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Streszczenie:
W niniejszej pracy zaprezentowano matematyczny opis procesu fermentacji

anaerobowej biomasy lignocelulozowej w kontekscie wstepnej obrobki mechanicznej. Na
podstawie szerokiego przegladu literatury wykazano luki w wiedzy obejmujace brak
wiarygodnych modeli matematycznych uwzgle¢dniajacych dostepng powierzchni¢ materiatu dla
fazy hydrolizy oraz brak wiedzy dotyczacej wptywu lignin w formie statej na faz¢ produkcji
metanu w procesie fermentacji anaerobowej. W toku realizacji pracy zaprojektowano oraz
wykonano stanowisko badawcze do prowadzenia procesu fermentacji anaerobowej. Do badan
wykorzystano substraty modelowe: celuloze mikrokrystaliczng oraz ligniny kraft. Opracowano
nowe modele matematyczne uwzgledniajace ubytek dostepnej powierzchni hydrolizowanego
materiatlu oraz wykazano ich adekwatno$¢ na podstawie poréwnania z modelem kinetyki
rzedu I. Wykazano rowniez, ze w okre§lonych warunkach ligniny w formie stalej moga mie¢

negatywny wplyw na proces metanogenezy.

Stowa kluczowe: modelowanie, geometria czastki, kinetyka procesu degradacji powierzchni,

inhibicja, fermentacja anaerobowa

Summary:

A mathematical description of the anaerobic fermentation process of lignocellulosic
biomass in the context of mechanical pre-treatment was presented in this thesis. Based on an
extensive literature review, knowledge gaps were identified, including the lack of reliable
mathematical models taking into account the available surface area of the material for the
hydrolysis phase, and the lack of knowledge on the effect of solid lignins on the methane
production phase in the anaerobic fermentation process. During work a research stand for the
anaerobic fermentation process was designed and constructed. Model substrates:
microcrystalline cellulose and kraft lignin were used for the research. New mathematical
models were developed, taking into account the loss of the available surface of the hydrolysed
material, and their adequacy was demonstrated on the basis of a comparison with the 1% order
kinetic model. It was also shown that under certain conditions, solid lignin may have a negative

impact on the methanogenesis process.

Keywords: modeling, particle geometry, surface-related kinetics, inhibition, anaerobic
digestion
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1. Wprowadzenie

Biomasa lignocelulozowa stanowi ogromne zrodto substratu do produkcji biogazu
w procesie fermentacji anaerobowej (Mustafa et al., 2016). Lignoceluloza charakteryzuje si¢
unikalng, strukturg, ktora utrudnia jej efektywne wykorzystanie w procesie fermentacji
anaerobowej (Solé-Bund6 et al., 2017). Fakt ten powoduje, ze w celu jej efektywnego
wykorzystania, lignoceluloza powinna by¢ poddana odpowiedniej obrébce wstepnej,
pozwalajgcej na zwigkszenie Kinetyki produkcji oraz uzysku biogazu z jednostki substratu (Li
et al.,, 2019). Wada wielu metod obrobki wstgpnej jest wytwarzanie inhibitorow procesu
fermentacji takich jak hydroksymetylofurfural i furfural z celulozy i hemicelulozy (Atelge et
al., 2020). Czesto stosowang obrobka wstepng jest oddzialywanie na materiat substancjami 0
wysokim pH, takimi jak wodorotlenek sodu (Sotowski et al., 2020). W efekcie powstaja fenole
oraz rozpuszczalne w wodzie ligniny (Lorenci Woiciechowski et al., 2020; Venturin et al.,
2018), ktore sg inhibitorami nie tylko hydrolizy, ale rowniez kwasogenezy i metanogenezy
(Koyama et al., 2017). Nalezy jednak zaznaczy¢, ze cato$¢ lignin nie zostaje rozpuszczona, a
w materiale pozostaje cze$¢ lignin w formie nierozpuszczonej, statej. Mozliwy, negatywny
wplyw lignin w formie stalej nie zostal dobrze zbadany. W szczegolnosci wplyw lignin w
formie stalej na faz¢ metanogenezy pozostaje lukg w wiedzy. Co istotne, inhibicja tej fazy moze
doprowadzi¢ do niebezpiecznych zaburzen procesu takich jak nadmierna akumulacja lotnych
kwasow tluszczowych (LKT), prowadzaca do zatrzymania procesu (Ma et al., 2013; Nguyen et
al., 2019; Zhang et al., 2015). Zagadnienie to nabiera szczegdlnej wagi w kontekscie obrobki
mechanicznej materiatu, podczas ktorej nie dochodzi do rozktadu lignin, a jedynie do zmiany
fizycznych wlasciwosci materialu, zatem catos¢ lignin pozostaje w formie stalej. Nalezy
rowniez zaznaczy¢, ze w wyniku obrobki mechanicznej nie powstaje szkodliwy
hydroksymetylofurfural i furfural, a zatem ligniny w formie stalej pozostaja jedynym
potencjalnym zroédtem inhibicji fazy metanogenezy. Jednoczes$nie istnieje konieczno$¢ redukcji
wymiaru czastek lignocelulozy, do wartosci 1-2 mm celem uniknigcia zaburzef transportu
masy w trakcie procesu (Bochmann and Montgomery, 2013; Kratky and Jirout, 2011).
Kluczowymi parametrami sg wymiar i geometria czastek, ktére zmieniaja si¢ w wyniku
réznych obrobek wstepnych materiatu lignocelulozowego niezbednych do przeprowadzenia
efektywnego procesu fermentacji anaerobowej. Parametry te maja wptyw przede wszystkim na
dostgpnos¢ wyspecjalizowanych mikroorganizméw do powierzchni celulozy i wynikajacy
ztego zwigkszony uzysk gazu oraz zwigkszong kinetyke tego procesu. W przypadku

fermentacji anaerobowej lignocelulozy hydroliza jest etapem decydujacym o wydajnosci



calego procesu, a obrobka wstgpna ma na celu skrocenie czasu trwania tego etapu (De Sanctis
etal., 2019; Karimi and Taherzadeh, 2016). Problematyczna, niska kinetyka hydrolizy celulozy
jest zwigzana z reakcjami enzymatycznymi, takimi jak warunki reakcji, aktywnos¢ celulazy,
blokowanie si¢ enzymow (ang. enzyme jamming), inhibicja kompetycyjna i niekompetycyjna
oraz wlasciwosciami materiatu takimi jak stopien krystaliczno$ci, stopien polimeryzacji,
dostepnos$¢ i struktura powierzchni czy wymiar czastek (Kumar and Wyman, 2009; Monschein
et al., 2013). Istnieje wiec potrzeba rozwijania wiedzy naukowej dotyczacej zwigzku
wiasciwosci celulozy z kinetykg jej hydrolizy (Koyama et al.,, 2017; Li et al., 2016),
w szczegolnosci z dostgpnoscig powierzchni dla enzymow hydrolitycznych (Fierobe et al.,
2002). Bardzo istotng wlasciwoscia celulozy, majaca wplyw na przebieg procesu fermentaciji,
jest jej stopien krystalicznosci (Li et al., 2019; Yu et al., 2012). Na podstawie wynikow badan
stwierdzono, ze spadek krystalicznosci celulozy, bedacy efektem obrobki mechanicznej, jest
nieodlacznie zwigzany ze zmiang innych wlasciwosci takich jak powierzchnia wiasciwa
I wymiar czastek (Yu et al., 2012; Yuan et al., 2014). Brak jest natomiast wiedzy dotyczacej
wplywu wymiaru czastek na kinetyke procesu, w sytuacji gdy stopien polimeryzacji
i krystaliczno$ci celulozy jest taki sam mi¢dzy porownywanymi probkami celulozy roznigcymi
si¢ wymiarami czastek oraz powiagzang z tym powierzchnig wlasciwa materiatu. Co wigcej,
W procesie fermentacji anaerobowej celuloza jest hydrolizowana przez cellulosomy, ktore sa
wieloenzymatycznymi kompleksami posredniczacymi w procesie hydrolizy miedzy czastkami
celulozy a mikroorganizmami (Adams et al., 2010; Bayer and Lamed, 1986). Po przytaczeniu
do czastki celulozy, cellulosomy utrzymujg kontakt miedzy bakterig a czastka celulozy oraz
szybko rosng (Bayer and Lamed, 1986). Uwzglednienie zmian powierzchni w modelu
opisujacym proces ma zatem istotne znaczenie. Kinetyka reakcji enzymatycznych kontroluje
proces, w sytuacji gdy ilo§¢ enzymow przekracza ilos¢ dostepnych miejsc adsorpcji. W tym
przypadku reakcja hydrolizy celulozy moze by¢ dobrze opisana z wykorzystaniem réwnania
kinetyki pierwszego rzedu (Batstone et al., 2002; Garcia-Gen et al., 2015; South et al., 1995;
Vavilin et al., 2008). Model ten nie uwzglednia jednak ubytku dostepnych miejsc adsorpcji
enzymoéw w czasie, powigzanego z wymiarem i ksztaltem czastek, co stanowi kolejng luke
w wiedzy. Dotychczas zaproponowano kilka modeli biorgcych pod uwagg zjawisko ubytku
dostepnej powierzchni w procesie hydrolizy czastek stalych, niemniej zagadnienie to wymaga
dalszego rozwoju (da Rocha et al., 2013; Sakimoto et al., 2017; Vavilin et al., 1996).
W niniejszej pracy podjeto probe uzupelienia zidentyfikowanych Iuk w  wiedzy.

Sformutowano hipotezy i cele badawcze. Przedstawiono dyskusje wynikow oraz najwazniejsze
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wnioski. Wszystkie zagadnienia prezentowane w niniejszej pracy zostaly w szczegodtach

rozwinigte i opisane w publikacjach naukowych stanowiacych jej zataczniki.

2. Problem i hipotezy badawcze

1)

2)

1)

2)

Na podstawie obszernego przegladu literatury stwierdzono nastepujace luki w wiedzy:

Model kinetyki pierwszego rzedu nie wystarcza do prawidlowego opisu hydrolizy
lignocelulozy w procesie fermentacji anaerobowej;

Brak informacji dotyczacych wplywu lignin w formie statej na faze metanogenezy.
Sformutowano nastepujace hipotezy badawcze:
Modele uwzgledniajace ubytek dostepnej powierzchni celulozy lepiej opisuja proces jej

hydrolizy w procesie fermentacji anaerobowej;

Nierozpuszczone ligniny sg inhibitorem zar6wno hydrolizy, jak i metanogenezy.

3. Cel badan

1)

2)

Cele naukowe:

Opracowanie nowego modelu uwzgledniajacego ubytek dostepnej powierzchni podczas
hydrolizy celulozy w procesie fermentacji anaerobowej.

Zbadanie potencjalnego wplywu nierozpuszczalnych lignin na hydrolize 1
metanogeneze procesu fermentacji.

Cel utylitarny:

Opracowanie wytycznych dotyczacych projektowania reaktorow fermentacji

anaerobowej materiatow lignocelulozowych.
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4. Metodyka badan
4.1 Przygotowanie probek — separacja sitowa

Celuloz¢ mikrokrystaliczng (ang. microcrystalline cellulose, MCC) Flocel 102
zakupiono na lokalnym rynku i rozdzielono przy uzyciu wibracyjnego separatora sitowego
LAB-11-200/UP. Zestaw mial wymiary sit otwierajacych w kolejnosci od dotu do gory przy:
20, 32, 45, 56, 100, 150, 212 i 300 um. Zestaw spoczywal na dnie bez otworéw. Zestaw sit
dobrano na podstawie wstepnego testu tak, aby okoto potowa probki materiatu przeszta przez
oczka o $rednim rozmiarze. Masa pojedynczej probki celulozy poddanej separacji wynosita 50
g. Czas przesiewania wynosit 300 s i byt kontrolowany za pomocg stopera. Czas przesiewania
okreslono na podstawie wstepnych eksperymentéw. Otrzymano siedem probek frakcji czastek

0 wymiarach od 20 um do 300 um.

4.2 Oznaczenie wilgotnosci materiatu

Wilgotno$¢ materialu zbadano z wykorzystaniem suszarki laboratoryjnej SLW 115.

Materiat suszono w 105°C przez 24 h.

4.3Mikroskopia elektronowa

Obrazy losowo wybranych probek uzyskano metoda skaningowej mikroskopii
elektronowej (ang. scanning electron microscopy, SEM, FEI Quanta 200 z modelem
mikroanalizatora EDS i cyfrowym zapisem obrazu) w Centrum Analitycznym SGGW. Aby
uzyska¢ obrazy SEM, pobrano kilka czastek z kazdej frakcji i umieszczono w komorze

prozniowe;.

4.40znaczenie gestosci wlasciwej

Gestos¢  czastek mierzono za pomoca stereopiknometrii  helowej (piknometr
Quantachrome Instruments). Probke MCC umieszczono w celi pomiarowej o pojemnosci
Vc =100 cm?. Dla tego stanu rejestrowano ci$nienie p1 helu w celi pomiarowej. Nastepnie
otwierano zawor, przez ktory gaz kierowany byt do celi referencyjnej o objetosci Va i mierzono

jego cisnienie p2 (Gilvari et al., 2019). Rzeczywistg gestos¢ MCC okreslono jako:

m
PL_ v
V=V ——1
c A/(p2 )

p= )

12



gdzie p to rzeczywista gesto$é (g-cm™), m to masa probki MCC (g), Vc to objetosé celi
pomiarowej (cm?3), Va to referencyjna objetosé celi (cmq), p1 to cisnienie w celi pomiarowe;

(MPa), a p2 to ci$nienie w celi odniesienia (MPa).

4.50znaczenie stopnia polimeryzacji

Stopien polimeryzacji zmierzono metoda wiskozymetryczng. Lepko$¢ roztworu
zmierzono za pomocg wiskozymetru Ubbelohdego o $rednicy kapilary 0,84 mm (Schott
Instruments). Rejestrowano czas wyptywu roztworu celulozy co 10 min przez 2 h dla kazdej
probki wazacej okolo 0,4 g. Temperatura kapilary wynosita 25 + 0,1°C. Stopief polimeryzacji
obliczono za pomocg rownania Immerguta:

DP®* =K -[n], )

gdzie DP to $redni stopien polimeryzacji (-), [#] to srednia (wagowo) lepkos¢ istotna (-), a K
ia to state réowne odpowiednio 1,65 g-em™ i 0,9 (Evans and Wallis, 1989). Aby
zminimalizowa¢ szkodliwy wptyw roztworu miedzi (II)-etylenodiaminy (CUEN), przez

ekstrapolacje obliczono stopien polimeryzacji dla zerowego czasu retencji.

4.6 Oznaczenie stopnia krystalizacji

Krystaliczno$¢ probek MCC (okoto 0,5 g) oceniano metoda dyfraktometrii
rentgenowskiej (ang. x-Ray diffraction, XRD) ze zrodtem promieniowania Cu Ko (dtugos¢ fali
L =1,5418 A) przy napieciu 30 kV i pradzie 25 mA. Zakres skanowania wynosit 20 = 5-30° z
krokiem 0,04°, a czas zliczania impulsow 3 s. Krystaliczno$¢ celulozy obliczono metoda

dekonwolucji XRD (Hindeleh and Johnson, 1971; Park et al., 2010).

4.7 Oznaczenie powierzchni wlasciwej

Powierzchni¢ wtasciwag (ang. specific surface area, SSA) wyznaczono metoda
Brunauer’a- Emmett’a-Teller’a (BET). Przed pomiarem probki odgazowano W prozni przez 24

godziny w 105°C w celu usuni¢cia wody i innych zanieczyszczen. Pomiary przeprowadzono
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za pomocg analizatora pola powierzchni QUADRASORB SI. Wszystkie niezbedne obliczenia

wykonano za pomocg oprogramowania analizatora.

4.8 Wyznaczenie wskaZnika retencji wody

Wyznaczenie wskaznika retencji wody (ang, water retention value, WRV) wykonano
zgodnie z opublikowanym protokotem (Gao et al., 2017; Lu et al., 2019). Probke 1 g MCC
odwazong z doktadnos$cia do 0,1 mg umieszczono w probowce wirdwkowej zawierajacej wode
dejonizowang (10 ml), wymieszano i pozostawiono na 24 godziny. Nastepnie probki
odwirowano (3000 g przez 20 min), a supernatant zdekantowano. Pozostate mokre probki MCC
zwazono i suszono w piecu przez 10 godzin w 105 °C. Nastgpnie obliczono wskaznik retencji

wody (WRV) jako:
WRV = M’ 3)

Waried

gdzie WRV to wskaznik retencji wody (g H20-g™), Wuwet to masa mokrej probki po odwirowaniu

(9), @ Waried to masa probki po wysuszeniu (g).

4.9 Fermentacja anaerobowa

Badania fermentacji anaerobowej wykonano na specjalnie do tego celu
zaprojektowanym stanowisku badawczym (rys. 1) zgodnym z normag VDI 4630 (Verein
Deutscher Ingenieure, 2014). Pomiar ilosci wyprodukowanego gazu opierat si¢ na metodzie
wypartej solanki (ang. brine displacement method) (Ran et al., 2018; Xin et al., 2018).
Reaktory, do ktorych uprzednio wprowadzono inokulum oraz badany substrat umieszczono
W tazni wodnej w temperaturze 37°C. Wyprodukowany gaz wypieral nasycony roztwor chlorku
sodu z butelek umieszczonych poza taznig, do ktorych gaz doprowadzono niebieskim (rys. 1)
przewodem polietylenowym. Wyparta ciecz byla nastepnie wazona na wadze elektronicznej z

doktadnos$cig +/- 0,19, a nastepnie przeliczana na objetos¢ suchego gazu.
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AN o \eESoagmeeY \ 3
Rys. 1. Stanowisko do badan procesu fermentacji zgodne z VDI 4630

Pomiar sktadu gazu wykonywano za pomoca urzadzenia GasData GFM 406 (rys. 2).

Mierzono zawarto$¢ dwutlenku wegla oraz metanu w zakresie 0-100% z doktadnos$cia do 1%.

Rys. 2. Analizator gazu GasData GFM 406
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Eksperymenty wykonywano z wykorzystaniem inokulum pochodzacego z biogazowni
rolniczej zlokalizowanej na terenie wojewodztwa mazowieckiego. Wykonano dwa
podstawowe eksperymenty.

W pierwszym eksperymencie fermentacji poddano probki MCC o réznych wymiarach
czastek. Do reaktorow wprowadzono 1800 ml inokulum oraz 10 g MCC. Badania wykonano
trzykrotnie dla kazdej z probek. Inokulum zawierato 3,1% +0,05% suchej substancji oraz 63,2%
+ 0,05% suchej substancji organicznej. Stosunek inokulum do substratu w przeliczeniu na suchg
substancje organiczng wynosit 3,5:1 Eksperyment prowadzono przez 25 dni zgodnie z
zaleceniami normy VDI 4630.

W drugim eksperymencie, ktéry miat na celu zbadanie wplywu lignin w formie statej
na faze metanogenezy wykorzystano inokulum niezbalansowane. Byt to material z celowo
ostabiong kulturg organizméw prowadzacych faz¢ metanogenezy, tak aby ta faza procesu stata
si¢ fazg limitujaca proces, zamiast fazy hydrolizy. Do tego celu wykorzystano inokulum
pochodzace z poprzedniego eksperymentu, ktére nastgpnie bylo przechowywane
w temperaturze 20°C przez okolo 3 miesiagce, celem glodzenia i ostabienia organizméw fazy
metanogenezy, ktore sg najbardziej wrazliwe na niekorzystne zmiany srodowiskowe (Wintsche
et al., 2018). Czas wzrostu metanogenow jest dluzszy niz bakterii biorgcych udziat w
pozostatych etapach fermentacji anaerobowej (Manyi-Loh et al., 2013), co powoduje, ze
zaburzona rownowaga mig¢dzy populacjami mikroorganizméw prowadzacych poszczegdlne
fazy procesu mogta utrzymywac si¢ przez caly okres badania. W tym eksperymencie stosunek
inokulum do substratu wynosit 3:1. Do reaktorow dodano 10 g MCC oraz ligniny kraft
(370959, Sigma-Aldrich, USA) w dawkach 3, 7, 10, 13, 17 oraz 20 g. Przygotowano réwniez
proby z samg MCC (10 g) oraz ligninami (20 g). Odczyn pH inokulum wynosit 8.01 +0.01
(phmetr WTW ProfLine pH 3110 z elektroda SenTix® 41). Eksperyment trwat 70 dni.

4.10 Modelowanie

Efektem obrobki mechanicznej lignocelulozy jest zwiekszenie uzysku biogazu oraz
zwickszenie kinetyki produkcji. W przeciwienstwie do wielu innych metod dzieje si¢ to
poprzez mechaniczne struktury materiatu, a nie przez modyfikacj¢ chemiczng, w tym
rozpuszczenie lignin. Wspomniane wyzej efekty maja zwigzek z dostepnoscia powierzchni
celulozy. Dzieje si¢ tak dlatego, poniewaz w procesie fermentacji celuloza jest rozktadana przez

cellulosomy, mulit-enzymatyczne kompleksy rozktadajace czastki celulozy bedac do nich
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przytwierdzone. Mozna zatem zatozy¢, ze czastka po skolonizowaniu przez mikroorganizmy i
po zsyntezowaniu cellulosoméw jest hydrolizowana we wszystkich dostgpnych miejscach.
Zatozenie nasycenia powierzchni pozwala przyjaé, ze na powierzchni czastki reakcja hydrolizy

przebiega zgodnie z rownaniem kinetyki rzgdu I. Zatem prawdziwe jest rownanie:

aM
Ez _ks 'S’ (4)

gdzie: M to masa czastki (g), t oznacza czas (h), S to hydrolizowana powierzchnia (cm?) oraz

ks 0znacza statg kinetyki pierwszego rzedu zalezng od powierzchni (g-cm 2-h?).

Mozliwe jest zapisanie rownania celem uwzglednienia uwalnianej objetosci czastki uzyskujac:
av. —ks-S
dt p

()

gdzie V to objetosé czastki (cm®) oraz p oznacza gesto$é czastki (g-cm™).
Zaktadajac sferyczny ksztatt czgstki, uwalniana obj¢to$¢ materiatu moze by¢ zapisana
W nastgpujacy sposob:

dv _ —kg4mR?

=, ®

gdzie R oznacza promien czgstki (cm).

Mozna zauwazy¢, ze:

d_V:d_V.d_R:4_.7T.R2.d_R (7)
dt dR dt dt’
dlatego:
—Jo4r-R2
4-7T-R2-Z—f=%, (8)
a po uproszczeniach uzyskano:
dR  —kg
Frimhre 9)

Mozliwe jest zatem zbudowanie modelu izotropowego materiatu zakladajacego staly
ubytek czgstki w kierunku promieniowym. W takim przypadku mozna rowniez stwierdzi¢, ze
kinetyka reakcji jest proporcjonalna do dostepnej powierzchni materiatu. Prezentowane
zatozenie jest rowniez prawdziwe dla czastek cylindrycznych, zakladajac wylacznie
promieniowy rozktad czastek. Na podstawie prezentowanych zatozefn opracowano uproszczone

modele przedstawione ponizej.
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Model zaktadajacy ksztatt walca:

1 (1 b k-(t—-2) <1
BP-(1—(1—k-(t—1)2), s
B(®) = p, k- (t—)>1" (10)
0, t—21<0

oraz model zaktadajacy kulisty ksztalt czastki:

11— b k-t—21) <1
(BP-(1—(1—k-(t—2)%), SR
B(t) =\pp, k-(t—2)>1 1)
Lo, t—A<0

gdzie: BP to potencjat produkcji biogazu [ml/g], K to stata kinetyki pierwszego rzedu [1/h], A to
opoznienie reakcji [h].

Nalezy zwroci¢ uwage na fakt, ze zalezno$¢ kinetyki reakcji wyraza si¢ w strukturze
réwnania, a stata K to typowa stata kinetyki rzgdu I, co potwierdza jednostka. Szczegotowe
wyprowadzenie powyzszych rownan znajduje si¢ w zatgczonej publikacji nr 1.

Zaprezentowane modele poréwnano z modelem kinetyki pierwszego rzedu, ktory jest
czgsto stosowany do opisu hydrolizy materiatu lignocelulozowego:
BP-(1—exp(—k-(t—21))), t—1>0

12
0, t—1<0 12)

B(t) ={

4.11 Dopasowanie modeli

Modele parametryczne dopasowano z wykorzystaniem metody wazonych
najmniejszych kwadratow (z wyjatkiem dopasowania modelu do statych k w funkcji $redniego
wymiaru czastek, gdzie wykorzystano metode najmniejszych kwadratow bez wag). Do
dopasowania wykorzystano algorytm Levenberga-Marquardta poprzedzony algorytmem
uogodlnionego symulowanego wyzarzania (Xiang et al.,, 2013). W obu algorytmach
zastosowano parametry domyslne. Wspotczynnik wag obliczono jako lokalne nachylenie
krzywej produkcji biogazu (Vavilin et al., 2004) wg wzoru:

w; = B; — B4, (13)
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gdzie wi to wspotczynnik wagowy (ml-g ~1), Bi to warto$é krzywej produkcji biogazu w danym
czasie pomiaru i (ml-g ~1), a Bi.1 to poprzednio zmierzona warto$¢ krzywej produkeji biogazu
(ml-g~%).

Oceng dopasowania wykonano za pomocg globalnego btedu wzglednego:

§ =100y Y™ (zi — p)? / X1, zi2, (14)
gdzie n jest liczbg pomiaréw, a Z i p sg odpowiednio wartoSciami rzeczywistymi oraz
uzyskanymi z modelu.

Oszacowano btad dla krzywych, reprezentujacych pelny przebieg produkcji biogazu
oraz tylko dla ostatniego dnia proby, co nazwano btgdem koncowym.

Model nieparametryczny ,,smoothing spline” dopasowano do krzywych produkcji
biometanu za pomoca metody uogélnionej walidacji krzyzowej (ang. Generalized Cross
Validation, GCV), aby unikng¢ ,,przeuczenia” modelu. Wszystkie punkty pomiarowe uzyto
jako wezty modelu. W procesie aproksymacji zastosowano wagi, obliczane jako odwrotnos¢
zmierzonych, skumulowanych wartosci produkcji biometanu. Podejscie to wybrano na
podstawie wiasnych do$wiadczen autora. Pozostale parametry ustawiono jako domyslne.
Zastosowana funkcja ,,smooth.spline” pozwolita na obliczenie pochodnych skumulowanych
krzywych produkcji. Wszystkie obliczenia przeprowadzono przy uzyciu pakietu ,,R” (wersja
3.5.1).

4.12 Wyznaczanie inhibicji

Inhibicj¢ wyznaczono za pomoca wzoru:
T
I = (1 - T—’L‘) - 100% (15)
gdzie | oznacza wzgledna inhibicjg, rozumiang jako wydtuzenie czasu trwania danego etapu

procesu w odniesieniu do proby referencyjnej (%); Tr Czas trwania etapu procesu dla proby

referencyjnej (h); i TL czas trwania etapu procesu dla proby inhibitowanej (h).

4.13 Analiza statystyczna

Do poréwnania krzywych produkcji biogazu/biometanu wykorzystano test Kruskala—
Wallisa. Wartosci koncowej, skumulowanej produkcji biogazu/biometanu, wilgotnosci, oraz

gestosci wlasciwej przeanalizowano za pomocg analizy wariancji. Do zweryfikowania
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poprawnosci zatozen analizy wariancji wykorzystano test Levene'a na jednorodnos¢ wariancji
oraz test normalno$ci rozktadu Shapiro-Wilka. Relacje zmiennych analizowano za pomoca
metody regresji liniowej. Réznice uznano za istotne statystycznie przy p < 0,05. Analize

statystyczng przeprowadzono przy uzyciu pakietu ,,R” (wersja 3.5.1).

5. Wyniki i dyskusja

Probki MCC zbadano za pomocg mikroskopu SEM. Zdjecia wybranych probek
przedstawiono na rys. 3. Z obserwacji wynika, ze czastki majg ksztatt zblizony do walca lub
kuli, co jest zbiezne z zalozeniami nowych modeli. Warto zauwazy¢, ze najwigksze czgstki sg
aglomeratami mniejszych czastek. Pozostate wlasciwosci badanych probek przedstawiono
w tab. 1. Analiza wariancji wykazata, ze brak jest podstaw do stwierdzenia, ze poszczegdlne
frakcje celulozy istotnie ro6znig si¢ migdzy sobg pod katem zawartosci wilgoci (p>>0,05).
Wykazano istotne roznice w gestosci wiasciwej (p = 0,0008), niemniej rdéznice te zawieraly si¢
w bardzo waskim zakresie 1,581-1,603 g-ml3. Nalezy zatem stwierdzié¢, ze probki byty
homogeniczne pod wzgledem gestosci wiasciwej, a stwierdzone roznice, istotne statystycznie
byly wynikiem bardzo precyzyjnego pomiaru. W przypadku stopnia polimeryzacji
I krystaliczno$ci warto$ci rowniez zmienialy si¢ w bardzo waskim zakresie. W przypadku
stopnia polimeryzacji 328-336 a w przypadku stopnie krystalicznosci 56-60%, co sktania do
stwierdzenia, ze pod wzglgdem tych parametrow probki byty homogeniczne. Oznacza to, ze
podstawowa roéznicg migdzy badanymi probkami jest wymiar czastek, a pozostate wlasciwosci,
potencjalnie wplywajace na kinetyke procesu pozostajg niezmienne. Z tego wzgledu badany
zbidr probek ma charakter unikatowy. Wyniki badan na tego typu zbiorze nie byty do tej pory
publikowane.

Przygotowane probki MCC poddano procesowi fermentacji anaerobowej celem
uzyskania krzywych produkcji biogazu, ktore rys. 4. W tym przypadku do modelowania
wykorzystano krzywe produkcji biogazu zamiast krzywych produkcji metanu, poniewaz
krzywe produkcji biogazu uwzgledniaja dwutlenek wegla wytworzony podczas fazy hydrolizy.
Analiza statystyczna wykazata, Zze nie ma podstaw do stwierdzenia istotnych rdznic
w koncowym uzysku biogazu (analiza wariancji, p = 0.0622), jednak krzywe rdéznily si¢
kinetykg procesu (dla testu Kruskala—Wallisa p=0.0105), co daje podstaw¢ do dalszego

modelowania.
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Rys. 3. Zdjcia celulozy mikrokrystalicznej o wymiarach: a) 2032 wm; b) 32—45 um; c¢) 56100 um; d) 150-212 um.

a“
200.0pm

Tab. 1. Podstawowe wlasciwosci frakcji celulozy mikrokrystalicznej. SD oznacza odchylenie standardowe

Srednia  Zawarto$é \ivilgoci Gestos¢ whasciwa _Stopieﬁ B I’<’rystaliczno
Frakeja geo;r:;tryc : w.m. : polimeryzacji  §¢
m = = /1 ¢ n=
Wi SIS B SSnSd S waen=10 e
20<32 25 5,20 0,28 1,597 0,001 328 56
32<45 38 4,89 0,16 1,600 0,001 336 58
45<56 50 5,09 0,13 1,595 0,001 330 60
56<100 75 4,97 0,32 1,589 0,005 333 58
100<150 122 4,90 0,35 1,581 0,009 335 59
150<212 178 5,05 0,08 1,603 0,001 333 57
212<300 252 4,95 0,29 1,593 0,006 333 57

“ w.m. — wzgledem wilgotnej stubstancji.
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Rys. 4. Krzywe produlkcji biogazu dla kazdej z badanych probek. Kotka oznaczajq sredniq z trzech prob pomiarowych, pionowe
kreski oznaczajq odchylenie standardowe. Niebieskie, czerwone i zielone linie oznaczajg dopasowania odpowiednio dla modelu
kinetyki rzedu I, modelu czgstek cylindrycznych oraz sferycznych
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Wyniki poréwnania modeli przedstawia rys.4. Nowo opracowane modele
zaprezentowane w niniejszej pracy sa bardziej adekwatne, w poréwnaniu do modelu kinetyki
rzedu I, do opisu procesu fermentacji anaerobowej celulozy mikrokrystalicznej. Potwierdza to,
ze reakcja hydrolizy celulozy jest zalezna od dost¢pnej powierzchni, co jest zgodne
W poprzednimi badaniami dotyczacymi cellulosoméw (Fierobe et al., 2002). W wigkszos$ci
przypadkow, w przeciwienstwie do modelu czastki sferycznej oraz walcowej model kinetyki
rzedu I zawyza uzysk biogazu. Szczegoétowe dane dotyczace dopasowania modeli zestawiono
w tab.2. Nowe modele wykazuja lepsze dopasowanie mierzone globalnym bledem
wzglednym, ktoére wynosza 5,31% 1 5,59%, odpowiednio dla modelu czastek kulistych oraz
sferycznych w poréwnaniu do 7,49% dla modelu kinetyki rzedu I. Najwicksze réznice sg
widoczne dla koncowych warto$ci uzysku biogazu, dla ktorych btad wzgledny nie przekracza
2,4% oraz 2,1%, odpowiednio dla modelu czastek kulistych oraz sferycznych, podczas gdy dla
modelu kinetyki rzedu I btad ten sigga 11%.

Tab. 2. Poréwnanie dopasowania analizowanych modeli

Model kinetyki pierwszego Model czastek cylindrycznych Model czastek kulistych

. rzgdu
Frakcja
[pm] Globalny btad Btad koncowy Globalny btad Btad koncowy Globalny btad Btad koncowy

wzgledny [%0] [%] wzgledny [%] [%6] wzgledny [%] [9%0]

20<32 5,41 6,60 5,31 2,37 5,06 2,10
32<45 5,87 8,70 4,66 2,00 4,52 1,88
45<56 7,49 11,09 5,05 1,53 5,59 1,84
56<100 4,92 7,55 3,04 1,26 3,10 1,05
100<150 4,75 7,05 3,44 1,40 3,59 1,40
150<212 5,31 6,92 4,00 1,40 3,90 1,02
212<300 6,03 8,94 4,10 1,38 4,66 1,59

Krzywa modelu kinetyki rzedu pierwszego wykracza poza dopuszczalne granice
wyznaczone przez odchylenie standardowe obliczone na podstawie ostatniej wartosci
pomiarowej. Warto zwroci¢ uwage, ze obserwacja ta nie dotyczy przypadku najmniejszej
frakcji czastek 20<32 pm. W tym przypadku wszystkie modele mieszcza si¢ w granicach
odchylenia standardowego z trzech prob. Wskazuje to, ze im mniejsze czgstki, tym rola
wymiaru czgstek zanika, ze wzgledu na coraz lepsze wykorzystanie powierzchni, co zbliza
wlasciwosci czastek celulozy do wlasciwosci materialu rozpuszczalnego w wodzie. Na tej
podstawie mozna stwierdzi¢, ze zastosowanie nowych modeli moze mie¢ istotne znaczenie dla
opisu fermentacji lignocelulozy, poniewaz jej czastki z reguly sg wicksze niz badane
w niniejszej publikacji.
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Zwiazek wymiaru czastki celulozy z kinetyka procesu, ktora opisuja stalte kinetyczne
modelu przedstawiono na rys. 5. Stala kinetyki wzrasta dla czastek mniejszych niz 120 pm;
wzrost szybko przyspiesza ze zmniejszaniem si¢ Wymiarow czastek. Do opisu wspomnianej
zaleznosci zaproponowano nastg¢pujacy wzor empiryczny inspirowany rownaniem Michaelisa-
Menten:

k=1 fmad (16)

Kg+d )
gdzie k oznacza zmierzona stala kinetyki (h™?), kmax 0znacza maksymalng warto$¢ statej kinetyki

(h™), Ks statg potowy nasycenia (um) i d $rednia $rednice czastek (um).
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Rys. 5. Stale k wyznaczone dla modelu czgstek cylindrycznych (krzywa goérna) oraz sferycznych (krzywa dolna). Punkty

oznaczajg wyznaczone wartosci, pionowe kreski oznaczajq 95% przedzial ufnosci. Czerwone linie oznaczajg dopasowanie
modelu.

Globalny btad wzgledny dopasowania wynosit 2,08% 1 1,71%, odpowiednio dla modelu
czastek cylindrycznych 1 sferycznych. Interpretacja modelu jest nastepujaca: jesli srednica
czastki jest =0, to wigkszo$¢ miejsc adsorpcji enzymoOw jest dostepna, wigc proces moze
przebiega¢ szybko (duza warto$¢ stalej k). Wraz ze zwigckszaniem si¢ $rednicy, czes¢
powierzchni nie jest dostgpna na poczatku procesu, a zostaje odstonigta dopiero w trakcie jego

trwania, dlatego proces przebiega wolniej (mata wartos$¢ statej k). Przedstawione obserwacje,

24



ktore graficznie sg zaprezentowane na rys. 5 sa spdjne z najnowszymi badaniami dotyczacymi
celulosoméw, wedhug ktorych celulosomy wykazuja duza aktywno$¢ dla matych czastek
celulozy (dtugos¢ < ~70 nm) (Eibinger et al., 2020).

Uzyskane wartosci statych kinetyki poréwnano z bezposrednimi pomiarami
powierzchni wiasciwej metodg BET (rys. 6), czesto stosowang do opisu efektow obrobki
wstepnej materiatu (Gao et al., 2017; Mustafa et al., 2016). Szczegétowe dane pomiarowe
zamieszczono w zalaczonej publikacji. Wartosci pomiarowe wahaty si¢ w zakresie od 0,73 do
0.87 m?-g’L. Co zaskakujace, powierzchnia wiasciwa czastek frakcji 20-32 um (0,80 m?-g™?)
byla mniejsza niz powierzchnia wtaéciwa czastek 32—45 pm (0,87 m?-gt). Mozna to przypisaé
strukturze czgstek, poniewaz czastki 20-32 um sg w wigkszosci pojedynczymi czastkami,
podczas gdy czastki frakcji 32—45 um sg aglomeratami mniejszych czastek (rys. 3). Niektore
wyniki badan wskazuja, ze powierzchnia wiasciwa jest najwazniejszym wskaznikiem
skutecznosci hydrolizy (Lu et al., 2019). Whniosek ten oparto na probkach celulozy zmielonej
w miynie kulowym, w ktorych powierzchni¢ wtasciwa zmieniono jednoczesnie z innymi

parametrami substratu, przede wszystkim ze stopniem krystalicznosci.
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Rys. 6. Powierzchnia wlasciwa prébek porédwnana z stalymi k modelu czgstek sferycznych. Dla stalych k (flamana gérna)
pionowe linie oznaczajq 95% przedzial ufnosci, dla powierzchni wlasciwej (famana dolna) pionowe linie oznaczajg odchylenie
standardowe.
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W analizowanym badaniu powierzchnia nie opisuje doktadnie zmian kinetyki procesu.
W szczegbdlnosei czastki 20-32 um wykazuja odwrotng tendencjg, poniewaz powierzchnia
czgstek zmniejsza si¢, podczas gdy stata k rosnie. Ostatnie badania pokazuja, ze enzymy
przestrzennie zorganizowane w celulosomie mogg dostosowywaé swoj ksztalt do
nanokrysztalow celulozy. Powierzchnie celulosomu oszacowano na 1500 nm? (Eibinger et al.,
2020). Powierzchnia wtasciwa mierzona metodg BET uwzglednia powierzchni¢ mezoporow,
ktore definiuje si¢ jako pory o szeroko$ciach z zakresu 2-50 nm (Thommes et al., 2015). Pory
te moga by¢ mniejsze niz proponowana powierzchnia celulosomu, stad na podstawie
przedstawionych danych mozna postawi¢ hipoteze, ze celulosomy nie wykorzystuja
powierzchni mezoporow.

Koleja metodg uzywang do oszacowania dostgpnej powierzchni adsorpcji jest metoda
pozwalajaca na wyznaczenie wskaznika WRV. Typowo, wigcksza warto§¢ wskaznika WRV
wigze si¢ z lepsza ekspozycja powierzchni i wigksza porowatoscia (Zhang et al., 2015), jednak
w przypadku MCC kluczowa jest hydrofobowos¢ powierzchni (Lu et al., 2019), stad jesli
krystaliczno$¢ pozostaje stata, mniejsze wartosci wskaznika WRV nalezy interpretowac jako
korzystne. Na rys. 7 przedstawiono poréwnanie wartosci wskaznika WRV ze statymi k modelu
czastek kulistych. Wskaznik WRV zwigksza si¢ wraz z wymiarem czastek i sa to zmienne
skorelowane na poziomie r = 0,822. Jednoczesnie WRV nie odzwierciedla zmian statej k.
Wyniki WRV nie moga by¢ zatem interpretowane jako samodzielny wskaznik dostepnosci
powierzchni. Nalezy zaznaczy¢, ze w niniejszym badaniu wyniki WRV zmieniaja si¢ w waskim
zakresie (2,52-3,39 g H.0-g ™).

Przedstawiona wyzej dyskusja potwierdza, ze powierzchnia czgstek jest kluczowa dla
procesu hydrolizy celulozy. Wykorzystana w badaniach celuloza stanowita jednak substrat
modelowy. W warunkach przemystowych procesowi fermentacji poddawana jest
lignoceluloza. Zasadne jest zatem zbadanie potencjalnego wptywu lignin na kinetyke procesu.
Nalezy jednak zaznaczy¢, ze w wyniku obrobki mechanicznej calo$¢ lignin pozostaje w formie
stalej. Warto wzia¢ pod uwage potencjalny wpltyw lignin w formie statej nie tylko na faze
hydrolizy, ale i metanogenezy. W tym celu przeprowadzono badanie z wykorzystaniem tzw.
inokulum niezbalansowanego. Jest to pojecie wprowadzone na potrzeby tej pracy naukowe;.
Krzywa produkcji metanu z MCC z wykorzystaniem inokulum niezbalansowanego

zaprezentowano narys. 8.
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Rys. 7. Wskaznik WRV poréwnany ze stalymi k modelu czgstek sferycznych. Dla stalych k (lamana gérna) pionowe linie
oznaczajg 95% przedziatl ufnosci, dla WRV (tamana dolna) pionowe linie oznaczajg odchylenie standardowe.

W porownaniu do krzywych o prawidlowym przebiegu (rys. 4) mozna zaobserwowac
zaburzenia polegajace na spowolnieniu procesu wynikajace z akumulacji lotnych kwaséw
thuszczowych (LKT). Nalezy zatem stwierdzi¢, ze faza limitujacg proces stata si¢
metanogeneza, a nie hydroliza. Celem doktadnego zbadania wptywu lignin w formie stalej na
to zjawisko wykonano eksperyment, w ktorym poddano fermentacji MCC z dodatkiem lignin.

W tym eksperymencie nie zaobserwowano produkcji gazu z proby zerowej (bez dodatku
MCC ani lignin) oraz z proby, w ktorej wykorzystane byty wytacznie ligniny bez dodatku
MCC. Wskazuje to na brak rozpuszczalnych zwigzkow, pochodnych lignin w reaktorach,
poniewaz niektdre zwiazki, takie jak aldehyd syryngowy, w przeciwienstwie do lignin statych,
moga by¢ wykorzystywane przez mikroorganizmy jako substraty (Barakat et al., 2012).
Produkcje gazu zaobserwowano we wszystkich reaktorach, do ktorych dodano MCC. Analiza
wariancji nie data podstaw do stwierdzenia istotnych r6znic w uzysku gazu, migdzy probkami
z MCC (krytyczny poziom istotnosci p = 0,313). Co zaskakujace obserwacja ta nie jest zgodna
z wynikami zawartymi w literaturze (Li et al., 2018). Wykorzystano pelen, teoretyczny

potencjat produkcji metanu z MCC (355,7 + 13,4 ml), co wskazuje, ze nie wystapil mechanizm
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inhibicji kompetycyjnej. Potwierdza to hipoteze, ze ligniny zawarte w lignocelulozie petnig
funkcje bariery fizycznej, a nie inhibitora kompetycyjnego (Djajadi et al., 2018).
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Rys. 8. Krzywa produkcji biometanu z materiatu referencyjnego przez kultury niezbalansowane. Pionowe stupki oznaczajg
odchylenie standardowe

Uzyskane krzywe produkcji metanu modelowano z wykorzystaniem krzywych
,»smoothing spline”, celem odfiltrowania szumoéw informacyjnych powstajacych w trakcie
pomiardw oraz uzyskania mozliwosci wyznaczenia pochodnej modelowanego przebiegu.
Wyniki aproksymacji przebiegu, ktory przedstawia rys. 8 pokazuje rys. 9. Wyznaczono
réwniez pochodna modelu z dokladnoscia do jednej godziny. Oznacza to, ze pochodna
odzwierciedla godzinowa produkcje metanu. Wyznaczono charakterystyczne punkty procesu,
ktore oznaczono strzatkami. Analogicznie postgpiono z krzywymi uzyskanymi w procesie
fermentacji celulozy z dodatkiem lignin. Patrzac od lewej strony wykresu strzatki oznaczaja:
poczatek spadku wydajnosci procesu spowodowany akumulacjg LKT (1), druga strzatka (2)
oznacza maksymalng inhibicje, a trzecia (3) koniec inhibicji i powrdt do niezaburzonej kinetyki
procesu. Punkty te pozwalaja na wyznaczenie etapow procesu (tab. 3). Szczegdtowe dane
dotyczace wplywu lignin na wydluzenie czasu trwania poszczegdlnych etapow zawarto

w tab. 4.
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Tab. 3. Etapy inhibitowanego procesu fermentacji oraz zakres ich wystgpowania

Etap .
Nazwa Czas wystapienia Opis
procesu
£t Od poczatku Po poczatkowym opdznieniu procesu nastepuje wzrost
ap
I eksperymentu do produkcji metanu. LKT nie wywotuja jeszcze
poczatkowy
punktu 1 negatywnych skutkéw
Etap . . i}
~ Odpunktu 1 do punktu Metanogeneza zwalnia w wyniku akumulacji LKT. Na
I narastajacej ) ) )
o 2 koniec etapu osiaga maksymalny poziom
inhibicji
Etap . . . y
o Od punktu 2 do punktu Maleje stezenie LKT, negatywne skutki akumulacji
Il malejacej )
o 3 powoli ustepuja
inhibicji
" Etap Od punktu 3 do konca Proces spowalnia w wyniku ubytku substratu.
koncowy eksperymentu Inhibicja LKT nie wystepuje

Tab. 4. Inhibicja poszczegdlnych etapéw procesu w zaleznosci od iloSci dodanych lignin

Dodatek lignin [g] Inhibicja etapu I [%] Inhibicja etapu 11 [%] Inhibicja etapu 111 [%]
0 0,00 0,00 0,00
3 -8,79 11,32 -26,11
7 9,17 22,95 -59,86
10 21,43 25,98 -17,62
13 30,28 33,33 49,56
17 35,29 65,06 39,95
20 47,34 75,26 39,14

Na rys. 10 przedstawiono wptyw dodatku lignin na czas trwania pierwszego etapu
procesu oraz dopasowang lini¢ regresji, ktorej wynikowe parametry zestawiono w tab. 5.
Wykazano statystycznie istotng liniowa zalezno$¢ miedzy stopniem inhibicji a dodatkiem
lignin (p = 0,0004). Wyniki wskazuja na dodatni wskaznik inhibicji; oznacza to spowolnienie
procesu hydrolizy MCC w wyniku dodania lignin kraft, co jest calkowicie zgodne
z dotychczasowa wiedzg zawartag w literaturze (Li et al., 2018). W przypadku dodatku 3 g lignin
inhibicja nie wystgpita; moze to oznaczac, ze istnieje pewna warto$¢ progowa, od ktorej

zaczynaja wystepowac negatywne skutki dodatku lignin.
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Rys. 9. Krzywa produkcji metanu (kolor czerwony) z celulozy mikrokrystalicznej aproksymowana modelem ,,smoothing
spline . Niebieska krzywa oznacza pierwszq pochodng modelu, ktora odpowiada godzinowej produkcji metanu. Strzatkami 1,
2 oraz 3 (patrzqc od lewej) zaznaczono charakterystyczne punkty procesu.

Tab. 5. Dopasowanie modelu liniowego odzwierciedlajgcego wplyw lignin na czas trwania etapow procesu

Stata [%] Wspolczynnik kierunkowy [%-g™]
Eta . . .. 2
B Blad B Blad Krytyczny poziom istotnoscip R
p Wartos¢ Warto$¢
standardowy standardowy
| -7,50 3,95 2,68 0,33 0,0004 0,920
I -3,29 4,93 3,67 0,41 0,0003 0,930
Il -33,83 22,78 3,74 1,89 0,1048 0,327
Rys. 11 przedstawia wptyw dodatku lignin na czas trwania drugiego etapu procesu.
Zaobserwowano statystycznie istotng liniowa zaleznos¢ (p = 0,003). Dodatek lignin

spowodowatl wyrazne wydtuzenie czasu trwania tego etapu. Biorgc pod uwage fakt, ze w
wyniku dodatku lignin zmniejszyta si¢ kinetyka reakcji hydrolizy i zwigzana z tym produkcja
LKT, to mozna stwierdzi¢, ze dodatek lignin spowodowat réwniez zmniejszenie kinetyki
metanogenezy. Gdyby ligniny nie mialby wptywu na faz¢ produkcji metanu, relacja
przedstawiona na wykresie powinna by¢ odwrotna. Jest to bezposredni dowod uzasadniajacy
stuszno$ci postawionej hipotezy badawczej. Biorgc pod uwage, ze istnieje techniczna

mozliwo§¢ prowadzenia procesu fermentacji anaerobowej z rozdzialem faz hydrolizy
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I metanogenezy, zasadne jest rozwazenie wykonania separacji frakcji statej hydrolizatu

lignocelulozowego przed wprowadzeniem go do reaktora metanogenezy.
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Rys. 10. Efekt dodatku lignin na czas zapoczgtkowania inhibicji wywotanej LKT

Rys. 12 przedstawia wptyw lignin na etap wychodzenia z inhibicji. Wplyw ten nie jest
jednoznaczny. W tym przypadku dodatek lignin w ilosci 13 g, 17 g oraz 20 g spowodowat
dodatnig inhibicje, podczas gdy dodatek w ilosci 3 g, 7g oraz 10 g spowodowal ujemna
inhibicja (stymulacj¢). Pozytywne skutki dodatku niewielkich ilo$ci lignin mozna tlumaczy¢
mozliwoscig neutralizacji inhibitora i stymulacja wzrostu metanogendow, dzigki obecno$ci
wigkszej ilosci czastek statych w reaktorach. Wczesniejsze badania raportowaty wptyw lignin
na stymulacje wzrostu (Pilarska et al., 2019, 2018). Stwierdzono jednak, ze wicksze dawki
ligniny tlumig jej pozytywne skutki. Stwierdzenie istnienia wspomnianego efektu ma charakter

hipotetyczny, gdyz niniejsze badania nie dostarczyty na to dowoddow.
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6. Wnioski

Whioski o charakterze naukowym

e Modele uwzgledniajace ubytek powierzchni materiatu hydrolizowanego w procesie
fermentacji anaerobowej lepiej opisuja badane zjawisko od modelu kinetyki rzedu
pierwszego.

e Nierozpuszczalne ligniny sg inhibitorem zarowno hydrolizy, jak i metanogenezy.
Negatywny wplyw nierozpuszczalnych lignin na metanogenez¢ ujawnia si¢ dla kultur
niezbalansowanych

Whiosek o charakterze utylitarnym

e W przypadku procesu prowadzonego z rozdziatem faz nalezy rozwazy¢ separacje

frakcji przed podaniem materialu do reaktora fazy metanogenezy.
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Abstract: In this work, for modelling the anaerobic digestion of microcrystalline cellulose, two
surface-related models based on cylindrical and spherical particles were developed and compared
with the first-order kinetics model. A unique dataset consisting of particles with different sizes, the
same crystallinity and polymerisation degree was used to validate the models. Both newly
developed models outperformed the first-order kinetics model. Analysis of the kinetic constant data
revealed that particle size is a key factor determining the anaerobic digestion kinetics of crystalline
cellulose. Hence, crystalline cellulose particle size should be considered in the development and
optimization of lignocellulose pre-treatment methods. Further research is necessary for the
assessment of impact of the crystalline cellulose particle size and surface properties on the microbial
cellulose hydrolysis rate.

Keywords: surface-related kinetics; anaerobic digestion; microcrystalline cellulose; modelling

1. Introduction

Lignocellulose materials are abundant substrates for biogas and renewable energy
production [1-3]. A better understanding of the key factors in the degradation process is
required to increase the use of these materials for biogas production. Lignocellulose is a
unique, recalcitrant structure of material plant cell walls. Its complex structure hinders
microbial degradation. Further, cellulose is water insoluble and forms highly stable
hydrogen-bonded crystalline fibers. These characteristics prevents its efficient utilisation
in the anaerobic digestion process [4-9].

It is necessary to better understand the relationships between lignocellulose
composition, degree of degradation, and degradation kinetics [10,11]. Moreover, there is
still little information regarding the relationship between the kinetics of lignocellulose
degradation and the structure of cellulose itself [12], particularly regarding the impact of
crystallinity and enzyme adsorption sites [13]. The crystalline structure of lignocellulose
hinders its degradation, and thus, the hydrolysis of these insoluble compounds is slow.
However, the mechanisms behind the reduced hydrolysis rate are not fully understood;
the low hydrolysis rate may be attributed to enzyme-associated factors such as enzyme
inactivation, jamming due to enzyme overfilling on the cellulose surface, and inhibition
of the enzymes. In addition, substrate-related factors, such as multiphase cellulose
composition, changes in the degree of polymerization, crystallinity, reduction in
reactivity, and substrate availability, as well as other physical properties may also
contribute to the reduced hydrolysis rate [14].

In addition, the hydrolysis rate depends on many strongly related factors, such as the
type and structure of the substrate (e.g. surface area and crystallinity), cellulose activity,
and reaction conditions [15]. Some studies have shown that a decrease in crystallinity is
invariably accompanied by a decrease in other substrate characteristics such as particle
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size and an increase in the available surface area that results from the pre-treatment of the
material (mainly achieved by grinding) [16,17].

Hydrolysis of lignocellulose is considered to be the rate-limiting step in the anaerobic
digestion process [11,18,19]. It has also been shown that the hydrolysis rate is controlled
by enzyme kinetics if the amount of the enzyme exceeds the amount of the adsorption
sites. In this case, hydrolysis can be described by first-order kinetics that have been widely
used to describe the hydrolysis kinetics of cellulose and other solid particulate materials
[20-24]. It is clear from the previous studies [21,22] that all accessible surface sites were
used by enzymes; however, the first-order kinetics model does not describe a decrease in
the amount of adsorption sites related to the shape and size of particulate matter.
Furthermore, during anaerobic digestion, cellulose is hydrolyzed by cellulosomes that are
multienzyme complexes produced by cellulose-degrading anaerobic microbes and
mediate cell attachment to the of particulate [25-27]. After attachment to cellulose particle,
cellulosomes grow rapidly and maintain contact with bacteria [26]; thus, enzyme—particle
collisions can be necklaced as process rate limiting factor. Therefore, the available
particulate surface is a crucially important factor. Some surface-related models of
particulate hydrolysis have been developed [28-30], but this problem requires further
investigation, particularly regarding cellulosome activity. To the best of our knowledge,
surface-related models for anaerobic digestion have not been developed or improved
upon in recent works. In this paper, we present a newly developed surface-related
approach for the modelling of particulate matter degradation during anaerobic digestion
using microcrystalline cellulose (MCC) as the model substrate. Pure cellulose was used in
experiment to avoid interferences with lignin such as competitive and non-competitive
inhibition [31]. The goal of this study was to isolate the role of cellulose particle size, so in
our data set polymerization degree and crystallinity are also constant across samples,
despite the fact that it is well known that mentioned above factors have significant impact
on cellulose degradation kinetics [3]. It was assumed that the cellulosome activity on the
entire accessible MCC surface was constant; however, particle surface, related to particle
radius, decreased; thus, change in kinetics is strictly surface related. Based on this
assumption, we developed two surface-related models for the hydrolysis of cylindrical
and spherical particles, respectively, and compared these models to the first-order kinetics
model. A unique dataset comprising of data for the particles with the same crystallinity
and degree of polymerisation but with different sizes was used to validate the model.
Such a dataset has not been used in previous studies. This constitutes an additional
novelty in this paper. Due to a lack of reliable lag-phase-duration data pertaining to
cellulosome formation as well as for the simplest possible modelling of the hydrolysis
process activation, all of the tested models incorporated lag-phase modelling with the
assumption of sudden hydrolysis process activation after the lag time.

2. Materials and Methods
2.1. Experimental Data
2.1.1. Material Preparation

MCC Flocel 102 was purchased from a local market (ITC, Piastow, Poland) and was
separated according to the ANSI/ASAE S319.4 standard using a LAB-11-200/UP sieve
separator (Eko-Lab, Brzesko, Poland) with oscillatory motion in the vertical plane [32,33].
The set of sieves had dimensions of the opening screens in the following sequence from
the bottom to the top: 20, 32, 45, 56, 100, 150, 212, and 300 um. A pan was located at the
bottom. The sieve set was selected based on the initial test such that approximately half of
the material passed through the middle mesh size. The mass of a single sample of cellulose
subjected to separation was 50 g. The duration of sieving was 300 s and was controlled
using a stopwatch. The end-point was determined based on preliminary experiments. For
time durations between 300 and 600 s, the mass on the pan did not change by 0.1%;
therefore, for economic reasons, it was decided to set the duration as 300 s. Seven samples
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of particle fractions between 20 and 300 pm were obtained. Mean geometric size of
particles were calculated as geometric mean of top and bottom sieve size of given pair of
sieves.

2.1.2. Anaerobic Digestion

The samples were processed by anaerobic digestion. The inoculum was obtained
from a mesophilic, agricultural biogas plant post-digester. Inoculum contained 3.1% *
0.05% total solids and 63.2% + 0.05% volatile solids. Each fraction (10 g) was weighed on
a WPS 600/C electronic scale (Radwag, Radom, Poland) with an accuracy of 0.01 g and
placed into 2 dm? bottles. Following this, inoculum (1800 ml) was added. Bottles with
inoculum only (1800 ml) were also prepared as blank. The inoculum-to-substrate ratio in
the reactor was 3.5:1 based on organic dry matter in order to eliminate a possible negative
effect of a high substrate dose on the process [34,35]. The bottles were flushed with
nitrogen and placed in a water bath at 37 C, and the reactor contents were manually mixed
once a day. The amount of gas was measured by the brine displacement method [36].
Displaced brine was weighed on electronic scales with an accuracy of 0.01 g, as frequently
as is necessary to fully recognize the course of gas formation (once a day or every second
day at the end of process) [37]. Batch trials were simultaneously conducted in triplicate,
and the obtained biogas volume was converted to the volume at standard conditions (1013
hPa, 273 K). The anaerobic digestion process was conducted for 25 days. Anaerobic
digestion of the particle fraction in the 45-56 um range was repeated because of trial
failure on the first approach. Inoculum from the same biogas plant was used, but it was
collected at a different time. Test results for particle fraction in the 45-56 um range are
given herein; however, as they were not obtained under the same conditions, they are not
included in the overall analysis.

2.1.3. SEM Imaging

Images of randomly chosen microcrystalline cellulose samples were obtained by
scanning electron microscopy (SEM, FEI Quanta 200 with microanalyser model EDS and
digital image record; FEI Company, Hillsboro, OR, USA; merged with Philips Electron
Optics) at the Analytical Centre of WULS. To obtain SEM images, a few cellulose particles
were taken from each fraction and placed into a vacuum chamber.

2.1.4. True Density Measurement

Particle density was measured via gas stereopycnometry (Quantachrome
Instruments, Boynton Beach, FL, USA). A mass sample m of MCC was placed in the
measuring cell with a capacity of Vc=100 cm?. For this state, the pressure p1 of the helium
gas in the measuring cell was recorded. Then, the valve through which the gas was
directed to the reference cell with the volume Va was opened, and its pressure p2 was
measured [38]. The true density of the MCC was determined as

m

P = Ve @y O

where p is the true density (g-cm2), m is the mass of the MCC sample (g), Vc is the volume
of the measuring cell (cm?), Va is the reference cell volume (cm?3), p1 is the pressure in the
measuring cell (MPa), and p2 is the reference cell pressure (MPa).

2.1.5. Measurement of the Polymerization Degree

The polymerization degree was measured according to the PN-90/E-04421 and PN-
92/P-50101/01 standards. Solution viscosity was assessed using an Ubbelohde viscometer
(Schott Instruments GmbH, Mainz, Germany) with a capillary diameter of 0.84 mm. The
cellulose solution outflow time was recorded every 10 min for 2 h for each sample
weighing approximately 0.4 g. The capillary temperature was 25 + 0.1 C, and the error of
the limiting viscosity number did not exceed 2%. The polymerization degree was



Materials 2021, 14, 487

4 of 18

calculated using the Immergut equation, DP« = K[n], where DP is the average degree of
viscosity polymerization (-), [n] is the weight average intrinsic viscosity (-), and K and
are the empirical constants equal to 1.65 g-cm= and 0.9, respectively [39]. To minimize the
deleterious effect of the copper (II) ethylenediamine (CUEN) solution, the polymerization
degree for zero retention time was calculated by extrapolation.

2.1.6. Crystallinity Index Measurement

The crystallinity of the MCC samples (approximately 0.5 g) was evaluated by X-ray
diffractometry ( Tur M62 with a horizontal goniometer HZG-4, Carl Zeiss AG, Jena,
Germany) with a Cu Ka radiation source (wavelength A = 1.5418 A) at a voltage of 30 kV
and current of 25 mA. The scanning scope was 20 = 5-30° with a step size of 0.04°, and the
impulse counting time was 3 s. The crystalline structure of MCC gives rise to distinct
peaks at 15°, 16.4° and 22.5°. The cellulose crystallinity was calculated by the XRD
deconvolution method [40,41]. From the peak deconvolution method, the amorphous
peak (20) was predicted to be located at approximately 21°.

2.1.7. Specific Surface Measurement

Specific surface area (SSA) was measured using the Brunauer-Emmett-Teller (BET)
method [42]. Samples were degassed in vacuum for 24 h in 105 °C prior to measurement
in order to remove water and other contaminations. Measurements were performed using
a QUADRASORSB SI surface area analyzer (Quantachrome Instruments, Boynton Beach,
FL, USA). Nitrogen gas was used as an adsorbate. All the necessary calculations were
made using the 3 Flex analyzer software (v. 3.01, Micromeritics Instr.,, Norcross, GA,
USA).

2.1.8. Water Retention Value Measurement

Water retention value (WRV) was measured according to the previously used
protocol [43,44]. A precisely weighted sample (MA 50/1R electronic scale, Radwag,
Radom, Poland with an accuracy of 0.1 mg) of cellulose (1 g) was placed in a centrifuge
tube containing deionised water (10 ml), mixed, and left for 24 h. Then, the samples were
centrifuged (3000 g for 20 min), and the supernatant was decanted. The remaining wet
MCC samples were weighted and dried in an oven for 10 h in 105 °C. Then, the water
retention value (WRV) was calculated as

Wwet = Wariea
WRV Wdried ' (2)
where WRYV is the water retention value (g H2O-g), Wue is the weight of the wet
centrifuged sample (g), and Wiri is the sample weight after drying (g).

2.2. Kinetics Models
2.2.1. The First-Order Kinetics Model

In this study, three types of kinetic models were compared. The first was the first-
order kinetics model with a lag phase [45] given by
B(t) =BP - (1 —exp(—k-(t =), ®)
where B(t) is the biogas production at time ¢ (ml-g™), BP is the potential ultimate biogas
production (ml-g-), ¢ is the time (h), k is the first-order kinetics constant, and A is the
duration of the lag phase (h).
Sudden process activation after the lag phase was assumed. Thus, the lag during the
lag time kinetics constant k is 0; the model is first deactivated, and then activated when t-
A is higher than 0. For the first-order kinetics model, the half hydrolysis time is expressed
as
tos = In(2)/k, (4)
where In() denotes natural logarithm.
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As mentioned above, this model focuses on the kinetics of substrate degradation with
a kinetic constant k. It was found that the kinetic constant has different values for different
substrate sizes even though this process occurs under the same pH and temperature
conditions [21].

The SEM micrographs are presented in Figure 1. The SEM analysis of the shape of
the MCC particles indicates that particle shape depends on the size of the mixture fraction
separated by the sieves. Omitting surface irregularities and crystal roughness, it was
assumed that the finer particles in the size range of 20-45 um have a cylindrical shape and
can be approximated as cylinders. In contrast, the particles with the sizes in the range of
56212 um form agglomerates in which the particle geometry can be approximated as
spherical. These observations inspired the development of two mathematical models in
which the access of enzymes to particles depends on the shape of the latter. Mathematical
descriptions of the kinetics of the surface-related hydrolysis for the cylindrical and
spherical particle shapes are presented below.

d YV _ ' @

e - VPl -
Mag|Det HV - . M r E 200.0pm
m 500x|LFD 20.0 kV 0.8! 0.54 mm 10.8 mm 500x|LFD|20.0 kV|0.83 Torr|

HFW WD Mag|Det| HV Pressure 200.0pum \ Mag Det HV |Pr 200.0pm
0.54 mm 10.6 mm 500x|LFD|20.0 kV 0.83 Torr E 0 500x LFD 20.0 kV|0.83 To

Figure 1. SEM micrographs of MCC particles with sizes of (a) 20-32 um; (b) 32—45 pum; (c) 56-100 um; (d) 150-212 pm.

2.2.2. Derivation of Surface-Related Models

A basic surface-related model equation was previously presented in the literature
[46] as
M
T = kst S ©)
where M is the mass of the substrate (g), f is the time (h), S is the surface susceptible to

hydrolysis (cm?), and ks is the surface-related hydrolysis constant (g-cm2-h'); however,
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detail derivation of model assumptions was not presented there. Step by step derivation
is as follows.
It is possible to rewrite the above equation in terms of the released volume of the
substrate, obtaining
av. —kg-S
dat - p
where V is the substrate volume (cm?), and p is the substrate density (g-cm=).
Considering the degradation of spherical particles, the change in the volume can be
expressed as

(6)

dv _ —kg4mR?
Frim— @)
where R is the particle radius (cm).

We note that

d_V:d_V.d_R:4.n.R2.d_R 8)
dt dR dt dt’
Thus,
.. p2 . 4R _ —kedTR?
4-m- R = 9
This simplifies to
dR _ —kg

Thus, for spherical particles, it is possible to construct a model assuming an isotropic
substrate and a constant decrease in the radius. It can be concluded that the rate of reaction
is proportional to the particle surface area; thus, the decrease in the particle radius is
constant. It was assumed that for cellulose, only the external layer of material is
hydrolyzed at a given time. This approach is in line with the approach used for modelling
the surface-related degradation of starch [46]. The present assumption for spherical
particles is also valid for cylindrical particles with the assumption of radial particle
degradation. Models sharing presented assumptions, adapted for biogas production
curves, were not presented in literature before. In next sections full derivation of models
adapted for biogas production curves are presented.

2.2.3. Model for Cylindrical Particles

Based on the presented assumptions for degradation kinetics, the model for
cylindrical particles is expressed as
B(t)=BP-p~n-1r-L~(RZ—(R—%-t)Z), 11)
where B(t) is the cumulative biogas yield at time f (ml-g™), BP is the ultimate biogas production
(ml-g), n is the number of particles, L is the average particle length (cm), and R is the
initial average particle radius (cm). In this model, measured particle radius and length can
be introduced; however, knowledge about particles number is then necessary.
The introduced lag phase model takes the following form
B(t)=BP~p~n~7T~L-(R2—(R—%-(t—l))z). (12)
The model shares lag-phase assumptions with the first-order kinetics model. If biogas
or biomethane production curves are available without any additional information about
the substrate specific surface or density, the only viable approach for modelling using
surface-related models is relative modelling conducted with the assumption that the
volume of the particle integrates to one. Additionally, assuming particles homogeneity,
density is equal across particles. This allows the omission of the substrate density and the
number of particles in the models. This makes models more clear in interpretation.
Therefore, the model for the relative modelling of degradation for cylindrical particles is
expressed as
B(t)=BP -m-L-(R*—(R—r1;-t)?) (13)
and
B(t)=BP-n~L~R2~(1—(1—%-t)2), (14)
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where 75 is the kinetic constant for relative modelling that considers the decrease in the
particle radius. The unit of 7s is cm-h-'. It can be assumed that the total particle volume is
equal to 1, ensuring that the most common structure of empirical equations is used for
biogas or methane cumulative production curve modelling. Here, the constant related to
the gas production potential is multiplied by an expression related to process dynamics.
The dynamics-related expression integrates to 1 in its domain in nearly all cases [47]. It is
assumed that the volume of a cylinder is equal to 1

m-L-R*=1. (15)
Hence, Eq. 14 can be transformed and simplified to
B(t)=BP-(1—-(1—-k-t)?), (16)

where k is the first-order kinetic constant (h-'). Next, A for lag-phase modelling is
introduced, so that the final equation form is
B(t)=BP-(1—-(1—k-(t—21)?. (17)
For Eq. 17, the reciprocal of the constant k is the time required to complete the
conversion after the lag phase. After this time, the constant k is assumed to be 0, as during
the lag phase. The half decay time (fos) is given by

tos = (1 —V0.5)/k. (18)

2.2.4. Model for Spherical Particles

The model for spherical particles is based on the same assumptions as the previous
model, with the exception that the particles are spherical; therefore, the basic equation is

4 k,
B(t)=BP-p-n-§-n-(R3—(R—?tf). (19)

Introducing a lag phase, the model takes the following form
B{O)=BP -p-n-3m- (R —(R="2:(t = D)) (20)

For relative modelling, the model takes the following form

4
B()=BP -5 1 (R*~ (R ~15- 0)") 1)
and
Bt-—mxf~-R3-1—(1—5~tﬂ (22)
(©) = BP-5-m R+ ( = 0)°)

By analogizing to the model of cylindrical particles, it is possible to assume that
volume of a sphere is equal to 1. Thus,

4
3RS 23)
B(t) =BP-(1—(1—k-t)3). (24)
Next, we include A for lag-phase modelling; therefore, the final equation form is
B(t)=BP - (1—(1—k-(t—2)3. (25)

The reciprocal of the constant k is the time required to complete the conversion after
the lag phase. The half decay time (fos) is given by

tos = (1 - Y0.5)/k. (26)

2.3. Model Fitting

All of the calculations were performed using the R package (version 3.5.1). The
functions implemented in the “GenSA”, “minpac.lm” libraries were used to model biogas
production. The models were fitted with the weighted least-squares method. The weights
were calculated as a local slope of the biogas production curve [48]

w; = B; — B;_4, (27)
where wi is the weight factor (ml-g), Bi (ml-g™) is the biogas production curve value at a
given measurement time 7, and Bi1 (ml-g) is the previously measured value of the biogas
production curve.

Two algorithms were used during the approximation process. The Levenberg-
Marquardt (“nlsLM” function from “minpac.Im” library) algorithm was preceded by a
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generalised simulated annealing algorithm (“GenSA” function from “GenSA” library) to
initiate parameter estimation [49]. The default algorithm parameters were used for both
algorithms. The global relative error was used to evaluate the fit [50]

n n
§=100 > (z=p?/ ) 2% 28)
i=1 i=1

where 7 is the number of measurements, and z and p are the actual values and values
obtained from the model, respectively. Error was estimated for the whole curves and
alternatively for the last day of the trial only, to emphasize error on biogas yield. .
Because all the models used in this study had the same number of parameters,
additional informational criteria (such as the Akaike criterion) were not determined.

2.4. Statistical Analysis

The Kruskal-Wallis test (“kruskal.test” form “stats” library) was used to compare the
whole biogas production curves. The values of cumulative biogas production, cellulose
moisture, and true density were compared using analysis of variance (“aov” function
from “stats” library). Levene’s test for the homogeneity of variance (“leveneTest” function
from “car” library) and the Shapiro-Wilk normality test (“shapiro.test” function from
“stats” library) were used to check the validity of the analysis of variance assumptions.
Differences were considered statistically significant at p <0.05 for the statistical test.

3. Results and Discussion
3.1. Material Characterisation

The SEM images of MCC are shown in Figure 1, and it can be concluded that this
material is characterized by irregular shape and polydispersity [51]. However, there are
significant differences between the shapes of the small particles and large particles, with
the geometric mean particle sizes of 25-38 and 75-178 um, respectively. These particle
shapes resemble cylinders and spheres, respectively. The smallest particles of MCC were
mostly independent, while large particles formed spontaneous agglomerates due to the
aggregation of single, fine crystals. Individual MCC particles from kenaf bast and wood
pulp [52] and from cellulose filter papers [53] were determined to be rod-shaped. The
particle shape of Flocel MCC with a mean volume diameter of 153 um was determined to
be generally fibrous with a few plate-like structures [54]. The physicochemical properties
of the material are presented in Table 1.

Table 1. Basic material characteristics.

Geometric Moisture Content Polymerisation
True Density Crystallinity
Fractions  Mean w.b. Degree
[m] Particle @~ Meann=3 SD Meann=3 SD Valuen=1

. Valuen=1[-]
Size [um] [%] [%] [g'ml-3] [g-ml1-3] [%]
20<32 25 5.20 0.28 1.597 0.001 328 56
32<45 38 4.89 0.16 1.600 0.001 336 58
45 <56 50 5.09 0.13 1.595 0.001 330 60
56 <100 75 4.97 0.32 1.589 0.005 333 58
100 < 150 122 4.90 0.35 1.581 0.009 335 59
150 <212 178 5.05 0.08 1.603 0.001 333 57
212 <300 252 4.95 0.29 1.593 0.006 333 57

SD—standard deviation.
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Significant differences were found for the true density of MCC particles (p = 0.0008),
but the values varied in a very narrow range of 1.581-1.603 g-ml-. There was no evidence
regarding differences in moisture (p >> 0.05). The MCC moisture content was in the
narrow range of 4.89-5.20% w.b., and is comparable to the values of 3.96-5.06% w.b.
obtained for other types of MCC (Avicel, Flocel, fine powder, Rang, fibres from sisal) [54].
The values of sample crystallinity can be compared when the moisture contents of the
samples do not differ significantly [55]. XRD showed comparable results for crystallinity
in the range of 56-59% (without the 45-56 um particle fraction). In addition, the results
for the polymerisation degree were comparable in a range of 328-336 (Table 1). Four types
of MCC, namely, Avicel, Flocel, fine powder, and fibres from sisal, were obtained and had
similar values of 60% for the crystallinity index (calculated by the Segal formula) [54]. The
lack of correlation (r =-0.028) between the crystallinity and particle size differs from other
findings in the literature [56]. However, it should be emphasized that the split of the
mixture into fractions is not caused by the grinding of the material during which particle
crushing occurs [56]. In this study, the finer particles merged into spontaneous
agglomerates, and during this process, the fine particles did not undergo substantial
physical changes. This indicates that the polymerization degree and material crystallinity
do not impact the sample kinetics comparison. This conclusion is in line with previous
studies that indicated that crystallinity is only one of several parameters that should be
taken into account when assessing the enzymatic rate of cellulose degradation [57].
Further, relatively small changes in the crystallinity index should not be correlated with
the changes in cellulose digestibility [41]. The results of the specific surface and WRV
measurements are presented in Table 2.

Statistically important differences in WRV were observed (p << 0.05). While the WRV
values for the samples varied in a narrow range of 2.5-3.4 g H20-g, the differences were
distributed across the whole range of particle diameter. Similarly, specific surface results
varied only in the 0.73-0.87 m2?-g-! range (Table 2) and were distributed across a range of
diameters. In Section 3.3., the results presented in this section are analyzed in detail along
with modelled data described in Section 3.2.

Table 2. Results of specific surface and WRV measurements.

Specific Surface Area WRV
Sample Mean n=1
(gl Standard Deviation [m>g?] = Mean n=5 [g n20-g!]  Standard Deviation [g r20-g]
20<32 0.801 0.013 2.52 0.04
32<45 0.865 0.004 2.67 0.09
45<56 0.834 0.002 2.72 0.05
56 <100 0.802 0.004 3.00 0.02
100 < 150 0.792 0.003 3.17 0.02
150 <212 0.765 0.017 3.39 0.10
212 <300 0.730 0.006 3.32 0.04

3.2. Results of Anaerobic Digestion and Model Comparison

Biogas production potential values are summarized in Table 3. Obtained biogas yield
allowed to conclude that hydrolysis was completed, and theoretical biogas production
potential was recovered [37]. Based on the Kruskal-Wallis test, significant differences (p
= 0.0105) were found between the biogas production curves. Therefore, the curves were
modelled separately. Biogas production curves are depicted in Figure 2, along with the
model approximations for each MCC fractional sample.



Materials 2021, 14, 487

10 of 18

Table 3. Comparison of measured and estimated biogas production potential.

Eractions Measured Biogas Production Potential First-Order Kinetic =~ Cylindrical Particle =~ Spherical Particle
[um] Mean [ml:g-] Standard Deviation [ml:g-] Model Estimates Model Estimates Model Estimates
[ml-g] [ml-g] [ml-g]

20<32 726 54 748 698 712
32<45 683 47 732 668 686
45 <56 723 41 810 726 746
56 <100 694 27 750 679 697
100 < 150 677 34 723 670 684
150 <212 715 26 769 694 713
212 <300 619 31 676 615 635

However, analysis of variance did not provide statistically significant evidence for
the differences in cumulative biogas production (p = 0.0622). A comparison of the results
of these two tests indicated that the differences between the biogas production curves can
be attributed to different process kinetics.

Comparison of lag-phase duration, half decay time, and complete decay time is
presented in Table 4. All models approximated the biogas production curves well. The
obtained values for the lag-phase duration, half hydrolysis time, and complete hydrolysis
time are presented. Lag-phase duration can be considered as an effect of whole population
or single cell growth [58]. As previously mentioned, during the batch tests, the inoculum-
to-substrate ratio was 3.5:1 (based on organic dry matter); thus, the system was saturated
with microorganisms. Therefore, the observed lag phase cannot be related to microbial
population growth. The apparent lag should be considered as the time required for the
synthesis of cellulosomes by individual cells and subsequent hydrolysis start-up. For the
particles with the size in the 45-56 um range, the lag-phase duration and half decay time
were the longest, which was consistent for all of the tested models (Table 4).

Table 4. Comparison of lag-phase duration, half decay time, and complete decay time. Complete decay time compared for surface
related models only.

First-Order Kinetic Model Cylindrical Particle Model Spherical Particle Model
Fractions Complete Complete Complete
[uml] Lag Phase Half Decay Lag Phase Half Decay Lag Phase Half Decay
M Decay Time Decay Time Decay Time
[d] Time [d] [d] Time [d] [dl Time [d]
[d] [d] [d]
20<32 297 2.66 - 2.54 2.98 10.16 2.69 2.84 13.77
32<45 2.86 2.90 - 247 3.07 10.48 2.62 2.96 14.33
45 <56 3.59 3.79 - 3.32 3.68 12.57 3.45 3.60 17.44
56 <100 2.56 3.44 - 221 3.49 11.91 2.37 3.37 16.33
100 < 150 2.87 3.27 - 2.45 3.52 12.02 2.62 3.37 16.35
150 <212 2.69 3.51 - 2.36 3.51 11.99 2.52 3.40 16.50
212 <300 2.98 3.34 - 2.57 3.47 11.86 2.70 342 16.58
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Figure 2. Biogas production experimental and model data for each sample. Circles denote the means of three samples, and
vertical bars denote standard deviations. Blue, red, and green lines denote the first-order kinetic model and the
approximations for the cylindrical and spherical particles, respectively.

This indicates that the inoculum used for anaerobic digestion of this sample, which
was collected at a different time and had a lower activity, cannot be directly compared to
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the rest of the data. For this reason, the results for the particles with sizes in the 45-56 pm
range were excluded from the further analysis of the lag phase, decay time, and overall
kinetics. The experimental and model values of lag-phase duration were consistent for the
rest of the particles and on average were 2.93, 2.56, and 2.71 d for first-order, cylindrical,
and spherical particle models, respectively. This confirms the assumption of sudden
hydrolysis process activation after the lag phase. This approach enables the calculation of
the complete process time by adding the lag-phase duration and the time for the
completion of decay/hydrolysis. Only surface-related models enable the calculation of the
time to complete hydrolysis.

Comparison of model performance has shown that process kinetics are surface
related, which is in line with previous research on cellulose hydrolysis by cellulosomes
[13]. The spherical particle model estimated a longer hydrolysis time than the cylindrical
particle model, and the average times were 15.64 and 11.40 d (excluding particles with the
sizes in the 45-56 um range), respectively. The smallest and largest differences were found
for the particle fractions in the 20-32 and 212-300 pum size ranges (excluding particles with
the sizes in the 45-56 um range), respectively, and were 3.61 and 4.72 d, respectively
(Table 4). The half decay times were similar for all tested models, with the values in the
narrow range of 2.43-2.98 d; thus, differences between the surface-related models were
observed at the end of the process.

The results shown in Figure 2 and the data presented in Table 3 show that the first-
order kinetics model overestimates real biogas production, with the exception of the curve
for the 20-32 pm particle fraction, and the first-order kinetics estimates do not fit into the
area marked by the curve and its standard deviation (Figure 2), in contrast to both surface-
related models. This demonstrates the better prediction of anaerobic fermentation by
these two models; however, it is not possible to clearly distinguish if the cylindrical or
spherical model is better. The first-order kinetics model also exhibited the largest global
relative error (6.03%) and the end-of-trial relative error (8.94%) for the 212-300 pum particle
fraction. In comparison, the largest end-of-trial errors were observed for the 20-32 pm
particle fraction, and were 2.37% and 2.10% for the cylindrical and spherical particle
models, respectively (Table 5).

Table 5. Comparison of model performance.

First-order Kinetics Model Cylindrical PParticle Model Spherical Particle Model

Fractions Global End-of-Trial Global End-of-Trial Global End-of-Trial
[pum] Relative Error Relative Error Relative Error Relative Error Relative Error Relative Error

[%] [%] [%] [%] [%] [%]

20<32 5.41 6.60 5.31 2.37 5.06 2.10
32<45 5.87 8.70 4.66 2.00 4.52 1.88
45<56 7.49 11.09 5.05 1.53 5.59 1.84
56 < 100 4.92 7.55 3.04 1.26 3.10 1.05
100 <150 4.75 7.05 3.44 1.40 3.59 1.40
150 <212 5.31 6.92 4.00 1.40 3.90 1.02
212 <300 6.03 8.94 4.10 1.38 4.66 1.59

In most cases, the end-of-trial relative errors were slightly lower for the spherical
particle model in than those obtained by the cylindrical particle model; the obtained
values were 1.51% and 1.64% (excluding the fraction with the particle sizes in the 45-56
pum range), respectively, and can be attributed to the improved lag-phase modelling by
the spherical particle model.
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3.3. Analysis of Relations between Kinetic Constants, WRV and SSA

In this study, cellulose crystallinity and polymerization degree remained constant
across samples; thus, k values were influenced by available adsorption sites related to
substrate surface. For better analysis of k values, we proposed an empirical equation,
which is the opposite Michaelis-Menten saturation equation
kmax d’ (29)
K. +d
where k is measured kinetic constant value (h), kme is the maximum kinetic constant
value (h™), Ks is the half saturation constant (um), and d is the mean particle diameter
(um).

The obtained global relative errors were 2.08% and 1.71% for cylinder and spherical
shaped particles model, respectively. The results obtained using this approximation are
presented in Figure 3.

k=1-

|
|

S

50 100 150 200 250 300

Mean diameter [um)]

Figure 3. Measured k constants for the cylinder (top) and spherical (bottom) shaped particles models. Points represent
measured values and lines represent model approximations.

The proposed model interpretation refers only to process initialization and is as
follows: when particle diameter is = 0, nearly all adsorption sites are exposed. Then, with
the increase in the particle diameter, the initial exposure of the enzyme adsorption sites
decreases, so that the process requires more time based on the model assumptions (lower
k constant). In this particular case, it can be stated that the difference in the particle size
was the sole reason for better exposure of adsorption sites. During pre-treatment, both
cellulose crystallinity and particle size usually change [16,17]. This is also true for ball
milling of MCC [59]. A previous study on cellulose sonication has indicated the possibility
of substantial hydrolysis enhancement due to considerable particle size reduction (from
38 um to < 0.40 um) with only slight changes in crystallinity (12% decrease) and degree of
polymerization (no change), thus proving that recrystallisation is not inevitable [60].
Another study showed a considerable particle size decrease (from 300-500 to 20 pum in
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length and from 10-20 to 2 um in diameter) after 120 h of enzymatic hydrolysis, while
cellulose crystallinity decreased by only 12% [12]. Additionally, 400-500 nm channels
were observed on the particles’ surfaces after 48 h. Moreover, acid hydrolysis can lead to
production of cellulose nanoparticles (size reduction from 45-53 pm to 53.5 + 5.3 nm) with
only 1.84% decrease in crystallinity, but a substantial decrease in the polymerization
degree (from 466 to 215) [61]. Enzymatic hydrolysis can also lead to similar results,
obtaining a size reduction from 45-53 pm to 36.5 + 1.9 nm, polymerization degree decrease
from 466 to 293, and 9.87% decrease in crystallinity [61]. Hence, it can be concluded that
enzymatic hydrolysis causes only a 10-12% decrease in cellulose crystallinity, and a
substantial decrease in the particle size. These observations are in line with our research,
proving that change in the particle size only can enhance cellulose hydrolysis kinetics.
This is confirmed by the recent studies on cellulosome activity that concluded that
cellulosomes are particularly active for the smallest cellulose crystals (length < ~70 nm)
[62]. Such small particles are hardly attacked by free enzymes, possibly due to enzyme
jamming [62,63]. However, for anaerobic digestion of lignocellulose, the influence of the
particle size can be observed for much larger particles (0.15-1.70 mm) [64]. This can be
attributed to the modification of the lignocellulosic matrix rather than the cellulose itself.

The WRV methods can be applied in order to measure the adsorption surface area.
Typically, larger WRVs are associated with better surface exposure [65], larger inner pore
volume, and lower crystallinity [43,44]. In MCC hydrolysis, hydrophobicity can be
considered to be the key factor [44], and hence lower WRVs can be interpreted to be more
beneficial if the crystallinity remains constant, which is true for this study. Figure 4 shows
a comparison of WRV and k constant data, and it is observed that WRV increases with
increasing particle size. Differences in uncertainty measures used on Figures 4 and 5 are
the effect of different calculation software used. WRV changes can be attributed to the
higher pore volume. However, WRYV is correlated with the particle size (r = 0.822), and
thus the WRV data cannot be interpreted without the knowledge of the particle size;
however, it changes in a relatively narrow range (2.52-3.39 g H20-g™").

The BET specific surface area is frequently used to characterize lignocellulosic
materials [43,66]. In this study, absolute SSA values do not differ substantially across
samples, while kinetic constants show greater absolute differences, especially for the
smallest particles. In this study, the surface area ranges from 0.73 to 0.87 m?g-! (Table 2).
Surprisingly, the specific surface area of the 20-32 pm particles (0.80 m2g) is lower than
that of the 3245 pum particles (0.87 m2-g). This can be attributed to the particle structure,
because the 20-32 um particles are rather individual particles, while the 32-45 um
particles are agglomerates of smaller particles (Figure 1). While some studies have
indicated that SSA is the most important indicator of hydrolysis effectiveness [44], this
conclusion was based on ball-milled cellulose samples, where SSA was altered
simultaneously with other properties such as a substantial crystallinity change.
Additionally, during hydrolysis by free enzymes, not only the surface area, but also the
surface properties, such as roughness, are important and can cause enzyme jamming [67].
Comparison of SSA with k constants is presented in Figure 5. In this study, the SSA does
not accurately describe the changes in process kinetics. In particular, the 20-32 pum
particles show an opposite trend, because SSA decreases while k constant increases.
Recent studies show that spatially organized enzymes in cellulosome can adapt their
shape to cellulose nanocrystals. The individual cellulosome surface was calculated as
approximately 1500 nm? [62]. SSA measured using the BET method is due to the areas of
mesopores that are defined as the pores with the widths in the 2-50 nm range [68]. These
pores are likely to be smaller than the proposed cellulosome area; hence, according to
presented data, it can be hypothesized that cellulosomes do not necessarily utilize the
mesopore surface. Additionally, the formation of agglomerates leads to decreased
adsorption sites accessibility [69].
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Figure 4. WRV compared to spherical shaped particle model kinetic constant values. For k constant (top) and WRV
(bottom) points, the error bars represent the 95% confidence interval and standard error, respectively.

. 00035 0.95
c
(1]
I
2 0.003 ; \¥ —
§ S~ol 09 T,
= 0.0025 $------ i ---------------- ; =
c [ ] -
= PN 085 O
g _ 0002 |y . ©
g = ll AN §

0.0015 €
) O- - _ . 5
o ? “--e._ 08 >
t ~ - (S)
@ 0.001 S~ =
Tg S~a 0.75 &
‘= 0.0005 =< 9
2
o
"’ 0 0.7

20 70 120 170 220

Mean diameter [pm]

Figure 5. Specific surface area compared to the spherical shaped kinetic constant values. For the k constant (top) and SSA
(bottom) data points, the error bars represent the 95% confidence interval and the standard error, respectively.

4. Conclusions

All the tested models provide a good approximation of the hydrolysis process.
However, the surface-related models outperform the first-order kinetics model that
overestimates the true biogas production potential. The simple models presented in this
work can be used as part of extended models in the evaluation of lignocellulose
pretreatment methods. It is clear that the generation of amorphous cellulose during
pretreatment is desirable because of its lower free energy demand for hydrolysis [44].
However, the unique data set presented in this paper and the newly developed surface-
related modelling approach revealed that particle size is a key factor determining the
kinetics of crystalline hydrolysis. Hence, crystalline cellulose particle size should be an
important target property in the development and optimization of lignocellulose pre-
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treatment methods. Further research for the evaluation of the impact of the crystalline
cellulose particle size and surface properties on the microbial cellulose hydrolysis rate is
required.
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HIGHLIGHTS

e A new approach of modelling inhibited anaerobic digestion was presented.

o Developed approach described the long-term inhibitory effects in the batch mode.

o A knowledge gap regarding the impact of solid lignin on methanogens was addressed.
o Solid lignin caused mild inhibition of methanogens.

o Volatile fatty acids accumulation can be induced by high dosages of solid lignin.

ARTICLE INFO ABSTRACT

Keywords: Lignocellulose is an abundant substrate for biogas production; however, for efficient utilization, proper pre-
Anaerobic digestion treatment is required to enhance the biomethane yield and hydrolysis rate significantly. Phenolic compounds
Cellulose from dissolved lignin, produced during alkali pre-treatment, have inhibitory effects on the anaerobic digestion;
Ei?;?ﬁon however, the possible inhibitory effects of solid lignin have not gathered enough interest. Especially, the effect of
Modelling solid lignin on methanogenesis remains a knowledge gap. In this study, kraft lignin was used as a model solid

lignin substrate for its co-digestion with microcrystalline cellulose. A new approach of modelling biomethane
production curves using smoothing splines was developed to describe the long-term inhibitory effects of solid
lignin on hydrolysis and methanogenesis. The method gives possibility to describe long-term inhibitory effects by
using batch instead of continuous test data. Results revealed that kraft lignin showed mild inhibitory effects on
methanogens. However lignin impact combined with volatile fatty accumulation can prolong hydrolysis and
reactor recovery start-up by 47.3% and 75.3%, respectively. For small dosages of solid lignin adaptation of
methanogens is possible.

1. Introduction

Lignocellulose is an abundant source of substrate for biogas pro-
duction (Mustafa et al., 2016). However, a proper pre-treatment of
lignocellulose for its efficient utilization during anaerobic digestion is
required to enhance the biogas and biomethane yield significantly (Li
et al., 2019). Moreover, a hydrolysis is typically the limiting step of the
anaerobic digestion of lignocellulose, and the pre-treatment aims to
enhance the hydrolysis rate (De Sanctis et al., 2019; Karimi and
Taherzadeh, 2016). The pre-treatment drawback is the formation of
inhibitory by-products such as hydroxymethyl furfural (HMF) and
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furfural (Atelge et al., 2020). It is also known that phenolic compounds
from dissolved lignin, produced during alkali pre-treatment, (Lorenci
Woiciechowski et al., 2020; Venturin et al., 2018) have inhibitory effects
on the anaerobic digestion phases: hydrolysis, acidogenesis, and meth-
anogenesis (Koyama et al., 2017). However, the possible inhibitory ef-
fects of the solid lignin that remains after pre-treatment have not
gathered enough interest. Especially, the effect of solid lignin on
methanogenesis remains a knowledge gap. Uneven inhibition of the
anaerobic digestion phases can lead to various imbalances in the process
and volatile fatty acid (VFA) accumulation (Ma et al., 2013a; Nguyen
et al.,, 2019), in turn leading to process failure (Nguyen et al., 2019;
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Zhang et al., 2018). For this reason, these inhibitory effects must be
assessed. Generally, two main methods, the biomethane potential test
(BMP) and anaerobic toxicity assay (ATA), are applied to assess such
inhibition. ATA is a simple method based on the comparison of bio-
methane produced from the reference and inhibited samples at a fixed
time point (Li et al., 2017). It provides generalized information on the
possible inhibition at a chosen time point, which is usually a few days,
but not on the microbial community acclimation and biomass growth
(Chen et al., 2016). Rapid methods, such as resazurin reduction assay
(Chen et al., 2016) and those that utilize luminescent bacteria (Ji et al.,
2013), have the same drawbacks as those of ATA. The BMP method used
for inhibition assessment is the typical BPM method, according to VDI
4630 (Verein Deutscher Ingenieure, 2014), that has been modified with
the presence of an inhibitor in the reactor. Mathematical modelling,
frequently using a Modified Gompertz model, is then performed (Li
et al., 2018). The drawback of this approach is the inability to model the
biphasic process with the curve plateau. Hence, this constitutes a
knowledge gap, and modifications of these methods were required (Ma
et al., 2013a). The ADM1 model (Batstone et al., 2002) can provide a
better insight into the inhibition caused by VFAs (Boubaker and Ridha,
2008). However, since it requires a sophisticated calibration procedure
(Arnell et al., 2016), its application is difficult and limited.

In this study, we presented a new, easy to use, heuristic, and flexible
approach of inhibition modelling by applying nonparametric modelling
with smoothing splines. Presented modelling approach described inhi-
bition based on process phases duration rather than gas production at
given, fixed time point. Splines provided an adaptive fit to the data (Jang
and Oh, 2011), and thus enabled the possibility of overcoming the
parametric model drawbacks, which were related to the assumptions of
the priori shape of the curve. They could also be used to model the ef-
fects of a chosen inhibitor on hydrolysis and methanogenesis in the
presence of naturally accumulated or manually added VFAs. This is
important because data on the joint negative effects of inhibitors on
processes have rarely been reported (Ji et al., 2013; Tian et al., 2018). In
this study, a modelling approach was proposed to investigate the
inhibitory effects of solid lignin on the anaerobic digestion of micro-
crystalline cellulose using balanced among hydrolysis and methano-
genesis and imbalanced microbial communities. This approach also
allowed us to obtain information on the long-term effects of microbial
performance and adaptation in the presence of solid lignin and VFAs.
Microcrystalline cellulose and kraft lignin were used, because they are
well known substrates, commonly used in anaerobic digestion research.
This approach made the research easily reproducible. Kraft lignin is
produced in kraft process which includes alkaline lignocellulose pre-
treatment, thus is suitable to simulate impact of alkali pretreated
lignocellulose. This is solid material and can be applied to investigate
noncompetitive hydrolysis inhibition (Oliveira et al., 2020). Addition-
ally possible noncompetitive methanogenesis inhibition (Wang et al.,
1992) caused by solid lignocellulose can be investigated, which is the
main hypothesis for this study.

2. Materials and methods
2.1. Experimental data

This study consisted of two batch trials. In both trials, the micro-
crystalline cellulose Flocel 102, bought from a local market, and kraft
lignin (370959, Sigma-Aldrich, USA) were used. In the first trial, the
microcrystalline cellulose was blended with kraft lignin in various mass
ratios, from 10:3 up to 10:20. In the second trial, sucrose was used as the
additional material, to obtain better insight on direct lignin impact on
methanogenesis. Each sample of the material was weighed on the WPS
600/C electronic scale (Radwag, Radom, Poland), which had an accu-
racy of 0.01 g. All tests were performed using 2 dm® glass. The inoculum
was obtained from a mesophilic, agricultural biogas plant post-digester.
The main substrate for the biogas plant was maize silage. Reactors, after
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being filled with substrates and the inoculum (1800 mL), were flushed
with nitrogen and placed in a water bath, which was operated at 37 °C.
The contents of the reactors were manually mixed once a day. The
amount of gas produced was measured by a brine displacement method
(Ran et al., 2018; Xin et al., 2018). Displaced brine was weighed on the
WLC.X2 electronic scale (Radwag, Radom, Poland), which had an ac-
curacy of 0.1 g. The batch trials were conducted in triplicate simulta-
neously. The volume of the obtained biogas was converted to the
standard conditions (1013 hPa, 273 K). The composition of the gas was
analysed using a Gas Data GFM 406 portable gas analyser (Gas Data
Limited, United Kingdom). The percentages of CH4 and CO, were
measured with an accuracy of +1% by pumping the displaced brine
backwards into the bottle, which was directly connected to the reactor.
The pH was measured using a WTW ProfiLine pH 3110 pH meter
equipped with a SenTix® 41lelectrode (Xylem Inc.), which had an ac-
curacy of £0.01.

2.1.1. First batch test

The aim the first trial was to investigate kraft lignin impact, espe-
cially on methanogenesis, when methanogenesis was a process limiting
step. The inoculum for the first trial was firstly used in the preceding
trial, for which microcrystalline cellulose was used as sole substrate.
Trial was conducted in 37 C. Then inoculum was stored for about four of
months at room temperature (20 + 2 °C). Six microcrystalline cellulose
(10 g) samples were placed in reactors, and kraft lignin (3g,7 g,10g, 13
g, 17 g, and 20 g) was added as a co-substrate. Cellulose moisture con-
tent was 5.01 + 0.23%. Samples of cellulose (10 g) and lignin (20 g) only
were also prepared. An inoculum (1800 mL) sample without added
substrates was used as a blank. The amount of inoculum organic dry
matter in each reactor was 30 g. The cellulose to inoculum volatile solids
mass ratio was 1:3. The pH of the inoculum was 8.01, and no significant
differences among the samples after addition of lignin were observed. At
this pH, kraft lignin was insoluble in water (Konduri and Fatehi, 2015).
The tests were performed until no significant change in the biogas
production was observed. The maximum duration of the first batch test
was 70 d.

2.1.2. Second batch test

The second trial with sucrose was conducted to obtain better insight
into kraft lignin impact on hydrolysis and methanogenesis, when fresh,
balanced inoculum is used. The second trial was conducted using a fresh
inoculum from the same biogas plant. An inoculum (1800 mL) sample
without added substrates was used as a blank (24 g of organic dry matter
was present in the inoculum in each reactor). Samples of cellulose (10 g)
only and those with kraft lignin (10 g and 20 g), which was added as a
co-substrate, were prepared as described for the previous trial. The
cellulose to inoculum organic dry mater ratio was 1:2.4. Additionally,
the sucrose hydrolysate was prepared. To hydrolyse sucrose, sucrose
(50 g) was blended with the inoculum (1 dm?) and placed in a water
bath at 37 °C for 72 h. The hydrolysate (100 mL) was then poured into
each hydrolysate sample in the reactors. Then, kraft lignin (10 g and 20
g) was added as a co-substrate in two or three hydrolysate samples. The
reactors were filled with the inoculum (1800 mL). The pH values of the
inoculum and hydrolysate were 8.25 and 7.24, respectively. The hy-
drolysate (100 mL) was blended with the rest of the inoculum, and the
pH of the resultant mixture was 8.22. The experiment using cellulose
samples was conducted for 30 d. The hydrolysate samples were tested
for only 10 d because only the initial rate of the process was in the scope
of this experiment.

2.2. Curve fitting

The cumulative biomethane production curves obtained in the first
trial were fitted using smoothing splines (“smooth.spline” function from
the “splines” library in “R” package). Curves were fitted by the gener-
alized cross-validation method (GCV) to avoid overfitting. All distinct
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points were used as spline knots. Since the values of the cumulative
production curves were significantly lower at the beginning of the
process, weights were used during the approximation process to un-
derscore the importance of the first few days of production. The recip-
rocal of the measured cumulative biomethane production values were
used to calculate the values of the weights. This approach was chosen
based on the author’s experience. The remaining parameters were set at
default. The “smooth.spline” function allowed us to calculate the de-
rivatives of the cumulative production curves. Since the curve was
smoothed using the spline model, it was possible to interpret the dy-
namics of the process using derivatives, especially the points at which
the first derivative changed its direction. This was consistent with the
change in the production rate at the chosen time. In this study, 1 h was
chosen as the time interval; therefore, the first derivative referred to the
biomethane production per hour. Smoothing spline application enabled
us to obtain precise data on the production rate, even when the mea-
surements were taken at different time intervals (this can be an issue if
the stand is not automated). The characteristic points of the first de-
rivative were chosen manually for all curves and described in detail in
the next section.

Cellulose samples in the second trial were modelled using the
Modified Gompertz Model (Akobi et al., 2016; Li et al., 2018) by the
least squares method:

B:Bgexp{—exp{lg(ﬂ—t)-&-l} } (D

0

where B is the actual measured value of cumulative biomethane pro-
duction (NmL~g’1); By is the maximum modelled cumulative bio-
methane production (NmL-g™!); p is the maximum production rate
(NmL-g_l-d’l); e is the Euler number; and X is the duration of the lag
phase (d).

2.3. Statistical analysis

The Kruskal-Wallis test was used to compare the whole biogas pro-
duction curves. The cumulative biogas production values were
compared using analysis of variance. Levene’s test for homogeneity of
variance and Shapiro-Wilk normality test were used to check the validity
of the assumptions made for the analysis of variance. Linear regression
was performed using the “lm” function from the “stats” library. Differ-
ences and regression parameters were considered statistically significant
at p < 0.05. All analyses, including curve fitting, were conducted using
the “R” package (version 3.5.1).

3. Results and discussion
3.1. Results and analysis of the first batch test

No significant gas productions were observed from the blank (re-
actors with sole inoculum) and reactors with inoculum and kraft lignin
only (without cellulose). It could be concluded that storage of the
inoculum for a long time caused complete degasification and no bio-
methane production. This indicated that no soluble lignin-derived
compounds were present in the reactors because some compounds,
such as syringaldehyde, contrary to solid lignin, could be used by the
microorganisms as substrates (Barakat et al., 2012). Gas production was
observed from all the cellulose samples. Analysis of variance for bio-
methane yield revealed no significant differences among the different
lignin samples (p-value = 0.313), and this result was surprisingly not in
line with previously reported results (Li et al., 2018). However, the
biomethane yield could be fitted with the full cellulose potential (355.7
+ 13.4 (NmL-g’l), indicating that competitive inhibition mechanism
did not occur. This supported the hypothesis that lignin in lignocellulose
acted as a physical barrier rather than a competitive inhibitor (Djajadi
et al., 2018).
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The curve of the reference sample (10 g of cellulose only) had an
unusual shape (data was shown in Supplementary material). Firstly
curve, looks like did not reach the plateau at end, however test was
terminated according to VDI 4630 (Verein Deutscher Ingenieure, 2014).
This effect was caused by low process rate ang long test duration. Sec-
ondly, after the lag phase, a rapid increase in biomethane production,
followed by a slowdown in production, was observed, and a sigmoidal
curve was obtained, indicating disturbances in the process. Since storage
of the inoculum for a long time caused complete degasification, it could
have also caused a deterioration in the microbial population, especially
methanogens, which are more vulnerable to unfavourable process con-
ditions than hydrolytic, acidogenic, and syntrophic acetogenic bacteria
(Wintsche et al., 2018). Typically, the growth time of methanogens is
longer than that of bacteria involved in the preceding steps of anaerobic
digestion (Manyi-Loh et al., 2013). It takes 4-6 days for the microbial
population to double (De Vrieze et al., 2012), and hence it is more
difficult for the methanogens to recover, resulting in imbalances in the
microbial population. The proper balance of microbial communities is
crucial for the process to be conducted properly (Angelidaki et al., 2009;
Ma et al., 2013b). This must be taken into account according to several
batch test protocols, which advise using fresh inoculum or inoculum that
has been degassed up to for 7 d at the test temperature (Angelidaki et al.,
2009; Holliger et al., 2016; Verein Deutscher Ingenieure, 2014). The
conditions for extended storage of inoculum in anaerobic conditions is
one month at 35 °C (Verein Deutscher Ingenieure, 2014). Notably, the
inoculum used in this trial was also used in the previous trial, for which
microcrystalline cellulose was used as a sole substrate and no process
disturbances were observed. Data from the above-mentioned experi-
ment have not been published yet. Repetition of a batch test with the
digestate from a preceding test is allowed according to standard protocol
(Verein Deutscher Ingenieure, 2014). Usually hydrolysis is the rate
limiting step of anaerobic digestion of cellulose (Jeihanipour et al.,
2011). However, it is highly possible that methanogenesis was the rate
limiting step in this study due to the low growth rate of methanogens,
thus causing VFA accumulation and inhibition (Manyi-Loh et al., 2013;
Yeh et al., 2010).

Addition of kraft lignin enhanced this phenomenon, thus prolonging
the overall process time. To describe this phenomenon, modelling with
smoothing splines was performed. The results are shown in. Arrows in
Fig. 1 indicate the three characteristic points. This points refers to sig-
nificant turning process moments, when VFA inhibition alters the pro-
cess dynamics. The first point (left arrow) refers to the drop in the
biomethane production rate, and can be interpreted as the point at
which the accumulation of hydrolysis products begins to impact the
process rate. The second point (middle arrow) indicates the maximum
inhibition, which is related to the maximum VFA accumulation. This
point does not occur if the microbial community is not overloaded. In
that case, the initial production rate rises and then declines mono-
tonically until the end of the process (Khalid et al., 2019). If methanogen
overload does occur, VFA accumulation further causes methanogenesis
depression and a drop in the production rate (Ma et al., 2013a). This can
lead to process failure or recovery. In this trial, process recovery was
observed because the full biomethane potential was utilized, as previ-
ously mentioned. The third point (right arrow) indicates a full recovery
and the end of significant inhibition. After that point, there is a further
drop in the production rate due to depletion of the substrate. The time of
occurrence (Fig. 1) and cumulative biomethane production at these
points are shown in Table 1. Linear regression analysis showed that
there was no significant relation between biomethane production at a
given point and lignin addition. p-values of the slopes at points 1, 2, and
3 were 0.0954, 0.0878, and 0.8504, respectively. This suggested that
presence of lignin did not impact the VFA inhibition threshold, and this
type of inhibitors exhibited additive, rather than synergetic, effects on
the process.

These three points (Fig. 1) were used to construct three intervals. The
first interval (0-1) extended from the beginning of the process to point 1
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Table 1

The time of occurrence and spline modelled cumulative biomethane production at the characteristic points.

Lignin Start of inhibition (point 1)

Maximum inhibition (point 2)

End of inhibition (point 3)

addition [g] Time of

occurrence [h]

Cumulative biomethane
production [NmL-g~!]

Time of
occurrence [h]

Cumulative biomethane
production [NmL-g~!]

Time of
occurrence [h]

Cumulative biomethane
production [NmL-g ']

0 99 28.13 193 67.51 519 221.34
3 91 24.07 197 71.02 468 202.64
7 109 26.15 231 66.82 482 161.58
10 126 26.12 253 65.42 572 178.34
13 142 25.76 283 60.97 875 237.82
17 153 25.14 422 65.12 953 198.61
20 188 19.13 568 64.07 1129 211.16
(the beginning of inhibition). The second interval (1-2) extended from Table 2
able

points 1 (the beginning of inhibition) to 2 (maximum inhibition), and
the third interval (2-3) extended from points 2 (maximum inhibition) to
3 (the end of inhibition). The duration of the intervals was used to
calculate relative inhibition using the equation:

_( _IrY,
1_<1 T) 100% 2

L

where I is the relative inhibition during the chosen interval (%); T is the
duration of the interval for the reference sample (h); and T is the
duration of the interval for the lignin inhibited sample (h).

This equation differed slightly from the equation used to calculate
inhibition based on the measured gas volume at a fixed time because in
this approach, time was prolonged, while in the alternative method, gas
volume was decreased; therefore, the denominator in this equation was
the duration of the interval for the lignin inhibited sample (Gartiser
et al., 2007; Li et al., 2017). The inhibition values obtained for samples
with different amounts of added lignin using the durations of the three
intervals are shown in Table 2. The relative inhibition values were
analysed for each interval separately using linear regression. The pa-
rameters of the regression equations are shown in Table 3. In this study,
the lag phase, which occurred during anaerobic digestion of cellulose,
was not analysed separately (Yu et al., 2012). This modelling approach
enabled us to model the lag phase separately. However, to obtain a curve
with the underlined lag phase, biomethane production must occur from

Inhibition percentages at the characteristic points on addition of different
amounts of lignin.

Lignin
addition [g]

Inhibition during
interval 0-1 [%]

Inhibition during
interval 1-2 [%)]

Inhibition during
interval 2-3 [%]

0 0.00 0.00 0.00
3 -8.79 11.32 —26.11
7 9.17 22.95 —59.86
10 21.43 25.98 -17.62
13 30.28 33.33 49.56
17 35.29 65.06 39.95
20 47.34 75.26 39.14

Table 3
The parameters of linear models for inhibition percentages in function of lignin
addition at the characteristic points.

Interval  Intercept [%] Slope [%-g 1] Slopep- R?
1
Estimate  Standard Estimate  Standard vaue
error error
0-1 —7.50 3.95 2.68 0.33 0.0004 0.9200
1-2 -3.29 4.93 3.67 0.41 0.0003 0.9299
2-3 -33.83 22.78 3.74 1.89 0.1048 0.3270
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the blank sample and net gas production must be calculated and
modelled. In this study, the first interval jointly represented the inhi-
bition of the lag phase and the start of VFA inhibition. During the first
interval, inhibition increased significantly with the addition of lignin to
the samples. Linear regression for the first interval is shown in Fig. 2.
This confirmed that lignin impacted the hydrolysis inhibition linearly;
however, at a higher dose of lignin, this relation can’t be hold. On
addition of 3 g of lignin, the inhibition was —8.79% (Table 2), indicating
that a low dose of lignin did not negatively impact hydrolysis.

The duration of interval 1-2 was significantly prolonged on addition
of lignin to the samples. The effects of addition of lignin on inhibition in
the second interval are shown in Fig. 3. A linear relationship was
observed. Interval 0-1 showed linear inhibition of hydrolysis by lignin;
thus, the effects of lignin in interval 0-1 must impact interval 1-2. It can
be stated that in conditions, where the hydrolysis rate is low and a long
duration is required to reach maximum inhibition, methanogens are also
inhibited because methanogens consume VFAs, which are provided to
them by hydrolysis. Hence, in the case of no methanogens inhibition, the
accumulation of hydrolysis products should be overcome faster with the
increase in the amount of lignin added. A similar shape of the curve for
microcrystalline cellulose was obtained in a previous study (Li et al.,
2017), in which the ionic liquid was used as an inhibitor. It is known that
ionic liquids inhibit cellulases (Nemestothy et al., 2017; Summers et al.,
2017) and methanogenesis (Duan et al., 2013; Li and Xu, 2017).
Methanogenesis inhibition by lignin has been reported previously (Yin
et al., 2000); however, it was found that the negative effects of lignin
compounds on methanogens differ considerably (Sierra-Alvarez and
Lettinga, 1991).

Interval 2-3 is the period from maximum inhibition to the end of
inhibition. In this case, a linear relationship was not significant (for the
slope, p-value = 0.327). Inhibition in interval 2-3 data was shown in
Supplementary material. During this interval, samples with 13 g, 17 g,
and 20 g of added lignin were 49.56%, 39.95%, and 39.14% inhibited,
respectively, while samples with 3 g, 7 g, and 10 g of added lignin were
stimulated by the lignin and —-26.11%, —59.86%, and —17.62%
inhibited, respectively (Table 2). The positive effects of addition of small
amounts of lignin could be explained by mild inhibition, along with the
possibility of inhibitor neutralization and growth stimulation of
methanogens due to the presence of greater amounts of solid particles in
the reactors. The growth promoting effects of kraft lignin have been

80
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previously reported (Pilarska et al., 2018, 2019); however, it was found
that higher dosages suppress these positive effects.

3.2. Results and analysis of the second batch test

Since the curve of the reference sample in the first test exhibited a
typical shape, the test was repeated with several modifications. The
curve of the reference sample (10 g of cellulose only) exhibited a regular
course, which data was shown in Supplementary material. After the lag
phase, uninterrupted biomethane production occurred until a plateau
was reached at the end of the process. The curves of samples with 10 g
and 20 g of added lignin have analogous courses. All curves were
modelled using the Modified Gompertz model. The results are presented
in Table 4. Modelling revealed a decrease in the biomethane production
caused by lignin addition, and this was confirmed by analysis of variance
(p-value = 0.002). The biomethane yield from samples with 10 g and 20
g added lignin, in reference to the pure cellulose sample, was found to be
decreased by 17% and 28%, respectively. It could be concluded that
competitive inhibition mechanism occurred, despite the fact that the
same substrates were used in both trials and only the inocula differed.
The pH values of the inocula were similar in both trials (8.01 in the first
trial and 8.25 in the second trial). In the second trial, fresh inoculum
from a steady-state operating agricultural anaerobic digestion plant was
used, and hence, we could assume that a balanced microbial population
was present. Analysis of data shown in Supplementary material in-
dicates that no significant VFA inhibition occurred. However, the
maximum production rate decreased by 37% and 55% on addition of 10
g and 20 g lignin, respectively, indicating that uncompetitive hydrolysis
inhibition occurred. Additionally, the lag phase was significantly pro-
longed from 3.8 d for the reference sample to 6.5 d and 8.0 d for the
samples with 10 g and 20 g of added lignin, respectively (Table 4).
Despite hydrolysis inhibition, no disturbances in the process were
observed; hence, hydrolysis was the limiting step of the process.

To assess the effects of lignin on the fresh inoculum sucrose, hy-
drolysates with 10 g and 20 g of added lignin were fermented for 10 d.
Kruskal-Wallis test indicated no significant differences between the
curves (p-value = 0.9967). This result, combined with the results of the
previous trial, led to the conclusion that inhibitory effects of lignin could
be observed only when the proportion of the lignin dosage to the active
methanogen population was high. It was also previously observed that a

10 15 20

Lignin addition [g]

® Measured inhibition

Linear model

Linear model standard error bands

Fig. 2. The linear regression results for interval 0-1.
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10
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20
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Fig. 3. The linear regression results for interval 1-2.

Table 4
The estimated parameters of the Modified Gompertz model.

Lignin addition [g] By [NmL-g '] u [NmL-g~.d™] A [d]
Estimate Standard error Estimate Standard error Estimate Standard error
0 368.78 4.33 44.60 2.71 3.78 0.26
10 304.82 2.45 28.28 0.78 6.51 0.15
20 265.45 2.78 19.95 0.48 8.01 0.15

high concentration of microbial communities could overcome the inhi-
bition (Ma et al., 2013a). This could be a problem during the dry
anaerobic digestion of lignocellulose, which is a promising method for
anaerobic digestion of straw (Ge et al., 2016; Zhu et al., 2010). An
imbalanced microbial community is required to test mild inhibitory
effects on methanogenesis. However, the use of a microbial community
weakened due to long-term storage, as presented in the first trial, was
definitely not time-efficient. A rapid method for the production of
imbalanced cultures in different ratios was developed in a different
study (Ma et al., 2013a).

4. Conclusions

In this study, anaerobic digestion of microcrystalline cellulose in the
presence of kraft lignin was investigated. A new smoothing spline
modelling approach was applied. This method was well suited for the
estimation of inhibition by compounds, which did not directly impact
cellulose yield. Additional research is required to investigate the method
for other compounds. On application of the presented approach, the
inhibitory effects of kraft lignin on anaerobic digestion were investi-
gated, and it was revealed that kraft lignin showed mild inhibitory ef-
fects on methanogenesis, possibly due to noncompetitive inhibition.
This approach can be applied in further research to investigate the
mitigation of methanogen inhibition.
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Figure S1. The biomethane production curve of the reference sample (10 g of cellulose only)
in the first batch test.
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Figure S2. The effects of addition of lignin on inhibition during interval 2-3.
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Figure S3. The biomethane production curve of the reference sample (10 g of cellulose only)
in the second batch test. The solid, red line is the Modified Gompertz Model approximation.
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