the microwave reactor for 20 min
at a power of 400 W and frequency of 2450 MHz, which corresponds

Inertization N,

Microwave oven

Absorption of tar

Gasometer (water, 3 x acetone, water)

|

%
O

Sawdust with carbon

Condensate

Gas sampling bag

Water outlet

Cooler

Residual vapors absorber

/i

Water inlet

Liquid collecting
container

Stainless retort

Electric furnace

Figure 1: Microwave and conventional apparatus.

Gas volumetric

Gas sampling bag
flow meter
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to a temperature of 800°C. A hole was cut out in the upper part of the
PANASONIC NN-SD271 microwave for placing a flask with the sample
into the microwave. The flask was connected with a glass tube with a
cooler. After the cooler, there were washing bottles and a gasometer
placed (same as in conventional pyrolysis). Microwave heating was
used only in terms of adsorbents preparation (the gas and liquid
products were not subjected to other determination).

2.3 KOH activation

The sample was treated in a two-stage process which was found to be
very effective for preparation of porous carbons with high surface area
from biodegradable waste materials [24, 32]. The residues from conven-
tional and microwave pyrolysis were further activated with potassium
hydroxide, which is described as the best activation agent. Different
activation agents such as KOH (1835 m?-g-!), NaOH (1558 m?-g"),
K,CO, (1579 m?- g~*) and Na,CO, (660 m*- g~') were utilized in the study
[18] to identify a suitable activation agent. The result indicated that
KOH was the most suitable activation agent among those agents, with
the highest porosity and surface area of AC. Also the impregnation
ratio of KOH has a strong effect on the characteristics of activated char,
as is disclosed by Khezami et al. [38]. The char was mixed with KOH, in
a ratio of 1: 4, which is suggested in literature to be the optimum [24].
According to authors [30], higher KOH concentrations consistently pro-
duce a lower yield of product with a much larger surface area.

Such prepared mixtures were then thermally treated in an inert
atmosphere of nitrogen at 800°C for 1 h. Authors [39] confirm that
Brunauer-Emmett-Teller (BET) surface areas of carbons increase with
activation temperature. After cooling, the activated samples were
neutralized, filtered and finally washed. For neutralization, hydro-
chloric acid was applied. After drying, the activated samples were
ready for subsequent surface analysis.

2.4 Characterization of solid residues

Basic determination of solid residues of pyrolyzed samples was done
to define the sorption capacity. The true density was analyzed with the
use of an automatic pycnometer PYCNOMATIC ATC (Thermo Fisher
Scientific, Waltham, USA) by using helium as a carrier gas. The spe-
cific surface area of the samples was evaluated using two methods;
the single point measurement at P/P = 0.2 and the BET method. Final
characterization of prepared sorbents was made by sorption of N, at
77 K. Measurement was carried out on a 3Flex Surface Characteriza-
tion (Micromeritics Instrument Corporation, Norcross, USA) Analyzer
(Micromeritics). Ahead of the nitrogen physisorption measurements,
the activated samples were degassed at 300°C for 24 h under vacuum
less than 1 Pa. The iodine adsorption number according to the stand-
ard DIN 53 582 was measured for further characterization of micropo-
rous structure.

Table 1: Proximate and ultimate analysis.
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3 Results and discussion

For the sample, proximate and ultimate analyses were
carried out (see Table 1); thermogravimetry (TG) and dif-
ferential scanning calorimetry curves (DSC) curves are
presented in Figure 2.

The mass balance of the pyrolysis experiment was
done according to the weight of the resulting products
(solid residue, liquid residue). The process temperature
significantly affected the distribution of final products.
Solid residue yield decreased with rising temperature; on
the other side, desired properties were achieved at higher
pyrolysis temperature. Solid residue yield (30 wt. %) was
dependent on the working temperature and heating rate
which corresponds with authors [40].

3.1 Analysis of gaseous products

The pyrolysis gas was analyzed with the use of the Agilent
7890A (Agilent Technologies, Santa Clara, USA) gas chro-
matograph equipped with flame ionization and thermal
conductivity detector. A significant amount of publica-
tions are focused on hydrogen production [41]. Hydrogen
evolution was strongly influenced by increasing tempera-
ture, as expected. The maximum concentration of meas-
ured hydrogen (56 vol. %) was analyzed during the third
gas sampling at a temperature from 700°C to 800°C. The
amounts of measured hydrocarbons and carbon monox-
ide reduced with the rising temperature, as disclosed by

Sample

W(r) (wt. %) A(r) (wt. %) V(1) (wt. %) C(r) (%) H() (%) N@) (%) S@) (%) O() (%) HHV()(M]-kg-?) LHV(r) (M) -kg-?)

WacCo 2.5 2.9 75.7

46.7 6.8

1.2 0.1 40.3 20.9 19.5

A, ash; C, carbon; H, hydrogen; HHV, higher heating value; LHV, lower heating value; N, nitrogen; O, oxygen; (), original sample; S, sulfur;

V, volatile matter; W, moisture.
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Kalinci et al. [42]. The gas formation gradually increased
and peaked in temperature around 500°C (see Figure 3).

3.2 Evaluation of solid residues in terms
of adsorption properties

Table 2 demonstrates the values of ultimate and proximate
analysis, S, t-Plot Micropore Area, iodine adsorption
number and true density of activated and non-activated
samples after conventional and microwave pyrolysis. In
the case of non-activated samples, a very low value of the
surface area (below 10 m?- g~') was achieved in comparison

. 8
e 7 L 2
Ee ¢
5 5
54 o
3> 34
o L 4
S 2 o © ¢ 0
@ <,
o S 2
0 100 200 300 400 500 600 700 80O
Temperature (°C)
700-800°C & CgHg
o CSHG
& C,Hy
600-700°C G C,H,
ECH,
— = Co,
500-600°C -'—1 uCO
! mH,
0 10 20 30 40 50 60

Gas composition (vol.%)

Figure 3: Gas evolution and composition.

Table 2: Proximate and ultimate analysis, S,
samples after conventional and microwave pyrolysis.
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with commercial ACs. This conclusion conforms to Mohan
et al. [43]. The iodine number of the pyrolyzed sample
after conventional pyrolysis was 280 mg - g~'. This value
suggests an opportunity for usage of this waste in “single-
use sorbents” production. The surface area of the carboni-
sates was subsequently activated to improve its removal
efficiency (see Figure 4).

3.3 Evaluation of activated solid residues

Activated samples had much better sorption properties.
The surface area according to BET of activated material
(from conventional pyrolysis) was measured 1794 m?-g~!
(see Table 2). Surface area of sorbents prepared by micro-
wave pyrolysis was measured as much lower in compari-
son with conventional pyrolysis. This could be caused by
two differences. The first is that the temperature could
change throughout the entire volume; there could be spots
with higher temperature (hot spots) and also with lower
temperature. Secondly the activation time in a microwave
is shorter than in a conventional furnace.

Table 3 compares the characteristics with respect
to sorption capabilities of some commercial and food/
vegetable based ACs mentioned in the literature.

These results show that WaCo could be a substitute
precursor for the profitable AC production. It could be also
engaged as an advantageous carbonaceous adsorbent for
the removal cationic and anionic dyes from wastewater.

3.4 Rating condensates

The condensate from conventional pyrolysis (38 wt. %)
was subjected to the determination of water content

t-Plot microarea, iodine adsorption number and density of activated and non-activated

Conventional pyrolysis

C(d) (wt. %) H(d) (wt. %) N(d) (wt. %) S(d) (wt. %)

0(d) (wt. %) C(d) (wt. %) A(d) (wt. %)

83.3"/82.5? 0.4"/0.32 1.4"/2.92 0.1"/0.12 2.8"/2.22 88.0"/88.0* 12.0"/12.0°
V(d) (wt. %) FC(d) (wt. %) Yield (wt. %) Sper (M2-g7Y) t-Plot MicroArea (m2. g-1) I(mg-g") p(g-cm3)
3.3"/11.5? 84.7"/76.5% 30.0"/19.5 3.2"/1794.0° 9.4"/1128.0° 280.0"/1437.0% 1.8"/2.5

Microwave pyrolysis

C(d) (wt. %) H(d) (wt. %) N(d) (wt. %) S(d) (wt. %)

0(d) (wt. %) C,(d) (wt. %) A(d) (wt. %)

74.1"/73.8? 2.7"/0.52 2.2"/1.22 0.1"/0.12 7.9"/4.9% 87.0"/80.6* 13.0"/19.6°
V(d) (wt. %) FC(d) (wt. %) Yield (wt. %) Sper (M2-g71) t-Plot MicroArea (m2. g-1) I(mg-g™") p(g-cm3)
15.3"/13.52 71.7"/67.1° 41.0"/26.7° 2.9"/1044.02 3.3"/882.0° 55.0"/1335.02 1.8"/2.4

Index", non-activated sample/index® activated sample; (d), anhydrous sample; C, carbon; H, hydrogen; N, nitrogen; S, sulfur; O, oxygen; Co

total combustible; A, ash; V, volatile matter; FC, fixed carbon; S
area; |, jodine adsorption number; p, density.

BET®

(Brunauer, Emmett and Teller) surface area; t-Plot™i<oA2 t-Plot micropore



DE GRUYTER B. Grycova et al.: Activated carbon from food waste =— 291

& 700 = 7 §
5 600 —r—t— ] g
§ 500 . ° 7 s =
E 400 =
%300 o |(m lu 8 % ¥ ¥ . vleos vlezm
2z I(Ra 2|3
§ 200 # Conventional pyrolysis % %
o 100 mMicrowave pyrolysis ‘é -g
0 S g
0 01 02 03 04 05 06 07 08 09 1 S =
Relative pressures (p/p,)
Figure 4: Adsorption isotherms of activated samples. % E g % % E
[V] =
= o
(76.8 wt. %) by the Karl-Fischer method on TitroLine g ®
7500 KF (SI Analytics GmbH, Mainz, Germany). Among “E
the most represented components analyzed in the con- a
densate were lauric acid (29.5 rel. %), which could be used P
in the case of possible isolation in the manufacture of
shampoos, liquid soaps and detergents, caprylic acid (9.2 28T 2|87
rel. %), myristic acid (6.5 rel. %) and capric acid (6 rel. %). g a= £ S
Caprylic acid could be used, for example in the treatment E E
of bacterial infections, or in the production of esters for a §
perfumery and myristic acid as an additive for cosmetic E
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4 Conclusion |2 g
2 | & £
The selected food waste material was treated by pyroly- = S %’
sis in conventional laboratory apparatus at 800°C. 2 E
Afterwards, a mass balance of the final yields, gas chro- ué §
matographic analysis and assessment of solid and liquid -cg <
residues were done. Waste coffee was also subjected to 3
microwave pyrolysis in terms of adsorbents preparation. g 2 2[8Y
The final step of this work was by activation and sorption S |E R
characterization on a 3Flex Surface Characterization Ana- ; g p
lyzer (Micromeritics). The measured data from BET and 3 & S
t-plot confirm that the surface area of activated materials 2 S S
had sorption properties close to higher quality AC. The E
non-activated samples had almost zero sorption proper- § 2leT Yluw
ties. From the results, it could be concluded that waste ‘§_ 5|3 = Z| 3 =
coffee, which is a waste material that is mostly disposed § 5 ﬁ
of by landfilling, could be used for preparation of sorbents g E ‘_%
with surface area around 1800 m?- g~'. The surface area of s |* = s
sorbent prepared by microwave pyrolysis was measured § 'g
as much lower in comparison with conventional pyrolysis. 15 = =13
By contrast, it must be mentioned that the treatment time : il »e 2
can be considerably reduced, which in many cases repre- 2 % f.;_’ 5; E ©
sents a reduction in the energy consumption as well. The e |2l4e 248l
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preparation took only 20 min compared to several hours
in the case of conventional pyrolysis, and it could be an
interesting way of sorbents preparation in the future.
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Abstract: Waste from the Miscanthus production cycle may be a promising source of material for
the pyrolysis and biochar production. The biochar can be used to enrich the soil on which the crop
grows, thus increasing productivity. A sample of Miscanthus rhizomes was used as a raw material in
a series of experiments in order to find the most suitable conditions for the preparation of biochar.
Miscanthus biochar was prepared in a laboratory unit using four different temperatures (i.e., 400,
500, 600 and 700 °C). All pyrolysis products were subsequently evaluated in terms of their quality
and product yields were determined. For a temperature of 600 °C and a residence time of 2 h, the
appropriate properties of biochar were achieved and the process was still economical. The biochar
contained a minimal number of polycyclic aromatic hydrocarbons and a high percentage of carbon.
Surface area was measured to be 217 m?/g. The aqueous extract of biochar was alkaline.

Keywords: Miscanthus rhizomes; biochar; pyrolysis

1. Introduction

Nowadays, biomass is one of the most promising renewable alternatives to fossil fuels.
Due to many reasons, rapidly increasing utilization of lignocellulose feedstock for produc-
ing renewable energy and chemicals can be seen [1,2]. It currently represents the world’s
fourth largest energy source after coal, oil and natural gas [3,4]. Miscanthus giganteus is a
fast-growing and high-yielding grass originally from East Asia, the result of a cross between
M. sinensis and M. sacchariflorus. It grows up to a height of 4 m and can be cultivated for
approx. 10 years in the same place. Its adaptability to different environments makes this
novel crop suitable for production in European and North American climatic conditions [5].
This rhizomatous grass with the C4 synthetic pathway has been reported as a high potential
biomass [6]. Miscanthus is able to translocate minerals to its rhizomes in the winter, which
makes it interesting [7]. Thus, Miscanthus is typically harvested during winter or early
spring [8]. As the use of Miscanthus in different branches is growing continuously, so is
the production of waste from processing it. Hand in hand with this, an important question
about the possibilities of its further use arises.

Thermochemical methods offer a way of its processing. Pyrolysis can be highlighted
among all the other techniques as a form of thermal decomposition without the presence
of oxygen [9]. Biochar as one of the products is a carbon-rich porous material with a high
specific surface area and special physicochemical properties. Biochar has been widely used
in various applications reducing greenhouse gas emissions, improving soil fertility and crop
yield, and remediating contaminated or degraded soils [10,11]. Biochar has been proposed
to promote plant growth and improve plant productivity in saline-alkali soils [12].

The effect of biochar on soil fertility and its stability depends on the interactions of
soil and climatic conditions with biochar physicochemical properties, mainly on feedstock
and pyrolysis conditions. For example, Mimmo et al. reported that thermal and biological
stability of biochar is affected by pyrolysis temperature in a nonlinear manner. Increased
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resistance to biodegradation has been confirmed for biochar produced at temperatures
above 360 °C [13]. Biochar is widely used as an additive in agriculture [14-17]. Biochar
is characterized by significant surface area, porosity, high water retention capacity, and
environmental persistence. It is also considered as a suitable material for soil amendment.
Application of biochar into soil does not usually have a toxic effect. However, possible
negative effects should be considered in order to prevent their occurrence. Contaminants
can be distinguished as either by products of pyrolysis, formed during biochar produc-
tion, or components of the feedstock (polycyclic aromatic hydrocarbons, polychlorinated
dibenzo-p-dioxins and furans, volatile organic compounds, heavy metals) [18]. Biochar can
also be used as bio stimulant for the remediation of hydrocarbon contamination [19].

A major problem with the presence of contaminants in biochar is their availability to
organisms and thus their potential toxic effect. Polycyclic aromatic hydrocarbons are the
most frequently occurring contaminants in biochar. PAHs are formed during pyrolysis
and have carcinogenous, mutagenous, and teratogenous properties. The content of PAHs
depends on the organic matter in biochar, the residence time, the heating rate and the
pyrolysis temperature [20]. The mass of polychlorinated dibenzo-p-dioxins and furans
(PCDD/Fs) in biochar is generally low, and they form in biochar during the pyrolysis
of a chlorine-containing material [21]. The other contaminants are heavy metals present
in the feedstock, which remain in biochar after pyrolysis, often more concentrated [18].
Biochar may induce a positive effect on the reproduction of microorganisms by providing
both protection and a carbon source. However, biochar could have negative impacts on
soil microorganisms [22]. The greatest toxic effect in this matter was observed in biochar
produced at 300 °C. With increasing temperature, its toxicity decreased [23]. The effect of
biochar on the plants is strictly determined by the kind of biomass and pyrolysis conditions.
Electrical conductivity and pH play a considerable role as well [18].

The total amount of contaminants in biochar does not correspond to the number of
contaminants causing toxic effects. Therefore, it is very important to determine the amount
of contaminants with these harmful properties [24,25]. Miscanthus can be classified as
a biomass tolerant to heavy metals. This makes it interesting for use in phytoremedi-
ation of areas previously contaminated by heavy metals and where energy production
is possible [26]. Plants generally transfer metals from the soil through the roots to the
shoots, but Miscanthus protects its photosynthetic system by regulating and limiting this
transfer. It does not transfer metals to aboveground parts, but accumulates them mostly in
rhizomes [27,28].

This study is focused on the possibilities of using waste from the Miscanthus produc-
tion cycle (Miscanthus rhizomes) as an alternative source for material with a higher utility
value, especially biochar. It follows the demand of EU Bioeconomy Strategy encouraging
the production of renewable biological resources and processing to vital products and
bio-energy. From that perspective, Miscanthus, a popular perennial non-food crop resistant
to pests with a high lignocellulose content, looks like excellent feedstock for producing
fibre-based materials. Its physiological characteristics and extensive root system allow the
plant to adapt to various soils and environmental conditions. Moreover, this adaptation can
be promoted with the use of its biochar. Unlike in previous studies, in which the authors
deal with the production of biochar from the aboveground parts of Miscanthus, i.e., stems
and leaves, the aim of this study is the processing of Miscanthus rhizomes and search for a
suitable pyrolysis condition for Miscanthus rhizomes biochar production. Due to the long
period of availability of Miscanthus rhizomes to produce aboveground biomass (10 years
or even more), pyrolysis and processing of Miscanthus rhizomes has not been addressed so
far. Besides, in contaminated postmining soils, repeated utilization of Miscanthus in the
form of biochar will bring additional positive outcomes, including improving soil quality,
in line with the “zero waste” approach. In addition, gaseous and liquid products were
evaluated and dependencies were given.
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2. Materials and Methods
2.1. Feedstock

For the series of experiments, Miscanthus rhizomes were used in order to find the
suitable conditions for biochar preparation. Miscanthus was produced by S WHG Ltd.
(Valasske Mezirici, Czech Republic in a local field. The sample was air-dried and adjusted
to the required size with the use of knife grinder LMN 180 (Testchem Sp. z 0.0. Pszéw,
Poland). The fraction rate of 3-5 mm was used.

Proximate and ultimate analysis of biochar was performed according to the standard
procedure of the American Society for Testing and Materials. Thermogravimetric analysis
was performed on a TGA 701 analyzer (LECO, US, St. Joseph, MI, USA) in an inert helium
atmosphere at a heating rate of 5 °C/min in a temperature range from ambient temper-
ature to 800 °C in accordance with ASTM D1762-84. Elemental analysis was performed
on a CHSN 628 elemental analyser (LECO, US) according to ASTM D5373, and higher
heating value was determined on an AC 600 calorimeter (LECO, US), and the standard
ASTM E711 was used. The Miscanthus rhizomes were also subjected to chemical analysis
based on standard operating procedure SOP 87 for the purpose of lignin, cellulose and
hemicellulose determination.

2.2. Experimental Setup

The Miscanthus biochar was prepared in a laboratory unit [29] at different temper-
atures. Four different temperatures (i.e., 400, 500, 600 and 700 °C) were selected for
experiments with a residence time of 2 h (marked 600/2). Based on the initial results of
experiments with selected temperatures, for a temperature of 600 °C, two other residence
times were chosen (15 min and 1 h; marked 600/0.25 and 600/1). The heating rate of
5 °C/min was used the same for all experiments. The pyrolysis experiments were per-
formed using the fixed bed reactor. The reactor was externally heated by an electrical
furnace, in which the temperature was measured by a thermocouple placed inside the oven.
The laboratory unit was supplemented by a cooler and a flask for condensate collecting. A
retort with an appropriate quantity of sample (100 g) was connected with other parts of ap-
paratus and the whole system was inertized using nitrogen before starting the experiment.
A gasometer Spektrum P 0.1 (Spektrum s.r.o0., Skutec, Czech Republic) was placed at the
end of the apparatus. The pyrolysis gas was captured into Teglar bags and subsequently
analyzed as mentioned below.

2.3. Gas Characterization

For each experiment, three gas samples were gradually taken. Sample 1 was taken up
to 350 °C, sample 2 was taken from 350 °C to a final temperature (400, 500, 600 or 700 °C)
and the last sample 3 was taken throughout the residence time on the final temperature.
All samples were analyzed by gas chromatography and the quantity of Hy, CO, CO,,
CHy, and light hydrocarbons were determined by gas chromatograph YL 6100 (Young In
Chromass, Anyang, Korea) with FID and TCD detectors and micropacked ShinCarbon
column (2m x 0.53 mm). Conditions for GC are given in Table 1. Higher heating value
was calculated for each sample based on its gas composition.

2.4. Condensate Characterization

To identify all compounds and their percentages in the condensate, samples were pre-
pared by mixing a 10 mL sample of condensate with 10 mL of dichlormethane. Dichlormethane
phase was separated in a separatory funnel and the remaining phase was further mixed
with 10 mL of diethyl ether. The ether phase was separated. The solvents from the
dichloromethane and ether phases were evaporated by the sample concentrator with block
heater (SBHCNC/1, SBH200D/3). After evaporation, a film was formed which was dis-
solved in 5 mL of acetone and evaluated by a gas chromatograph Agilent 7890b (Agilent,
Santa Clara, CA, USA) with a mass spectrometer using a column HP-5 for non-polar
substances and a column WAX for polar substances. MS—single quad, scan 20-650 m/z,
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MS source 230 °C, MS Quad 150 °C were used. The water content in condensates
was determined by the Karl-Fischer method on TitroLine 7500 KF (Xylem Analytics,
Weilheim, Germany).

Table 1. Conditions for GC.

Oven (°C) 60 Run Time (min) 34.5
Value (°C) 70

Injector

Temperature (°C) 200

Pressure (psi) 50

Detector FID TCD
Temperature (°C) 250 Temperature (°C) 200
Air (mL/min) 350 Ref. (mL/min) 20
Hy (mL/min) 40 Make up (ml/min) 25
Make up (mL/min) 5

2.5. Biochar Characterization

Proximate and ultimate analyses were performed with the use of TGA 701, CHSN 628
and AC 600 analyzers. Biochar was evaluated in terms of its sorption properties using
3Flex commercial apparatus (Micromeritics, Norcross, GA, USA). The analysis of surface
area follows the methodologies presented in ASTM D6556-10. Physisorption measurement
of nitrogen at 77 K allows evaluation of textural properties of porous materials such as
specific surface area, micropore volume, mesopore and macropore surface or pore size
distribution from ~0.35 to ~200 nm. Prior to measurement, each sample was dried and
degassed in a vacuum (~0.06 mbar) at 350 °C for 48-120 h. Samples prepared at less than
350 °C were dried at lower temperatures in order to prevent their oxidation. For pH and
EC determination, samples of raw Miscanthus rhizomes and biochars were prepared by
adjusting their size using a mortar first and then they were mixed with de-ionized water, in
a ratio of 1:20. These samples were blended on a shaker for 90 min.

All biochars were subjected to soil toxicity assessment. Toxicants may be divided into
two categories. The first category is toxic substances present in the used feedstock (i.e.,
heavy metals) and the second category is formed by products which are created during
pyrolysis process (i.e., polycyclic aromatic hydrocarbons). The amount of heavy metals in
biochar was determined by the S-METAXHB1 method for As, Cd Cr, Co, Cu Pb, Hg, Mo,
Ni, Zn and for Se determination, the S-METAXHB2 method was used.

PAHs were extracted from 1 g biochar samples using 24 h Soxhlet extraction with
150 mL toluene as a solvent. Extracts were stabilized by adding a small amount of iso-
octane and further were concentrated to 1 mL on vacuum vaporizer. These samples were
analyzed on GC-MS with SIMs analysis for 12 basic PAHs.

The total and available content of Ca, K, Mg, S (sulphates), F (phosphates) and N
(ammonium and nitrates) in biochar samples were determined as well. The total content
of components was measured according to the CSN EN ISO 11885 and CSN EN 13657
standards. The amount of available content was determined in an aqueous extract according
to the Flame Atomic Absorption Spectroscopy method in a ratio of 1:10. The aqueous extract
was prepared based on the method Merlich III.

The morphology structure of the biochar was studied with the use of Scanning Electron
Microscopy (SEM: Tescan Vega, TESCAN ORSAY HOLDING, a.s., Brno, Czech Republic)
with Tungsten cathode and energy-dispersive X-ray spectroscopy (EDS: EDAX, Pleasanton,
CA, USA). Micrographs were obtained using secondary electrons (SE) and backscattered
electrons (BSE) mode with an acceleration voltage of 30 KeV. Samples were gold sputtered
before imaging to ensure adequate electron conductivity.
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3. Results and Discussion
3.1. Feedstock Characterization

The behaviour of Miscanthus during pyrolysis was strongly related to its composition.
The ash content was 3.42 wt.%, which corresponds to ash content 3.52 wt.% reported by
Lakshman et al. [30]. The basic components of biomass have several different chemical and
physical properties, which affect the pyrolysis process and thus biochar production [31].
The material with HHV 19.8 MJ/kg had a moisture of 8.53 wt.%; this parameter is very
important factor as it affects its thermal degradation. For the pyrolysis experiment, a water
content of feedstock below 10 wt.% is recommended. Moisture then contributed to the
water content in the condensate [30].

Thermal degradation of raw Miscanthus rhizomes can be seen in Figure 1. The first
peak is connected with water evaporation and it is followed by thermal degradation, which
started at 250 °C and ended at around 400 °C, with a 70 wt.% mass loss. This loss was
mainly caused by cellulose and hemicellulose decomposition; at approximately 300 °C it
was linked to the decomposition of hemicelluloses (second peak), and between 350 and
400 °C due to the decomposition of cellulose (third peak). Lignin reacted in the temperature
range from 200 to 800 °C [32], and its decomposition was evident by a gradual decrease in
mass, especially at higher temperatures as already reported [33,34].

Figure 1. Thermogravimetric curve of Miscanthus rhizomes.

The lignocellulosic structure of a plant is also important because it forms a significant
portion of dried biomass [35]. From the chemical composition it can be seen that the used
Miscanthus rhizomes consisted mainly of lignin (approx. 65 wt.%), which is not unusual.
The higher amount of lignin means slower decomposition and lower water mass in the
condensate, as published by Lakshman et al. [30]. Product balance depends on the type
of equipment, the temperature in the reactor, the heating rate, and residence time in the
heating zone. The yields of biochar decreased with rising temperature, which is in contrast
with Budai et al. [33]. The increasing pyrolysis temperature affected the decomposition
and content of volatiles, as well as the content of organic substances present in the biomass.
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Increasing residence time led to a decrease in biochar yield. A significant biochar decrease
occurred at a temperature from 400 to 500 °C. The effect of temperature on the yields of
biochar, gas and condensate is shown in Figure 2. The temperature effect is shown on the
left, the residence time effect on the right. From the product balance it can be seen that with
rising temperature the yield of generated gas increased.

Figure 2. Product balance.

3.2. Gas Characterization

Three gas samples were taken for each experiment. The average quantity of Hj,
CO, CO,, CHy4, and light hydrocarbons is shown in Table 2. Higher heating value was
calculated for each gas sample. Higher heating value (HHV) was chosen as a parameter for
evaluating the quality of the pyrolysis gas created during the pyrolysis process. During
the experiment, three samples were taken at different temperatures (see Section 2). HHVs
of these samples are shown in Figure 3. It is clear from the results that the composition
of Sample 1 was always the same, as all materials were heated to 350 °C at the same
heating rate. The dominant component was CO,, which was about 70% in the gas. The
rest was mainly CO. For Sample 2, a change is already noticeable, where HHV of the
gas increased with increasing final temperature. At 400 °C, the gas still had 63% CO,,
35% CO and a small amount of light hydrocarbons. At 700 °C, the CO, content decreased
to 45 vol.%, CO decreased to 25 vol.%, but there already were 20 vol.% CHy and about
5% light hydrocarbons. These hydrocarbons, including methane, significantly increased
HHYV. This can also be observed in the last Sample 3, where HHV increased up to values of
25 MJ/kg. In Sample 3, the proportions of hydrocarbons as well as hydrogen were already
increasing, while the CO; content decreased significantly. The breaking temperature was
between 500 and 600 °C, where at 500 °C CO, content was still 40 vol.%, while at 600 °C
CO; content ranged from 20 to 28 vol.% (depending on residence time). The amount of
hydrogen in Sample 3 at 700 °C was up to 40 vol.%, while at temperature of 400 °C it was
barely 1 vol.%.

Table 2. Gas characterization.

400 500 600 700 600/1 600/0.25
H; (vol.%) 1.81 £ 0.08 1.13 £ 0.05 4.52 £0.12 492 £0.16 221 £0.10 1.93 £ 0.04
CO (vol.%) 27.66 = 0.18 31.39 £0.11 2322 +£0.13 25.00 £ 0.20 26.27 £0.21 29.64 £0.19
CO; (vol.%) 68.13 £ 0.77 59.88 + 0.85 57.98 £ 0.74 56.49 £+ 0.89 56.78 = 0.70 56.70 = 0.81
CHyjy (vol.%) 1.99 £0.01 5.82 £ 0.01 11.62 £ 0.01 11.09 =+ 0.16 12.01 £ 0.01 9.57 £0.01
CyHy (vol.%) 0.15£0.01 0.51 £ 0.02 0.53 £0.02 0.49 £ 0.03 0.52 £0.01 0.43 £ 0.02
CyHg (vol.%) 0.17 £0.01 0.89 £ 0.07 1.48 £ 0.08 1.38 +0.14 1.56 £+ 0.08 1.23 £0.11
C3Hg (vol.%) 0.04 £ 0.01 0.15 £ 0.01 0.24 £ 0.01 0.26 + 0.01 0.24 £ 0.01 0.18 + 0.01
C3Hg (vol.%) 0.05 £0.01 0.24 £0.01 0.41 £ 0.02 0.37 £0.01 0.40 £ 0.01 0.32 £0.01
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Figure 3. Higher heating value (HHV) for gaseous samples: Sample 1—gas created in temperature
range 20-350 °C, Sample 2—gas created between 350 °C and final temperature, Sample 3—gas created
at final temperature during residence time.

3.3. Condensate Characterization

The amount of resulting condensate ranged from 44 to 56 wt.%. In general, it is
well known that maximum yields of condensate from biomass are obtained at reaction
temperatures around 500 °C [36]. All condensates contained a huge amount of water, and
the water content in the condensate was measured in the range from 27.7 to 29.8 wt.%. The
water content was roughly the same within the measurement error. Determination of water
content in the condensate was limited by the considerable inhomogeneity of pyrolysis oil,
where part of the substances insoluble in water adhered to the walls of the containers, and
even thorough shaking did not form a homogeneous solution, which was necessary for a
correct determination. These results inform that the temperature of biochar preparation did
not have a significant effect on the amount of water in the condensate. Higher heating value
of condensate was insignificant, due to the high amount of water negligible (0.15 MJ/kg).

The results from GC-MS are shown in Table 3. Two samples were prepared for each
experiment. The first sample contained water-soluble compounds and the second sample
contained water-insoluble compounds. Water soluble compounds contained a huge amount
of Acetic acid, 1-hydroxyl-2 Propanone and Phenol and the water-insoluble compounds
contained 1-(acetyloxy)-2-Propanone, 2-methoxy-Phenol and Phenol. These results showed
a similar tendency compared to Bergs et al. [34] focused on stem/leaf Miscanthus mixture
pyrolysis. The temperature did not significantly affect the composition of the condensate.
The reason is that the majority of condensate was formed until the temperature of 400 °C,
as shown in the TGA curve (Figure 1).

3.4. Biochar Characterization

Thermogravimetric, elemental and calorific analyses were performed for raw Miscant-
hus rhizomes and all biochar samples. The results are presented in Table 4. The volatile
and moisture content decreased with increasing temperature. Temperature had positive
effect on HHV. The amount of carbon was higher for biochar compared to raw Miscanthus
and its amount increased with rising temperature.

Proximate analysis confirms that moisture (W) and volatile matter (VM) decreased
with the increase in the pyrolysis temperature, while the amount of the fixed carbon (FC)
significantly increased with increasing temperature, which corresponds to Huang et al. [37].
As the pyrolysis temperature increased, the amount of hydrogen and oxygen atoms were
released through dehydration and decarboxylation reactions. The HHV increased with the
reaction temperature, and the yield of ash increased as well.
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Table 3. Water-insoluble compounds and water-soluble compounds in condensate sample at pyrolysis
of 600 °C and residence time of 2 h.

Condensate Compounds in Peak Area/Total Condensate Compounds in Peak Area/Total
Dichlormethane Extract Area of All Peaks Diethyleether Extract Area of All Peaks
2-Propanone, 1-(acetyloxy)- 10.58 Acetic acid 28.23

Phenol, 2-methoxy- 9.32 2-Propanone, 1-hydroxy- 11.74

Phenol 8.80 Phenol 4.94
3-Furaldehyde 6.75 2-Furanmethanol 4.57

Furfural 5.86 Hydroquinone 444
Benzofuran, 2,3-dihydro- 5.73 Propanoic acid 3.80
1-Hydroxy-2-butanone 5.10 1-Hydroxy-2-butanone 3.61

Phenol, 4-ethyl- 4.86 2-Propanone, 1-(acetyloxy)- 3.21
Butyrolactone 4.48 Phenol, 2-methoxy- 2.82
2-Furanmethanol 3.89 Furfural 2.65

Phenol, 2,6-dimethoxy- 3.82 2,3-Butanedione 2.63

Propanoic acid, 2-methyl-, anhydride 3.12 Benzofuran, 2,3-dihydro- 2.05

Phenol, 4-ethyl-2-methoxy- 3.08 1,2-Cyclopentanedione 1.96
2-Methoxy-4-vinylphenol 2.84 Phenol, 4-ethyl- 1.68

Propanoic acid 2.68 Phenol, 2,6-dimethoxy- 1.35
1,2-Cyclopentanedione, 3-methyl- 2.33 1,2-Cyclopentanedione, 3-methyl- 1.33

Table 4. Proximate and ultimate analysis.

Raw Miscanthus Biochar 400 Biochar 500 Biochar 600 Biochar 700 Biochar 600/1 Biochar 600/0.25
Proximate analysis (wt.%)

W 8.53 + 0.08 2.05 + 0.02 1.84 + 0.01 1.55 4+ 0.01 1.53 +0.03 1.74 4+ 0.00 1.85 + 0.04
vM 4 76.00 £ 1.05 22.82 +£0.31 15.78 £ 0.24 9.92 + 0.08 7.30 &+ 0.07 11.07 + 0.46 13.13 £ 0.42
FCd 20.58 £+ 0.32 67.33 £ 0.28 74.04 + 0.42 77.82 £0.13 78.71 £+ 0.04 76.79 £ 0.73 76.50 + 0.38

Ad 3.42 +£0.01 9.86 + 0.01 10.17 £ 0.21 12.26 + 0.04 13.98 +0.14 12.14 + 0.27 10.38 £+ 0.84

Ultimate analysis (wt.%)
cd 55.33 £0.29 74.73 £ 0.22 80.63 £+ 0.32 81.42 +0.42 81.30 £ 0.06 80.90 + 0.27 80.98 + 0.47
Hd 12.51 +0.21 4.41 + 0.08 418 + 0.05 2.61 + 0.04 1.59 £+ 0.01 2.84 +0.11 2.87 +0.03
o4 27.53 £0.23 8.58 + 0.07 2.22 +0.04 1.32 +0.03 1.08 £ 0.01 1.68 4+ 0.10 3.23 +0.02
Nd 0.87 + 0.10 1.57 +0.01 1.69 + 0.01 1.58 4 0.00 1.48 +£0.01 1.59 4+ 0.00 1.58 £ 0.02
gd 0.34 + 0.00 0.85 + 0.00 1.11 4+ 0.00 0.81 +0.01 0.57 + 0.00 0.85 + 0.01 0.96 + 0.02
Atomic ratio
H/C 2.71 +0.02 0.71 £ 0.01 0.62 £+ 0.01 0.39 + 0.01 0.24 £ 0.01 0.42 +0.01 0.43 +0.01
o/C 0.38 4+ 0.00 0.09 4+ 0.00 0.02 + 0.00 0.01 +0.00 0.01 + 0.00 0.02 +0.00 0.03 4+ 0.00
Higher heating value (M]/kg)
HHV 4 19.84 + 0.01 30.00 + 0.03 31.17 + 0.02 30.37 + 0.07 29.32 + 0.03 30.70 + 0.04 31.18 + 0.10

A ash, W moisture content, VM volatile matter, FC fixed carbon, HHV higher heating value. din dry matter.

Pyrolysis is primarily characterized by degradation of hemicellulose. Dehydration
and decarboxylation are the main reactions in this degradation.

The purpose of the pyrolysis of biomass is to maximize energy and yields while
reducing O/C and H/C ratio. The biochar yield during pyrolysis decreased with increasing
temperature. While the O and H content significantly decreased with increasing pyrolysis
temperature, the opposite happened to C and N content. The effect of temperature can
be clearly described by the Van Krevelen diagram (see Figure 4). The O/C and H/C
ratio decreased with increasing pyrolysis temperature. Nevertheless, according to the
analysis of the effect of residence time on biochar characteristics, fuel characteristics did
not significantly change. This finding implies that biochar characteristics were mainly
influenced by the pyrolysis temperature rather than residence time, which corresponds to
Huang et al. [37]. The Van Krevelen diagram shows the effect of the process parameters
except pyrolysis temperature on the chemical reactions during the biochar preparation, as
reported by Schimmelpfennig et al. [38].



Sustainability 2022, 14, 6193

9of 15

Figure 4. Van Krevelen diagram.

3.5. pH and Electrical Conductivity (EC)

pH and electrical conductivity are important properties of the soil. EC and pH were
determined for raw Miscanthus rhizomes and all biochars using two grain sizes (<3.15 mm;
<300 um). Pyrolysis temperature affected both pH and EC. The aqueous extract of biochar
was alkaline. As the temperature increased, the pH rose, which is in agreement with Skopas
et al. [39]. pH values of the biochars increased from slightly alkaline to highly alkaline
as carbonization temperature increased (Figure 5). As the temperature of pyrolysis rose,
the EC of biochars increased (Figure 6). This phenomenon is due to the fact that during
pyrolysis, the bonds of higher molecules were broken up and simpler inorganic compounds
were formed, thus increasing electrical conductivity.

3.6. Surface Area

Macropores are relevant to vital soil functions. The presence of the larger amount of
macropores, mesopores, and micropores in biochar may improve physical properties of
soil [40]. Specific surface area was measured for raw Miscanthus rhizomes and all biochars.
The results are presented in Table 5. The porosity of solid residues depends mainly on the
final temperature. The results show that the pyrolysis temperature predominantly affected
the specific surface area, porosity, and pore size distribution of biochar. Specific surface
area increased with increasing temperature. The higher pyrolysis temperature resulted in
a higher specific surface area, but the area of mesopores was lower. The higher pyrolysis
temperature caused biochar yields to decrease whilst their quality in terms of sorption
properties were improved [40]. The temperature of 700 °C led to the formation of large
quantities of micropores. As temperature increased, the porosity grew too. Only for an
experiment at 600/0.25 was the value lower, which was due to the fact that the pyrolysis
time of this experiment was shorter than for the experiment at 500 °C.
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Figure 5. pH of raw Miscanthus rhizomes and biochars.
Figure 6. EC of raw Miscanthus rhizomes and biochars.
Table 5. Adsorption analysis for raw Miscanthus rhizomes and biochars.
SBET Smeso Vmicro Vet
S 1
ampie (m?/g) (m?/g) (mm?};4/g) (mmd};4/g)
Miscanthus 0.7 +£0.01 nd nd nd
400 5+0.01 nd nd nd
500 47 £ 0.08 nd nd nd
600 217 £ 6.21 22 4+ 0.08 106 + 4.03 132 £2.87
700 273 £4.24 18 £ 0.06 123 +£1.89 146 £ 1.04
600/1 193 £+ 0.28 19 £ 0.45 87 +1.14 113 + 3.40
600/0.25 16 £+ 0.02 6+ 0.01 4+£0.01 10 £0.01

3.7. PAHs and Heavy Metals

Polycyclic aromatic hydrocarbons are the most frequently occurring contaminants in
biochar, because they are created during the pyrolysis process. The results of this special
analysis are shown in Table 6. The quantity of PAHs was strongly influenced by the
chemical composition of the feedstock and the pyrolysis conditions. This is in agreement
with Quilliam et al., and Dutta et al. [41,42]. Among various pyrolysis conditions, the
temperature played a critical role in determining the quantity and type of compounds
released from biochar. During pyrolysis, the main components of biomass, lignin and
cellulose undergo dehydrogenation, dealkylation, and aromatization. At a temperature of
about 500 °C, carbonization and aromatization occurred to form biochar and PAHs. The
biochar prepared at lower temperatures contained mainly low molecular weight PAHs
(LMW-PAH). Naphthalene was the main PAH detected in biochar around 500 °C. Then at
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higher pyrolysis temperatures, above 500 °C, the PAHs were formed into longer aromatic
structures as mentioned by Odinga et al. [43]. However, in a temperature range from
600 to 700 °C PAH concentration with four aromatic rings was increased. The number
of PAHs did not show a linear dependence on the temperature. All biochars prepared at
the different temperatures met the soil toxicity assessment based on International Biochar
Initiative Guidelines [44]. Lignin, cellulose and hemicellulose affected the number of PAHs
formed during pyrolysis. The feedstock rich in lignin yielded biochar with lower PAHs as
confirmed by Cho at al. [45]. Lignin promotes Miscanthus rhizomes to be a promising raw
material for the production of biochar.

Table 6. Effect of temperature on PAH mass.

Criteria (IBD) 400 500 600 700 600/1 600/0.25
mg/kg Dry wt
PAHs 6-300 680+ 0.02 17404068 560+013 410+011 5804008 500 =+ 0.07

All biochars must comply with the soil toxicity assessment according to the IBI, which
defines the standards for heavy metals in biochar [44]. The amount of heavy metals in the
input sample was determined. The results are shown in Table 7. Miscanthus rhizomes were
grown in uncontaminated soil. The input sample was not contaminated with any heavy
metals, so rhizomes met all the criteria.

Table 7. Heavy metals in feedstock.

Criteria (IBI)

meg/kg Dry wt Miscanthus

As 13-100 <0.5 £ 0.00
Cd 1.4-39 <0.4 £+ 0.00
Cr 93-1200 9.57 +£0.14
Co 34-100 1.26 4+ 0.28
Cu 143-6000 10.6 £ 0.71
Pb 121-300 2.7 +£0.08

Hg 1-17 <0.2 = 0.00
Mo 5-75 0.44 £+ 0.02
Ni 47-420 7.5+ 0.93

Se 2-200 <2.0 = 0.00
Zn 416-7400 102 £+ 0.08

3.8. Concentration of Ca, K, Mg, S, N and P

Biochar has a significant effect on plant quality in terms of nutrient content. All
nutrients were determined in the form of ions. The amount of available content of S was
determined as SO42~, available content of N as NH3* and available content of P as PO,3~.
The content of these nutrients (Ca, Mg and K) in biochar was significantly affected by the
selected pyrolysis temperature and residence time at the final temperature. With increasing
temperature and residence time, the concentration of the above-mentioned components
increased. The concentrations of Ca, K, Mg, S, N and P are presented in Table 8. The
plant macro nutrients in Miscanthus biochar were lower. The results show that most of the
nutrients contained in biochar were extracted.

The results of morphology structure analysis are shown in Figure 7. The effect of the
preparation temperature can be seen. As the preparation temperature and atmosphere
changed, the surface structures of the biochar had different morphologies. The biochar
prepared at 400 and 500 °C showed a macrostructure in the form of honey combs. The
biochar prepared at 600 and 700 °C showed a rod-shaped structure with considerable
cracks and small floccules on the surface. The corners of rod shapes remained relatively
sharp and the edges were well defined, which is typical for graphene materials as defined
by Yan [31].
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Table 8. Concentration of Ca, Mg, K, S, N and P in biochars 600/2.

600/2
Total Ca (mg/kg) 1910 £ 98.07
Available Ca (mg/kg) 1204 £ 37.44
Total Mg (mg/kg) 1190 £ 36.98
Available Mg (mg/kg) 272 +£10.26
Total K (mg/kg) 25,400 + 109.03
Available K (mg/kg) 7069 £+ 13.91
Total S (mg/kg) 8100 + 61.23
Available SO4%~ (mg/kg) 2558 + 79.54
Total N (mg/kg) 15,800 + 102.01
Available NH3* (mg/kg) <2 4 0.00
Total P (mg/kg) 2870 + 75.08
Available PO4*>~ (mg/kg) 1983 4 26.12

Figure 7. SEM images of biochar prepared at 400, 500, 600/2, 700, 600/0.1, 600/0.25.

The pyrolysis temperature affected the number of considerable cracks and flakes,
which led to the gradual destruction of the surface structure as reported by Tian et al. [46].
The surface structure was also affected by the residence time of Miscanthus in the py-
rolysis unit. As the residence time increased, the number of flakes on the surface also
increased. It can be mentioned that destroying carbon structures at higher temperatures
led to an increase in porosity, i.e., a porous structure was formed. The residence time for
the experiments 600/0.25 and 600/1 was insufficient to break carbonaceous structures.
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4. Conclusions

A series of experiments was performed in order to find the suitable conditions for the
preparation of biochar. In this study, the effect of pyrolysis conditions on the properties
of biochar produced by Miscanthus rhizome pyrolysis was studied. In addition to the
type of plant itself, the temperature in the pyrolysis zone of the reactor and residence time
in the reaction space had a great influence on both the quality and quantity of biochar.
The resulting products were evaluated from several perspectives. However, the basic
parameter was the content of polycyclic aromatic hydrocarbons. At 700 °C, PAH content
was slightly less, while other parameters were comparable—i.e., carbon content, biogenic
element content as well as specific surface area. Conversely, 500 °C led to the formation of
biochar with a high PAH content. A temperature of 600 °C was chosen as a compromise
between the achieved properties of biochar and its yield with respect to the economics of the
process. Changes in residence time resulted in negligible differences in PAH concentrations,
but a significant effect on the specific surface area was observed. Insufficient residence
time caused an inefficiently developed porous structure. Chemical properties of biochar,
especially pH and nutrient content, but also physical properties such as pore size, pore
volume and specific surface area, played a key role in determining biochar quality and
thus its effect on soil microorganisms that in turn affect plant growth. In line with the
“zero waste” approach, the produced biochar was reused at the field and the results of its
application together with phytotoxicity tests will be the subject of further study.
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After initial selection, the samples of garden and corn waste were activated by potassium hydroxide and pro-
cessed by microwave pyrolysis using both single-step and double-step methods. Experiments were carried out in
a self-made microwave reactor for 20 min at the power of 440 W. The distribution and quality of the resulting
products were evaluated. The gaseous components were analysed discontinuously by gas chromatography. The
concentration of measured hydrogen (activated corn waste 54.4 vol %, non-activated corn waste 18.8 vol %) was

strongly influenced by activation and material selection. The char with a heating value of 33.3 MJ kg™ sug-
gested the direction of its further use as fuel. Optimum conditions of sorbents production from garden waste
material with a surface area of 530 m® g~ ' with regard to the influence of the activation were determined.

1. Introduction

Biomass has recently caught considerable interest as a low-cost re-
newable and sustainable raw material and a new option for worldwide
alternative energy production. An increase in the production of unused
garden waste can be seen over the past years and indicates the general
tendency over the long-term [1]. Cut grass from housing estates, parks
and gardens make up the largest part of the bio-waste that has been
bundled from the surrounding villages and towns and processed on
composting sites at the Depos Horni Suché a.s. According to the com-
pany's information, production of bio-waste is increasing. In 2004, a
total of 472 tonnes were recorded, while last year it was already ten
times more. Green power will definitely be playing an important part as
an available renewable resource to play a role in energy generation and
production of chemicals, in order to mitigate climate change and re-
place fossil resources. Most of this waste is dealt with by biochemical
processes [2]. Pyrolysis could be an attractive method to facilitate ef-
ficient conversion of the above mentioned waste to upper-class pro-
ducts with the help of process optimization. In recent years, microwave
irradiation has brought some really promising results as a substitute
heating method [3], and great attention has been paid to its advantages
over the conventional electric heating processes [4]. The main char-
acteristics of microwave heating place ensure both selectivity and ef-
ficiency, all of which contribute to desired results. Electromagnetic
waves ranging from 300 MHz to 300 GHz form the basis of microwaves,

* Corresponding author.

which means that corresponding wave lengths are between 1 m and
1mm [5] and can pass through the material to cause uniform tem-
perature change [6]. The main advantage is that the microwave heating
is direct - the energy is absorbed only by the sample and is not wasted
on the container in which the sample is placed. Direct heating is also
highly controllable and efficient, and in many cases this efficiency will
make up for the relatively high cost of microwave energy. Microwaves
can generate microplasma and hot spots, which promote heterogeneous
catalytic reactions and produce a greater concentration of hydrogen in
the resulting gas than convectional pyrolysis. Nevertheless, it suffers
from a number of drawbacks. The monitored and controlled tempera-
ture is very hard to manage, because conventional thermometers
cannot be used as thermocouples.

A variety of biomass materials, such as wood [7], coffee hulls [8],
sugarcane bagasse [9], wheat straw [10], or corn stalk [11] have been
processed by microwave heating. As a result of the ever growing in-
terest in microwave pyrolysis, it is possible to find a wide range of
complete reviews available in scientific literature [12], focused on
biochar [13], with regard to pyrolysis conditions [14] and based on
global fossil energy scenario [15].

It is generally known that biomass is not typically a good microwave
absorber. The presence of fairly high moisture and inorganic substances
can progress absorption capacity. Carbonaceous materials such as char
or activated carbon are well-intentioned applicants for microwave ab-
sorbers to stimulate process of biomass pyrolysis [16]. Carbon
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absorption is up to 8 times larger than water absorption. Microwave
absorbers and some catalysts added to biomass can adjust products
distribution, increase process energy efficiency, or improve the char-
acteristics of resulting products [13].

Product distribution of microwave and conventional pyrolysis is
described as being quite different. This could be attributed to a number
of different factors such as biomass properties, microwave values, re-
action conditions, etc. Based on published analysis focused on corn
waste material, the average gas, liquid, and solid yields were assessed
as being approximately 35-41, 33-37, and 26-29 wt. % [3]. Practically
half of the biomass can be converted into permanent gases by using
microwave pyrolysis. The effects of reaction time and temperature on
the yield of gas, bio-oil and biochar from a Douglas fir sawdust pellet
using a microwave pyrolysis method were reported by Ren et al. [17]. It
was found out that increasing reaction time and temperature led to an
increase in the yield of volatiles. Zhao et al. [10] published on the in-
fluence of temperature on the microwave-induced pyrolysis of wheat
straw. Increasing temperature from 400 °C to 600 °C initiated a pro-
gression in the yield of gas products. Catalytic effect as well as the effect
of temperature on the pyrolysis process, the cracking of tars and phe-
nolic compounds to the permanent gases (Hy and CO) was studied by
Lestinsky et al. [18]. The catalytic active elements, namely nickel, co-
balt or iron were added to the char to become the basis for improved
hydrogen production.

The composition of gas product from microwave pyrolysis of rice
husks [19], coffee hulls [20] and pine sawdust [21] were evaluated.
Based on data taken from above mentioned references the main com-
ponents of the gas such as hydrogen and carbon monoxide can be ob-
served in the range of 22-42 and 23-43vol %. Methane and carbon
dioxide have also occurred. Contribution of light hydrocarbons would
have amounted to only 3 vol %. All this makes microwave pyrolysis a
promising method for the production of hydrogen rich fuel gas [22].

The possibility of using microwave induced pyrolysis to recover
energy from rice straw was discussed [23]. Rich flue gas was the pro-
duct of this process with H, (55 vol %), CO, (17 vol %), CO (13 vol %),
and CH,4 (10 vol %). Domingues et al. [24] investigated the microwave
assisted pyrolysis of sewage sludge with regard to maximizing the gas
yield and quality. The experiments were carried out by means of both
single mode and multimode microwave reactors. Graphite and char
were applied as absorbers while helium was used as carrier gas. It was
concluded that microwave irradiation improved the proportion of gases
produced (up to 38 vol % for H, and 66 vol % for H, + CO). In addition,
it was proven that microwave irradiation decreased reaction time by
14 min compared to the conventional process. Therefore, microwave
radiation becomes a common source of energy in accelerating chemical
reactions.

Pyrolysis has also been proved as a technology to produce biochar
[25]. Data demonstrate that biochar and its activated derivatives have
the capacity to eliminate different contaminants [26]. Microwave ir-
radiation has yielded hopeful results, significantly lowering energy
consumption in the production of low-cost adsorbents [27] with aus-
picious pore characteristics [7]. A high BET and Langmuir surface area
of 972 and 1519 m?g~! was reached by microwave-induced KOH ac-
tivation of rambutan peel, within a short activation time of only 12 min
[28].

Microwave-assisted pyrolysis with chemical activation to convert
orange peel into activated carbon was reported by Lam et al. [29]. The
orange peel was first carbonized via microwave-assisted pyrolysis to
produce biochar, which was then activated and converted into acti-
vated carbon by means of chemical impregnation coupled with micro-
wave-assisted pyrolysis with high BET surface area (1350m?g~1). It
was found that the higher temperature and retention time enhanced the
pore structure of biochar from microwave pyrolysis of corn stalk [30].
Li et al. [31] and Sharma et al. [32] stated influence of temperature on
the BET surface area and micropore volume.

The biochar produced by rice straw microwave pyrolysis under a
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power of 300, 400, and 500 W was tested for surface area analysis [23].
The BET surface area was 165.74-274.49 m>g~'. Increasing micro-
wave power from 300 W to 500 W caused an increase of ~1.6 times. By
direct activation of hay with the use of microwave radiation were ob-
tained microporous bio-carbons of a surface area ranging from 88 to
265 m? g~ ! [33]. Microwave assisted potassium hydroxide activation of
fibers of oil palm empty fruit bunches was reported by Farma et al.
[34]. Microwave irradiation time of 15 min resulted in the production
of activated carbon with a surface area of 320m?g~ . According to
different scientific sources, KOH is defined as one of the most efficient
activation agents [35]. A study was carried out to investigate the ac-
tivation qualities of different activation agents, including KOH, NaOH,
K,CO3 and Na,COs. The SBET results
(1835 > 1579 > 1559 > 660m?g~' for KOH, K,COs;, NaOH,
Na,COs3) indicated that KOH was the most suitable activation agent of
all. Potassium added to biomass promoted the decomposition process,
also known as catalytic effect of potassium [36]. Also the impregnation
ratio of KOH had a strong effect on the characteristics of activated char
as it was clarified by Khezami et al. [37]. The two-step process was
chosen for the preparation of activated carbons from peach stones, with
the use of a conventional reactor [38].

Microwaves represent a new way to perform heating, and the effects
are promising. A continuous microwave pyrolysis system can provide
solutions to many problems commonly found in other methods [14].
Reactions run in record time, and what is more, the reactions that
normally lead to incomplete mixtures of chemicals can sometimes be an
improvement for the desired product. To our knowledge, there are no
available reports on garden waste processing by microwave pyrolysis.
This article is focused on the possibility of garden waste processing
including corn silage in a non-conventional manner, especially because
of the necessity to reduce landfilling in the Czech Republic in the
coming years under Directive 1999/31/EC on Landfills. Even though
the above mentioned waste is commonly used for biogas and compost
production, it is collected as a mixture also containing substances which
do not yield a good compost quality and are difficultl to degrade under
composting conditions, and whose separation would be difficult. For
this reason, biochemical processing could be unstable with a ques-
tionable suitability and the waste has to be subsequently deposited in
landfills. Therefore, the objective of this study is to experimentally in-
vestigate the microwave pyrolysis of the original samples as well as
activated samples. According to our data, this waste may be effectively
converted to higher quality syngas and biochar.

2. Materials and methods
2.1. Material

The samples of garden waste (named GW) and corn waste (named
CW) were taken from the Depos Horni Suché a.s. to process them via
microwave pyrolysis. GW could be described as a mixture of grass,
foliage, weeds, flowers, small twigs, tulips, clay with stones etc. This
type of waste is often processed by biochemical processes or just
landfilled. In theory, it should be an excellent material, but actually this
is not true. Based on our experimental data, it contains too much lig-
nocellulose, waxes and other hardly anaerobically degradable sub-
stances. However, in a mesophilic reactor with 8001 of cattle manure
and a daily dose of 4 kg per day, the production of 1 m> of biogas was
determined with an amount of CH4 60-66 vol %.

CW is a waste material of KWS Atletico cultivar corn silage from
biogas station Pustejov. This material was experimentally tested in a
lab-scale model in our laboratory of anaerobic digestion designed of a
partially mixed bioreactor made of a triple-layer plastic bag of PVC-
PES-PVC foil. The volume of the anaerobic batch was set to 0.5m>.
Mesophilic anaerobic digestion was conducted in the semi-continuous
mode for 120 days. The average organic loading rate achieved 4.27
kgys m ™2 d 1. The average methane content in raw biogas was 52.5 vol
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! and

%. The specific methane production stabilized at 0.123 my° kg™~
the specific biogas production was 0.234 my> kg~ [39].

For pyrolysis experiments, both samples of waste were milled by
laboratory knife mill Testchem LMN-100, to adjust the size to the re-
quired 8 X 8 mm. Analytically determined waste parameters (content
of water, ash and volatile, carbon, hydrogen, nitrogen, sulfur, oxygen,
heating values) were carried out according to the standards ASTM
D3172 - 13 and D5373 - 16. For this purpose, the LECO TGA 701
thermogravimetric analyser, the LECO AC 350 calorimeter and the
elemental analyser LECO CHNS 628 were used.

Density was measured by Thermo Scientific Pycnomatic ATC
semiautomatic pycnometer. Acidity was detected in an aqueous extract
according to the EN 15933:2012 standard. The higher heating value
HHV was measured based on ISO 1928 and lower heating value was
calculated based on measured data.

2.2. KOH activation

The original non-activated samples (named GWn and CWn) were
further activated (named GWa and CWa) with the use of potassium
hydroxide. The testers were mixed with KOH, in a ratio of 1:4, which is
the optimum value cited in literature [40]. Approx. 20 g of sample were
mixed with 80 g KOH dissolved in 100 ml of water. Then the mixture
was stirred for 15 min. The mixture stayed for 8 h, afterwards it was
dried and pyrolyzed. The activated samples were neutralized with di-
luted hydrochloric acid, after that they were filtered and rinsed with
hot water and pH was checked. The samples were further subjected to
the one-step method (activation before carbonization) and only for Spgr
measurement to the double-step method (carbonization, activation,
carbonization).

2.3. Laboratory devices

The laboratory apparatus used to perform the series of experiments
is shown in Fig. 1. The original dried samples as well as activated
samples were thermal treated in the self-made microwave reactor for
20 min at the power of 440 W. This power generates temperature of
800 °C depending on the composition of the batch. Temperature was
checked by the thermocouple. On the upper part of the microwave
PANASONIC NN-SD271 a hole was cut out for placing a flask with the
sample (50 g of sample with 10 g of char obtained from the pyrolysis
process of the sawdust) into the microwave. The flask was connected
with a glass tube with cooler. Five impinge bottles with water and
acetone were used to purify gaseous and vapours products. This pur-
ified pyrolysis gas flowed through the gasometer to the point, where
samples were taken into 20 dm® Tedlar gas sampling bags. Experiments
were carried out under nitrogen atmosphere (100 cm®min~h).

2.4. Analysis of gaseous products

After the pyrolysis process off-line analysis of the pyrolysis gas was

Gas sampling and
GC analysis (FID,TCD)

AN AN

Gas-flow meter

Absorption of non-condesable
volatiles (2x water, 3x acetone)
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carried out. The gaseous components, namely methane, ethene, ethane,
propane, propene, hydrogen, carbon monoxide and carbon dioxide
were examined with the use of gas chromatography. Agilent 7890A gas
chromatograph equipped with a flame ionization detector (FID) with
hydrogen flow rate of 30 ml min~ ! and helium flow rate of 25 ml min~!
was used. Helium flow rate of 5 ml min~! was set up in case of thermal
conductivity detector (TCD). The Micropacked column with following
properties 2m x 0.53 mm was used to separate the components on the
basis of different capabilities of different strengths of attachment to the
stationary phase.

2.5. Characterization of solid residues

Ultimate analysis of pyrolysed solid residues was done. The density
was measured by Thermo Scientific Pycnomatic ATC semiautomatic
pycnometer by using helium as a carrier gas. Final characterization of
the resulting solid residues was carried out by nitrogen sorption at 77 K.
3Flex Surface Characterization Analyser (Micromeritics) was used for
the characterization. Before the nitrogen physisorption measurements,
the activated samples were degassed at 300 °C for 24 h under vacuum
less than 1 Pa. BET surface area (specific surface area) determined by
ten-point BET method for relative pressure range p/p0 = 0.05-0.30
was used. Mesopore/external surface area was determined by the t-plot
method using the Broekhoff-DeBoer standard isotherm. Micropore vo-
lume was determined by the t-plot method using the Broekhoff-DeBoer
standard isotherm. Net pore volume was determined at p/p0 ~ 0.99.

2.6. Determination of water content

The condensates from pyrolysis were subjected to the determination
of water content by the Karl-Fischer method on TitroLine 7500 KF.

3. Results and discussion
3.1. Feedstock analysis

In this part, the properties of samples and the effect of conditions
were examined. For the samples analyses listed in Table 1 (proximate
and ultimate analysis, true density prs, bulk density py, acidity pH and
ratio C:N) were performed.

3.2. Product distribution

A very high volatile content (78.5 wt. %) can be observed at CW,
nevertheless low ash content and a reasonable amount of carbon makes
it an appropriate precursor for such processing. A high ash content in
case of GW is probably caused by soil that is a part of the mixture and
whose separation would be difficult. Samples were subjected to TGA
analysis for the purpose of identification of their thermal behaviour.
The total mass change of approx. 85 wt. % was detected at the tem-
perature of 800 °C in case of CW and 65 wt. % in case of GW (see Fig. 2).

J/ Inertization by N,
|

Liquid
condensate

Fig. 1. Microwave apparatus.
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Table 1
Content of water, ash and volatile, carbon, hydrogen, nitrogen, sulfur, oxygen,
density, acidity and heating values of input materials.

Sample W' A" (wt. V' (wt. C" H" N' (wt.%) ST (wt.%)
(wt. %) %) (wt. (wt.
%) %) %)
GW 5.2 23.9 57.3 37.1 4.5 1.7 0.2
Ccw 2.3 1.8 78.5 45.9 6.4 2.1 0.1
Sample Or prs (kg pp (kg pH C:N HHV" LHV"
wt. m> m?% (wt (wt. (Mkg™") (Mg
%) %) %)
GW 27.4 1676 0.5 5.7 21.8 15.1 13.3
Ccw 41.4 1419 nd 4.1 21.9 18.9 17.1
100
90 1
80 1
* 70 ]
¢ 60
©
= 50
)
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Fig. 2. Total mass change of input materials.
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Fig. 3. Product distribution of activated and non-activated samples.

The highest weight loss was observed in the temperature range from
280 to 350 °C. The distribution of final products is presented in Fig. 3.
Liquid yields increased in case of the activated samples while the
amount of gases decreased noticeably.

3.3. Analysis of gaseous products

Hydrogen production has been dealt with in a number of scientific
reports [41]. The concentration of measured hydrogen was strongly
influenced by activation and selection of the input materials as shown
in Fig. 4, especially for corn grain waste material (GWa 42.4 vol %,
GWn 41.6 vol %; CWa 54.4vol %, CWn 18.8 vol %). The highest hy-
drogen concentration conforms to Huang et al. [23]. H,, CO, and CO,
were the major gases. The sum of hydrogen and carbon monoxide ac-
counted for about 85 vol % of the total volume of pyrolytic gas of CWa,
which can be further used to produce fuels with numerous uses, such as
for the production of hydrogen, syngas or natural gas. Methane
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concentration ranged from 5 to 10 vol %. Besides the main components
mentioned above, there were some minor molecules in the samples,
especially CoHg. For that reason, pyrolytic gases originating under mi-
crowave radiation show possibility and economic value in purification
and upgrading of hydrogen. In addition, the residual hydrocarbon gases
are not suggested for extraction and separation due to their low
quantity, but their high calorific value may lead to their use as fuel.
Another point of view can be the comparison of yields as shown in
Fig. 5. Gas formation gradually increased at the beginning of the pro-
cess.

3.4. Evaluation of solid residues in terms of adsorption properties

Activated carbons were prepared by direct activation before car-
bonization (single-step) and also by the double-step method which
contains firstly carbonization and secondly activation and carboniza-
tion. Table 2 demonstrates the values of ultimate and proximate ana-
lysis, density p, mesopore/external surface area, micropore volume, net
pore volume for samples excluding double-step and BET surface area of
single-step, double-step and non-activated samples after microwave
pyrolysis. In the case of non-activated samples, a lower value of the
surface area was achieved in comparison with activated samples. The
porosity as well as elemental composition of solid residues depends
mainly on final temperature and precursor nature. The porous proper-
ties were also compared to study the influence of the carbonization
treatment. The Spgr values after the double-step method tend to be
slightly higher in case of corn waste material but visibly higher in case
of garden waste material. On the other hand, it must be mentioned that
the single-step method is simpler, energetically and environmentally
more suitable than the double-step method. However, activated sam-
ples did not reach the values such as commercial activated carbons, or
as some authors reported [29,30]. These values suggest an opportunity
for using this waste in “single-use sorbents” production. Higher heating
value of CWn reached a value which deserves attention from the point
of view of its further use as fuel.

3.5. Rating condensates

The condensates from microwave pyrolysis were subjected to the
determination of water content by the Karl-Fischer method on TitroLine
7500 KF. The measured values are shown in Table 3. Different reactions
dominated during heat treatment should be taken into account. Based
on the results it can be stated that activation, especially OH™ contained
in the activating agent, also influenced water content in liquid residues.

4. Conclusion

The selected waste materials were activated and processed via mi-
crowave reactor. The resulting products were evaluated subsequently.
From the results it could be concluded that activation of samples and
method of carbonization treatment affected quality and quantity of
final products. KOH activation has resulted in BET surface area and
hydrogen increasing. On the other hand, KOH activation caused a
heating value degreasing of corn waste solid residue from 33.3 to
31.6 MJ kg~ !. However, the use of modified solid residues produced by
microwave pyrolysis may be an effective method from the perspective
of industrial application. The maximum BET surface area of 530 m>g !
was analysed.
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Fig. 5. Gas yields after microwave pyrolysis.

Table 2
Proximate analysis, Sger, Smeso> Vimicro» Vnet» density and higher heating value of samples after microwave pyrolysis.

Sample A (wt.%) V¢ (wt%) FC!(Wt%) Sger Sper Smeso M?8™Y)  Viniero (mmilg g71)  Vnet (mmi}g g~ p(gem™) HHV? (MJIkg")
single-step M?8Y) doublestep (Mg 1)

GWa 34.8 9.8 55.4 307 530 n.d. n.d. 318 1.90 22.7

GWn 39.0 6.4 54.6 298 - 63 113 198 1.89 20.3

CWa 8.1 11.8 80.1 420 430 55 174 232 1.80 31.6

CWn 4.9 6.9 88.3 138 - n.d. n.d. 156 1.79 333
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ARTICLE INFO ABSTRACT

Keywords: Catalytic materials for hydrogen production were synthesized by impregnating waste spruce sawdust with nickel
Dry reforming nitrate followed by microwave pyrolysis. Ni/carbonaceous materials thus obtained were tested as catalyst for dry
Pyrolysis reforming of methane as well as for upgrading of organic vapours from biomass pyrolysis. Among five samples
Biomass

synthesized with different amount of Ni on carbonaceous support, the sample with 13.2 wt% Ni showed the
highest CH4 and CO, conversion for dry reforming at 800 °C. The yields of 31.4 vol% for H, and 39.0 vol% for
CO were recorded. The catalyst sample exhibited only a small decrease in activity after 6 h of time-on-stream.
The same sample was applied as catalyst for upgrading of organic vapours from thermal pyrolysis of spruce
sawdust and cellulose. A considerable increase in H, content (i.e. from 1.2 to 14.1 mmol g~ !) in the product
mixture was observed. The main advantage of using carbonaceous support is its resistance towards rapid de-
activation due to coke deposition. This advantage can be exploited by using it as catalyst support in reactions
that suffer from such catalyst deactivation. Furthermore, the honeycomb-like structure and morphology of
carbonaceous materials can promote mass transfer around catalytically active sites that can be beneficial in
reactions involving large molecules.

Steam reforming
Carbonaceous materials
Microwave pyrolysis

1. Introduction

Hydrogen is one of the most important gases in the chemical in-
dustry. It is not only essential in the refining industry and organic
synthesis, but also in the production of methanol and ammonia [1].
Nowadays, hydrogen is mainly produced by steam reforming of me-
thane, partial oxidation processes or coal gasification [2]. The vast re-
serves of hydrogen are present in sea water, but an enormous amount of
energy would be required to set free hydrogen from the water mole-
cules. In recent years, several hydrogen production methods have been
explored and developed. They include dry reforming reaction, or
thermo catalytic decomposition of methane or other organic com-
pounds, namely VOCs (volatile organic compounds). Along with VOCs
(that contain a considerable amount of CH,), industries also produce
large amounts of CO, which is a well-known greenhouse gas and its
emission is steadily increasing every year. Both harmful gases i.e. CHy
and CO,, could be utilized and hence abated simultaneously, thanks to
dry reforming reaction. This is the reason why dry reforming reaction
has been intensively studied focusing on the utilization of CO, and its
conversion into useful products, such as syngas which is a gas mixture
of CO and H, [3-5].

In past years, growing interest in the use of supported nickel catalyst

* Corresponding author.
E-mail address: pavel.lestinsky@vsb.cz (P. Lestinsky).

https://doi.org/10.1016/j.fuel.2020.118398

for the dry reforming reaction was observed. In this regard, one of the
most popular supports is alumina, which is also commercially used as a
support for industrial catalysts for steam reforming of methane [3].
Commercial Ni/Al,O3 has the disadvantage of low fouling resistance,
due to the absence of steam, which when dosed in stoichiometric ex-
cess, can suppress the formation of carbon deposits in steam reforming
[6]. Besides Ni/Al,O3, bimetallic (NiCo) catalysts deposited on silicon
carbide [7], or natural material such as Olivine [8] or Dolomite [9]
were also used.

Dry reforming of methane is strongly endothermic reaction, which
in fact consists of more than twenty intermediate reactions steps [10],
but for easy understanding it could be described by three intermediate
stages (Eq. 2-4):

CHy + CO, —» 2CO+ 2h ,AHp0g= + 247kJ mol* (€D)]
CHy; - C* + 2H, 2)
CO, - CO+ O 3
Ct+ O = CC @

The major problem related with dry reforming of methane is the
quick deactivation of catalyst due to carbon deposition caused by the
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Nomenclature

Symbols

SpET Specific surface area (m? g™ 1)

Sieso Specific mesopore surface area (m? g’l)

Vmicro  Specific micropore volume (cm® g~ 1)
Vet Specific total pore volume (cm® g~ 1)

Greek symbolsAbbreviations
GHSV Gas hourly space velocity (h™1)

SEM Scanning electron microscopy
XRD X-Ray Diffraction

active carbon species(C*). The active carbon species are created during
decomposition or dissociation of methane or hydrocarbons and are
necessary for CO production. However, when these species do not take
part in the decomposition of CO, molecules to produce CO, they stay on
the surface of metal catalyst and produce coke. The formation of carbon
deposit can be limited using higher reaction temperature (above
900 °C), but such high temperature may result in sintering of metal
particles on the catalysts surface. Also, conducting the reaction at such
conditions is energy inefficient [11,12]. In addition to increase in re-
action temperature, another way of inhibiting carbon deposit is mod-
ification of Ni catalyst by a suitable promoter. One of the most popular
promoters for reforming catalysts is Ceria. Ceria has redox property
thanks to the highly mobile oxygen vacancies in its structure that in this
case provide oxygen which reduces the degree of carbon deposit [13].

Besides dry reforming of methane, hydrogen can also be produced
by upgrading of organic vapours obtained from biomass pyrolysis [14].
Pyrolysis of biomass results in the formation of different products such
as solid residue, liquids, and gaseous compounds. The gaseous fraction
mainly consists of volatile organic compounds (VOCs), oxides of carbon
and steam [15]. These gaseous compounds can be subjected to sec-
ondary reactions as follows:

CyHy + XCO, — (%)Hz + 2xCC

%)
CHa + 2H,0 — CO, + 4H; 6)
CO, + Hy— CO+ HC @
2C0— C+ CQ ®

It corresponds to steam reforming, reverse water-gas shift and
Boudouard reaction. The carbonaceous material as carbon structure of
biomass may also undergo a water gas reaction, thereby reducing the
amount of solid residue and further amount of the hydrogen is pro-
duced:

C+ H,O—- CO+ H ©)

The contribution of each of these reactions in the reaction me-
chanism strongly depends on the reaction conditions and the type of
used catalysts [16]. Despite the relatively high temperature of the
process, thermal conversion of biomass and further upgrading of vo-
latile products is an interesting possibility of producing bio hydrogen in
the future.

Recent works have shown a new way of developing coke-resistant
catalysts which can be achieved by the application of carbonaceous
support. The carbonaceous supports can be produced by controlled
formation of carbon e.g. Carbon Black, Carbon Nanotubes [1]. The
advantages of carbonaceous support are low cost, high temperature
resistance, tolerance to sulphur and other poisoning compounds and of
course decrease of overall CO, emissions from the process of prepara-
tion [17]. Fildago et al. [18] prepared catalyst for dry reforming by
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depositing metallic Ni on commercial activated carbon. Metallic Nickel
is usually prepared by the reduction of nickel oxide, which is created by
applying wet impregnation of aqueous solution of nickel compounds
(nitrate, acetate) [5]. This route involves an extra step for the reduction
of nickel oxide to metallic nickel using hydrogen. Zhang et al. [19]
came up with the idea of using the carbonaceous surface of biomass to
reduce metal oxides during pyrolysis. Here the main role in reducing
nickel oxide to metallic from is played by the high amount of hydrogen,
which is produced during microwave pyrolysis, as reported in our
previous work [14]. The presence of nickel doped carbonaceous ma-
terial in microwave pyrolysis process leads to more than twice the
amount of hydrogen produced than without Ni. In this regard, the aim
of the present work is to develop an efficient and versatile Ni/carbo-
naceous catalyst for the potential application in high temperature hy-
drogen production processes. A further aim is to test the synthesized
catalyst for dry reforming of methane as well as for upgrading of or-
ganic vapours derived from thermal pyrolysis of biomass.

2. Materials and methods
2.1. Materials

For the catalyst preparation, nickel nitrate hexahydrate (Sigma-
Aldrich) with a purity of 99.99% was used as Ni precursor. As a pre-
cursor for carbonaceous support material, raw spruce sawdust with a
size fraction 0.63 — 1.25 mm was utilized. In addition, biochar pre-
viously obtained from pyrolysis of the same spruce sawdust was em-
ployed as radiation absorbent during microwave pyrolysis.

2.2. Catalyst preparation

In a first step, raw spruce sawdust was dried at 110 °C for 24 h. The
dry sawdust was then mixed with different concentrations (0.05, 0.1,
0.5, 1 and 2 mol 1™1) of aqueous solution of nickel nitrate hexahydrate,
stirred for 12 h and filtered. The wet impregnated sawdust samples thus
obtained were then mixed with biochar, in the ratio of 1/20. The final
mixture was then placed in a flask and inserted into a microwave re-
actor for pyrolysis under nitrogen atmosphere. The microwave pyr-
olysis was performed for 20 min, during which the power of the mi-
crowave oven was kept at 440 W for the first 5 min and then increased
to 950 W for the next 15 min. During this process, the sawdust was
pyrolyzed to produce carbonaceous materials whereas; nickel nitrate
was decomposed to nickel oxide which was then reduced in situ to Ni°
using hydrogen that was produced during the pyrolysis of sawdust used.
In situ reduction of Ni is possible due to the presence of hydrogen
produced by the pyrolysis of sawdust [14]. About 10 wt% of biochar
remained in Ni/carbonaceous since it was not possible to separate the
microwave absorbent from it. Catalyst samples were marked from Ni-
C1 to Ni-C5 thus from the lowest concentration of nickel nitrate to a
higher concentration.

2.3. Catalyst characterization

The Ni content in the synthesized catalysts was determined through
X-ray fluorescence (XRF) analysis, performed on SPECTRO XEPOS
(Spectro Analytical) using powder method. The samples were analysed
by using one-off cuvette and 1 g of sample was used for each experi-
ment. For the elemental analysis of the samples, ultimate analysis was
performed on LECO CHSN628 analyser.

Phase composition of synthesized catalysts was determined using
powder X-ray diffraction (XRD) analysis conducted on Rigaku Smart-
Lab diffractometer equipped with D/teX Ultra 250 detector. The source
of irradiation was a cobalt lamp (CoKa, 0.15418 nm) operated at 40 mA
and 40 kV.

To determine the textural properties of biochar and synthesized
catalysts, physisorption of nitrogen was performed. For this purpose, a



P. Lestinsky, et al.

Fuel 278 (2020) 118398

Fig. 1. Schematic diagram of the setup used for dry reforming reaction.

Micrometrics 3Flex analyser was used. The specific surface area (Sggr)
was calculated using Brunauer-Emmett-Teller (BET) theory [20]. The
mesopore surface area (S,,.s) and the micropore volume (Vo) Were
also evaluated based on the t-plot method using the Carbon Black STSA
standard isotherm. The net pore volume (V,,,) was determined from the
nitrogen adsorption isotherm.

The scanning electron microscopy technique was applied for the
study and analysis of the samples surface. For this purpose, a Quanta
450 FEG electron microscope was used. The imaging was performed in
secondary and backscattered electron mode using an accelerating vol-
tage of 20 keV.

2.4. Catalytic activity measurement

The catalytic activity measurements of the synthesized Ni/carbo-
naceous catalysts were performed using two test reactions, namely dry
reforming of methane and upgrading of vapours from thermal pyrolysis
of biomass. For this purpose, two lab-scale catalyst test rigs were used.
The details of the test rigs and the measurement methods are given in
detail in the following sections.

2.4.1. Dry reforming of methane

The catalytic dry reforming of methane was performed in a lab-scale
fixed bed reactor setup for which a quartz glass tube with an internal
diameter of 4 mm was used as reactor. The catalyst particles with an
average diameter of 0.388 mm were packed in the tube to give a bed
length of 20 mm. The catalyst particle size was chosen to ensure the
plug flow conditions.

For each experiment, 0.1 g of catalyst was packed in the quartz
reactor tube. The tube was pre heated to reach the desired temperature
using a LAC LT 50/300/13 oven. During the pre-heating step the re-
actor was kept under constant nitrogen flow with a flow rate of 24 cm®
min~ . Once the desired temperature had reached, nitrogen flow was
turned off and the flow of gaseous mixture, CH4:CO, (1:1) for dry re-
forming reaction was started. The flow rate of each gas was regulated
by using Aalborg GF17 mass flow controllers. The pressure at the re-
actor inlet was monitored by a manometer and the gas volume at the
reactor outlet was measure by a rotameter. The gases at the reactor
outlet were collected every 30 min using Tedlar®gas sampling bags and
the GC analysis was performed immediately after the sampling. The

schematic diagram of the setup is given in Fig. 1. The temperatures
before and after the catalyst bed were measured to determine the true
reactor temperature for dry reforming reaction. The decrease in tem-
perature (10 to 20 °C) after the catalyst bed indicated the occurrence of
reforming (strongly endothermic) reaction.

2.4.1.1. Catalytic upgrading of biomass pyrolysis vapours. The most
active catalyst in dry reforming reaction was further tested in
catalytic upgrading of vapours produced during pyrolysis of biomass.
Here, the experiments were performed in a lab-scale test rig as shown
schematically in Fig. 2. The rig comprised of two reactors connected in
series. In the first reactor (diameter — 10 mm, length — 200 mm, power —
1500 W, heating rate about 100 °C/min), biomass (spruce sawdust or
cellulose) was thermally pyrolyzed at 500 °C. The pyrolysis vapours
produced in the first reactor were then led to the second reactor
(diameter — 10 mm, length — 150 mm, power — 700 W, heating rate
about 100 °C/min) that contained the catalyst and were heated to

Fig. 2. Scheme of the test rig used for catalytic upgrading of biomass pyrolysis
vapours.
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700 °C, where upgrading of pyrolysis intermediates occurred. During
each experiment, argon with a flow rate of 15 cm3 min-1 was used as
carrier gas. For each experiment, 0.4 g of the feedstock and 0.1 g of
catalyst were employed. The gases at the outlet of the second reactor
were collected in a gas capture syringe for the GC analysis.

2.5. Analysis of gaseous products

2.5.0.1. Dry reforming of methane

The analysis of the gaseous products from dry reforming experi-
ments, collected in gas sampling bags, was performed using an Agilent
7890A GC. The GC was equipped with a thermal conductivity detector
(TCD), a flame ionization detector (FID) and a micropacked column of
the dimensions of 2 m X 0.53 mm. During the analysis, the amounts of
CH4, CO, CO, and H, were determined.

2.5.0.2. Catalytic upgrading of vapours from biomass pyrolysis

The gaseous products formed in pyrolysis as well as in catalytic
upgrading of biomass decomposition vapours were collected in scaled
metal syringe for the GC analysis. The GC analysis was performed using
an Agilent 7820A GC, equipped with a TCD and a packed column of the
type Agilent 6Ft 1/8 2 mm Molsieve 5A 60/80 SS. The amounts of H,,
CO, CO, and CH, were determined.

3. Results and discussion
3.1. Ni/Carbonaceous materials

The results from XRF and elemental analysis are summarized in
Table 1. It was observed that increasing concentration of the Ni pre-
cursor resulted in higher amount of Ni that was introduced into car-
bonaceous materials. Consequently, the content of carbon and other
elements decreased. It was noted that the carbonaceous support con-
tained not only carbon but also small amount of nitrogen, hydrogen,
and oxygen. Here, oxygen content for individual samples was calcu-
lated to 100 wt%.

The XRD spectra of Ni/carbonaceous materials are shown in Fig. 3.
The main phases detected included metallic nickel (Ni% at 52° and
60.9° and carbon as graphite (€% at 30.2°. In addition, small refluxes of
NiO were also observed. The small peaks at 47° and 55° were K from
metallic nickel. Furthermore, magnesium calcite (Mgg 03Cag.97CO3),
which is a common component of biomass ash, was also detected. The
Ni crystallite size was estimated using Scherrer equation and the results
are given in Table 2. It was noted that Ni crystallite size in Ni/carbo-
naceous materials synthesized in the present work is bigger than those
reported in literature [21-23].

The XRD results confirmed the observations from XRF analysis. In
Fig. 3, it is evident that the intensity of metallic nickel peak increased
with increasing nickel content in the carbonaceous support. At the same
time, the intensity of graphite decreased. From the peak intensities as
depicted in Fig. 3, it is also clear that Ni was present mostly as Ni°
phase, as the peaks corresponding to NiO showed very small intensities.
From these observations, it seems that most NiO produced from the
decomposition of nickel nitrate was reduced using the hydrogen

Table 1
Content of Nickel on the catalyst surface and composition of carbonaceous
support.

Ni (wt. %) C (wt. %) H (wt. %) N (wt. %) O* (wt. %) ash (wt.%)

Ni-Cl1 7.5 85.5 1.4 0.6 2.6 2.4
Ni-C2 13.2 80.2 1.3 0.6 2.4 23
Ni-C3 32.3 62.6 1.0 0.5 1.9 1.7
Ni-C4 37.9 57.4 0.9 0.4 1.7 1.7
Ni-C5 63.7 33.5 0.5 0.3 1.0 1

* oxygen was calculated to 100%
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Fig. 3. XRD diffractograms of Ni/carbonaceous catalysts.

generated during microwave pyrolysis. This is very interesting for the
catalytic application of Ni/Carbonaceous materials in dry reforming or
steam reforming reactions, as in these reactions Ni® plays the role of
catalytically active material.

For determining the textural properties, the Ni/Carbonaceous and
biochar samples were analysed using nitrogen physisorption. The re-
sults as shown in Table 3 demonstrate that the fresh biochar (parent
carbonaceous material - CM) had large Sggr i.e., around 300 m? g~ *.
However, this value was considerably decreased after wet impregnation
with nickel nitrate and subsequent microwave pyrolysis. Also, a trend
of decrease in surface area with increasing Ni content was observed.
Furthermore, a decrease in the S,,.s, was also noted. Nevertheless, it
was not as strong as in the case of Sgrr. The presence of mesopores in
catalytic materials is very important for certain applications, as they
promote mass transfer around the catalyst surface and allow the pe-
netration of large molecules to active sites on the surface [24]. Also, in
Table 3, a decrease in micropore volume with increasing Ni content can
be observed. A possible explanation for this effect could be the in-
creased loading of nickel on the surface of carbonaceous material that
can lead to pore blocking resulting in decrease of the overall pore vo-
lume of the carbonaceous materials.

The amount of Ni is relevant for the catalytic applications, but even
more important is a uniform distribution of nickel particles on the

Table 2
Size of Nickel crystallite on the catalyst surface.

Sample Crystallite size (nm)
Ni-C1 33.8
Ni-C2 39.1
Ni-C3 54.0
Ni-C4 60.3
Ni-C5 94.9

Table 3
BET analysis of parent carbonaceous material and Ni-C catalysts.

Sper(m® 871 Spesom® 87D Vimierolem®liq g7 Vyellem®liq g7 1)
™ 334 133 0.099 0.192
Ni-Cl1 123 89 0.038 0.184
NiC2 118 85 0.025 0.178
NiC3 89 73 0.018 0.149
NiC4 80 46 0.018 0.110
Ni-C5 25 18 0.004 0.037
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Fig. 4. (a) SEM image of Ni-C2 surface with (b) EDX distribution maps of Nickel and (c) distribution of element on the surface.

support surface. Therefore, the synthesized catalysts were analysed
using SEM and EDX to determinate the surface distribution of Ni par-
ticles. The results obtained for Ni-C2 sample are shown in Fig. 4. From
the figure, it can be seen that Ni particles were well distributed on the
surface. However, few large white spots were also visible, indicating the
presence of some Ni clusters. Furthermore, the presence of C and O on
the surface was observed, which corresponds to the results of elemental
analysis as shown in Table 1.

The carbonaceous support in Ni/carbonaceous catalyst system
showed a very interesting structure and morphology. In Fig. 5, SEM
image of a catalyst particle from the sample Ni-C2 is shown. A highly
porous monolithic or honeycomb-like structure can be seen. During the
microwave pyrolysis, the removal of volatile organic matter from the
saw dust particles led to a porous structure with straight channels. As
discussed above, catalytic materials with such a porous structure are
good candidates for the reactions which involve large molecules and/or
suffer from high mass transfer limitations. On the other side, higher
nickel content (Ni-C5) covered the honeycomb-like structure of the
carbonaceous catalyst (see Fig. Al) that led to lower conversion as
compared to the sample Ni-C2.

3.2. Dry reforming reaction

All samples of synthesized catalysts were tested in dry reforming of
methane. The experiments were performed at 800 °C, which is con-
sidered to be an appropriate temperature for dry reforming [2]. As at
this temperature, the side reactions, such as reverse water—gas shift
reactions, are thermodynamically suppressed. Each experiment was
carried out for 6 h of time-on-stream and average values of methane

Fig. 5. SEM image of fresh Ni-C2 catalyst.

and carbon dioxide conversions thus obtained are listed in Table 4.
Based on these results, among five samples, the Ni-C2 (with approx.
13 wt% of Ni) was identified as the most active catalyst which allowed
for the highest CH4 and CO, conversion in comparison with others. The
composition of the gaseous mixture (CH4, CO,, H, and CO) as a func-
tion of time-on-stream for dry reforming using Ni-C2 is given in Fig. 6.
The results show that during first 60 min, considering the CH4
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Fig. Al. SEM image of the fresh Ni-C5.

Table 4
Average conversion of methane and carbon dioxide and average reaction pro-
ducts during 6 h experiment at 800 °C.

Catalyst Conversion (%) Reaction products (vol.%)
CH,4 CO, H, co
Ni-C1 23* 57* 15.0* 38.8*
Ni-C2 43 58 26.6 40.0
Ni-C3 26 41 20.1 29.4
Ni-C4 23 38 18.8 29.6
Ni-C5 18 38 13.7 29.7

* Experiment with Ni-C1 was stopped after 2 h due to decrease in methane
conversion from 56% to almost zero.

conversion, a lower H, content was obtained. On the other hand, in-
crease in CO content was according to the decrease in CO,. This can be
attributed to the reduction of remaining NiO on the catalyst surface that
used some of the hydrogen produced during this time period. It is worth
noting that for the next approximately 3 h, the contents of H, and CO
remained almost constant, thus indicating very little or no deactivation
of the catalyst. Only during the last 60 min, a slight decrease in me-
thane and carbon dioxide conversions was observed. Also, from 240 to
300 min, the amount of CO decreased but H, content remained stable.

Fig. 6. Gas composition produced on Ni-C2 catalyst at 800 °C.
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Fig. 7. Conversion of CH4 and CO, on Ni-C2 catalyst at different temperatures.

This indicates that during this period of time, hydrogen produced could
leave the catalyst surface; however, the carbon atom remained on the
catalyst surface and did not take part in the reaction for CO production.
According to the literature [25], this fact is related with the formation
of carbon deposits on Nickel surface.

Furthermore, in Table 4 it can be seen the conversion of both CH,,
and CO,, decreased as the Ni content exceeded 14 wt%. This is probably
due to a lower global surface of Ni content due to the formation of
larger clusters. This is also clear in the case of Ni-C1 with lower Ni
content (hence higher surface area due to less Ni clusters) gives higher
conversion i.e. 56% of CH4 and 78% of CO,. However, this was only for
a short period of time of approximately 1 h. After that the conversion
was dropped dramatically almost to zero. This may be ascribed to the
fact that the higher initial methane conversion produced high amount
of active carbon species (Eq. (2)) that did not to react with CO, (Eq.
3-4) and deposited on the catalyst surface, thus clogging the active
centres and leading to a rapid deactivation of the catalyst.

The influence of the reaction temperature on the catalytic perfor-
mance of Ni-C2 was also studied. For this purpose, catalytic test at 700,
800 and 900 °C were carried out and the results obtained are presented
in Fig. 7. From the results it seems that the highest conversions of CH,4
(50%) and CO, (66%) were achieved at 900 °C. However, increasing the
conversion of 7% over a temperature increase of 100 °C is not very
energetic. On the opposite, the dry reforming reaction did not occur at
700 °C, they were probably suppressed by the water gas-shift reaction
or other reaction. The higher reaction temperature e.g. 1000 °C was not
used, because the high energy intensity (at such high temperatures)
brings only a small increase in conversion. Li et al. [26] performed dry
reforming on Fe rich biomass derived char and conversion at 800 °C
was around 90%, but only for 120 min., after that the conversion was
drastically decreased. But these high conversions were probably con-
nected with 10 times lower gas hourly space velocity (GHSV) in the
reactor as compared to the present studies. Fidalgo et al. [18] used a
carbon-supported nickel catalysts and conversion was a little higher as
compared to the present study, but again in this case the GHSV sig-
nificantly lower. Izhab et al. [27] studied dry reforming at low tem-
peratures around 650-750 °C, their conversion was a little higher
(approximately 11-17%) at the half of GHSV as compared to the pre-
sent study. Based on these comparisons with the literature studies that
used carbonaceous support, Ni-C2 catalysts seems to be quite compe-
titive.

During all experiments, the CO, conversion was higher than that of
CH,. This fact has been reported by other authors too [28,29]. It is
mainly explained on the basis of basic centres present on the catalyst
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Table 5
Main products formed in the upgrading of biomass/cellulose pyrolysis vapours.

Feedstock/Catalyst Yield (mmol g~ 1)

H, co CH4 CO,
cellulose 1.3 1.2 0.9 6.2
spruce sawdust 1.2 0.9 1.2 6.3
cellulose/Ni-C2 17.1 3.1 1.1 11.9
spruce sawdust/Ni-C2 14.1 2.6 1.3 10.2
cellulose/20%Ni/ZrO, [36] 11.2 4.4 1.5 5.0
cellulose/10% NiCo,/SBA-15[38] 13.4 16.6 2.1 12.4

surface, where adsorption of CO, takes place faster than that of CH,.
Excess CO, at active sites could participate in reactions such as the
reverse-Boudouard and reverse-water gas shift, consequently higher
CO,, conversion is achieved, and higher amount of CO is produced.

Please note that the conversions of CH, and CO, in the present study
are smaller as compared to the ones on Ni-based catalysts reported in
literatures [10,30-33]. This is may be attributed to bigger Ni crystallite
size on the support surface (approximately from 30 to 90 nm) compared
to the literature studies (approximately from 8 to 30 nm)[29]. How-
ever, the main advantage of the Ni/carbonaceous catalyst system pre-
sented in the present study is its enhanced stability towards deactiva-
tion. Furthermore, it benefits from naturally occurring material for its
synthesis. To synthesized Ni/carbonaceous catalyst with smaller Ni
particle and high Ni content, additional work will be performed in the
future.

3.3. Catalytic upgrading of vapours from biomass pyrolysis

The composition of gaseous products formed in non-catalytic and
catalytic pyrolysis of biomass (spruce sawdust) and cellulose is pre-
sented in Table 5. The efficiency of thermal conversion of both types of
the feedstock was low and allowed for production of similar amounts of
hydrogen (1.3 and 1.2 mmol g~ in the case of cellulose and spruce
sawdust, respectively). However, the application of Ni-C2 catalyst
(which was the most active in dry reforming reaction) resulted in
considerable (more than 10 times) increase in H, content in comparison
to non-catalytic process (17.1 and 14.1 mmol g~ in the case of cel-
lulose and spruce sawdust, respectively). Simultaneously, carbon di-
oxide and carbon oxide yields increased 2-3 times, while CH, content
remained on the same level.

The obtained results indicate that the presence of Ni allows for the
production of higher amount of gaseous compounds, which is con-
nected with facilitation of the cleavage of C-C and C-O bonds present in
the liquid products of lignocellulosic feedstock decomposition by pyr-
olysis (i.e. alcohols, phenols, creosols, organic acids). The molecules of
hydrocarbons with oxygen derivatives can be easier converted into
permanent gas such as H,, CO, CO, and CH,4 [34]. An increase in the
hydrogen yield in the case of catalytic process results also from con-
tribution of both steam reforming and water-gas shift reaction, which
can proceed in the presence of water molecules formed in the first step
of thermal decomposition of biomass [35].

It is worth to mention that an application of Ni/carbonaceous ma-
terial catalyst allowed to obtain higher hydrogen yield than that ob-
served in the case of the use of Ni supported on a commercial silica,
alumina, ceria, Ni/CaAlOy or even bimetallic Ni-Co/SBA-15 [36-38].

4. Summary and conclusion

Supported Ni based catalysts were synthesized by using naturally
occurring material (raw spruce sawdust) used as precursor for carbo-
naceous support. Wet impregnation of sawdust with nickel nitrate fol-
lowed by microwave pyrolysis resulted in Ni/carbonaceous materials
that were used as catalyst. During microwave pyrolysis the removal of
organic vapours from sawdust led to a honeycomb-like structure of
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carbonaceous support material in Ni/carbonaceous catalyst system.
Thus, adding an advantageous feature to the catalyst that can improve
its performance in applications that involve large molecules and/or
suffer from mass transfer limitation.

The synthesized catalysts were employed in dry reforming of me-
thane as well as in catalytic upgrading of vapours from pyrolysis of
biomass. It was demonstrated that the catalyst sample with 13.4 wt% Ni
showed good catalytic activity in dry reforming of CH,, giving average
conversions of 43 and 58% for CH4 and CO,, respectively.

Furthermore, it exhibited good resistance towards deactivation by
showing only a slight decrease in conversion after 6 h of time-on-
stream. It was shown that the use of catalyst in upgrading of vapours
derived from biomass pyrolysis allowed for considerable increase in H,
content in the mixture of gaseous products in comparison to non-cat-
alytic process.
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Abstract

Over the past decades, a great deal of experimental work has been carried out on the development of
pyrolysis processes for wood and waste materials. Pyrolysis is an important phenomenon in thermal treatment of
wood, therefore, the successful modelling of pyrolysis to predict the rate of volatile evolution is also of great
importance. Pyrolysis experiments of waste spruce sawdust were carried out. During the experiment, gaseous
products were analysed to determine a change in the gas composition with increasing temperature. Furthermore,
the model of pyrolysis was created using Aspen Plus software. Aspects of pyrolysis are discussed with a
description of how various temperatures affect the overall reaction rate and the yield of volatile components. The
pyrolysis Aspen plus model was compared with the experimental data. It was discovered that the Aspen Plus
model, being used by several authors, is not good enough for pyrolysis process description, but it can be used for
gasification modelling.

Keywords: Pyrolysis, Spruce sawdust, Modelling, Aspen Plus

1 INTRODUCTION

Pyrolysis is a thermochemical decomposition process at elevated temperature in absence of oxygen. The
pyrolysis gas contains mainly H,, CO, CO,, CH,, and others light hydrocarbons such as C,H,, C,H,, C,Hg, C3Hg,
C;3H;. Pyrolysis of biomass yields gases, liquids (so-called bio-oils), and a carbonaceous residue (so-called bio-
char). The obtained yields depend on the feedstock composition and pyrolysis conditions. There are three types
of pyrolysis: fast pyrolysis with a typical maximum bio-oil yield of around 60-80 wt. % at very short residence
times, convectional pyrolysis with equal yields of product at middle residence time (minutes), and as the last,
slow pyrolysis with a maximum solid yield of around 60-80 wt. % at very long residence time (hours) [1].
Cellulose, hemicelluloses, and lignin are typical main compounds of wood. The amounts of these compounds are
dependent on the type of wood. Water and inorganic elements are further components of wood.

The pyrolysis of wood is typically initiat e d at -2alle@ torfefitiof) 8nd lasts till the temperature
of 450-550°C is achieved, depending on the species of w
important role in the thermal treatment of wood sawdust, since the products of this stage, namely gas and char
combustion, respectively, release thermal energy. The sawdust is not combustible directly, because its particle
size distribution is not suitable. Therefore, it is necessary to use the briquetting, but that is another input energy
and loss of money. The next possibility is to use it as a build material in OSB tables. Recently, the market is
oversaturated with sawdust and thus its use for pyrolysis can be acceptable. In order to design a sawdust
treatment process, a techno-economical model can bring interesting information [3]. The primary objectives of
these models are to provide a diagnostic tool for evaluating the importance of various system parameters and
identify system characteristics useful for experimentalists and comparisons between them. The pyrolytic
decomposition of wood involves a complex series of reactions, and consequently, changes in experimental
heating conditions or sample composition, and preparation may affect not only the rate of reaction, but also the
actual course of reactions. The conversions of wood materials to liquids and gaseous products were the processes
of great interest in many experiments [4]. Second-generation biofuels are seen as a solution for further increasing
the share of renewable energies in the transport sector while reducing the negative impacts associated with
conventional biofuels. In fact, there is an important potential of lignocellulosic biomass from forest residue,
agricultural waste, and energy crops which is still unused and potentially suitable for bioenergy production with
low environmental impact. Maximizing the use of residual biomass is necessary in order to fulfil the targets for
biofuel share and greenhouse gas emission reduction set up in the proposal for renewable energy directive.
Nevertheless, converting wood and biomass into liquid fuels is not an easy task and adequate technologies are
needed [5].

2 EXPERIMENTAL PART

The spruce sawdust was used as a pyrolysis material. The ultimate and proximate analyses were made
based on the elemental analysis and thermogravimetric analysis. The results of the analyses are listed in Table 1.
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Table 1: Ultimate analysis and proximate analysis of spruce sawdust
Ultimate analysis Proximate analysis
component wt. % component wt. %
C 51.75 Moisture 17.30
H 6.09 Volatiles 77.51
N 0.96 Fixed C 21.89
O* 40.60 Ash 0.60

* oxygen was calculated to 100 wt. %

A stainless steel reactor was used for thermal treatment of the waste spruce sawdust. The schema of the
experimental apparatus is shown in Figure 1. The sawdust sample, 100 g in weight, was used as FEED in the
reactor which was heated at a heating rate of 5 °C/ mi
8 0 0 at AnGnterval of approximately of 5 0 ° C.  Tpliase is dolieaged ih ttle cylindrical container in the
middle of the equipment and a continuous flow of cold water is passed through to maintain the heating effect of
the equipment. Acetone and Water are used as absorbents of volatile products, which were not collected in the
container after the cooler. While the gas is passing through these samples, the colour of the absorbent changes
with a change in the composition of gases. The solid residue remained in the reactor (stainless retort) and was
removed and weighed after cooling the reactor to laboratory temperature.

Water outiet

Initial inertization N,
—»

Residual vapors absorber

Waler inlet

Liquid collecting
container

Spruce sawdust -~ Gas sample bag

Gas volumetric
Acelone Water flow meter

Stamless refort

Electric fumace
Figure 1: Flow sheet of Experimental Setup

The samples of gases were collected in the Tedlar bags and analysed on chromatography to find the
composition of CHy;, CO, H,, and CO,. The compositions of gas samples were determined by the gas
Chromatography Agilent 7890A with a flame ionization detector and a thermal conductivity detector. A
Micropacked column (2 m x 0.53 mm) was used in the chromatograph to separate gaseous components. The
result of all the sampling is elaborated in the graphs below (Figures 2 and 3). The gas composition was measured
at different intervals of temperatures. The liquid and solid products were weighed, and the mass balance of
pyrolysis was created.

GeoScience Engineering Volume LXII (2016), No. 1
http://gse.vsb.cz p. 11-16, ISSN,#802-5420

Download Date | 5/23/17 6:36 AM


http://gse.vsb.cz/

]38 DE GRUYTER

_— OPEN
G DOI: 10.1515/gse-2016-0003 13
60
HCO
mCcoz2
50 1= ECH4 [T
mH2
— 40 T
¥ i
3
5 |
3 30 -
=2 4
£
8
g |
o0 RR AR
10 il - e . . .
0 ,
285 300 310 325 350 440 480 515 555 595 630 680 800
Temperature (°C)

Figure 2: Change in gas composition (CO, CO,, CH4, and H,) during pyrolysis
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Figure 3: Change in gas composition (light hydrocarbons) during pyrolysis

3 SIMULATION OF PYROLISIS

This work presents a model of a pyrolysis reactor based on an equilibrium model approach implemented
in Aspen Plus®. Unlike other works, which implement the pyrolysis reactor as a black box unit giving an a priori
defined pyrolysis product composition, the use of an equilibrium approach permits a really predictive simulation,
which estimates yields and compositions of pyrolysis products depending on reactor conditions. Aspen Plus® has
advanced and dedicated functionalities, such as detailed heat exchanger design, dynamic simulation, batch and
reactor process modelling. It also provides the option to use an equation-based approach in some of its routines,
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which permits convenient use of design. External FORTRAN files are used in the Aspen Plus® user subroutine

for the description of complex mechanisms. Property methods: PENG-ROB is used as a base property method

for the whole system. Spruce sawdust and char components were defined as non-conventional components based

on their ultimate analysis including C, H, O, N, S; CI and Ash elements, and proximate analysis (see Table 1).

The syngas production from the spruce sawdust was done at temperatures in a range of 300-8 00 ° C and
atmospheric pressure (101325 Pa) was used.

COOLER
DECONP REACTOR
- o
‘ BT 5 [ecena] SYNGAS ) SMES-G-L SEPARATE
[
| RYIELD RGIBBS

SOLDS

Figure 4: Flowsheet of decomposition and pyrolysis of spruce wood

. __PECOMPPL__ _
1LATOR

The flowsheet of syngas production is shown in Figure 4. The spruce wood was decomposed in the
RYIELD reactor (a reactor where stoichiometry and kinetics are unknown parameters) to the elements by the
ultimate analysis. These elements passed to the RGIBBS reactor (a reactor with a phase equilibrium or
simultaneous phase, and a chemical equilibrium in vapour-liquid-solid systems) where syngas was created by
thermodynamics equilibrium for a given temperature and pressure. The solid residue was divided in the RGIBBS
reactor . The vapour mi xt u#nédivided @ a separaol (ELASHR)ao gi2e®and® C by a
liquid (represented by water only). The gas composition produced by pyrolysis was important as those gases are
created from elements by the thermodynamic equilibrium at given temperature and pressure.

4 RESULTS

The yields of pyrolysis products (gas, liquid, and solid) are shown in Figure 5. The amount of solid
residue was around 25 wt. % at 6 0 O aifd @]lates to the content of fixed carbon. At higher temperatures, the
water gas shift reaction started, carbon monoxide and hydrogen were created, and the amount of carbon began to
decrease. This part significantly differs from the e
collected after the cooler in a condensate container, so it could not react with carbon in the reactor at higher
temperature. The amount of gas product increased with increasing temperature, which was observed by many
authors [6, 7]. The gas composition of pyrolysis product is shown in Figure 6. The concentration of CO and H,
increased with increasing temperature. The increases in the CO, H, content relate to the decreasing
concentrations of CO,, H,0, and CH,. The concentrations of light hydrocarbons were in a range on 400-5 0 0 ° C,
after that, light hydrocarbons were decomposing, which resulted in increases of H, concentrations. On the other
hand, a half of the volume of produced gaswas cr eat ed bel ow 400 °C that means

100
] | ——aGAses \
BO +{ —B—LIQUIDS [---nmmmmmmmmmmmmmmmmmmmmmmmmm oo oo s T oo
SOLIDS

Ylald of products (wt. %)
8 g

M
o
L

Temperature (*C)

Figure 5: Yields of products from simulation of spruce sawdust pyrolysis
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Figure 6: Gas compositions from simulation of spruce sawdust pyrolysis

This increasing content of CO, H, had a huge effect on the low heating value of the produced syngas
(shown in Figure 7). When multiplying the low heating value and the volume of produced syngas, we will get
the energetic potential of produced syngas related to 1 kg feed of spruce sawdust; it is more energy than in the
raw wood (approximately 14 MJ/kg). The heating value of solid residue was not calculated, because the biochar
is better to use as bio-fertilizer then the solid fuel.
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Figure 7: Gas lower heating value and total amount of energy in produced syngas

5 CONCLUSION

The process of spruce sawdust pyrolysis in the laboratory was compared with the model created in the
AspenPlus software. Figures 2, 3 and Figure 5 show great differences between the aspen plus model and
experiments. It is obvious that the modelling through the decomposition and subsequent formation of gas based
on the thermodynamics equilibrium is not appropriate for the modelling of pyrolysis process. There are articles
where authors [8] used only a model without comparative experiments, and those results are misleading. The
industrial application of the spruce sawdust pyrolysis model can be used, but only for the gasification process,
not for the pyrolysis process. The pyrolysis model must contain a chemical reaction of individual wood
compounds (cellulose, hemicellulose, and lignin) which is highly dependent on temperature and chemical
composition of ash (catalytic effect). One of pyrolysis products is a liquid condensate, which contains hundred
organic oxygenate compounds (phenol, cresols, organic acids, etc.), and creating these products is impossible to
model without knowledge of chemical reactions kinetics.
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Aspen Plus is a suitable tool for creating a techno-economic performance analysis of the pyrolysis or
gasification processes [9, 10]. However, it is necessary to create a suitable model, which will reflect the
experimental conditions, duration and progress of process.
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