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1. Wykaz publikacji wchodzacych w sktad dysertacji

Podstawa prezentowanej pracy doktorskiej jest seria publikacji tworzacych jednotematyczny
cykl prac dotyczacych poprawy hydrolizy osadéw $ciekowych w celu intensyfikacji
fermentacji metanowej. Tre$¢ rozprawy przygotowana zostala na podstawie publikacji
naukowych cytowanych ponizej, zgodnie z prezentowang kolejnoscia:

PUBLIKACJA 1: Cwiertniewicz-Wojciechowska M., Cema G., Ziembinska-Buczynska A.,

Sewage sludge pretreatment: current status and future prospects: Environmental Science and
Pollution Research, 2023, 30, 88313-88330. IF2020= 5,8; MNiSW2022= 100
PUBLIKACJA 2: Cwiertniewicz-Wojciechowska M., Cema G., Ziembinska-Buczynska A.,

Cellulolytic Fungi from Sewage Sludge and Their Potential to Improve Methane
Fermentation, Biomass Conversion and Biorefinery, https://doi.org/10.1007/s13399-026-
07082-1. IF2026= 4,1; MNiSW2026= 70

PUBLIKACJA 3: Cwiertniewicz-Wojciechowska M., Wolny A., Jurczyk S., Cema G.,

Ziembinska-Buczynska A., Enhancing methane production during anaerobic digestion of
sewage sludge using enzymes produced by autochthonous microbial consortia, w trakcie
recenzji

PUBLIKACJA 4: Cwiertniewicz-Wojciechowska M., Cema G., Ziembinska-Buczynska A.,

Wplyw enzymow celulolitycznych na hydrolize osadow $ciekowych: Wspolczesne
problemy ochrony $rodowiska i energetyki, 2024, 101-110, Gliwice, Politechnika Slaska.
ISBN 978-964116-6-2. MNiSW2024= 20

PUBLIKACJA 5: Cwiertniewicz-Wojciechowska M., Wolny A., Cema G., Ziembinska-

Buczynska A., Comparative Enzymatic Pretreatment of Sewage Sludge: Physicochemical

Parameters and Microbial Community Effects, w trakcie recenzji
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2. Alfabetyczny spis skrotéw 1 akroniméow

carb. — wegiel aktywny

CE — enzymy komercyjne

CMC — karboksymetyloceluloza

ChZT — chemiczne zapotrzebowanie na tlen (ang. Chemical Oxygen Demand, COD)
EPS — (ang. Extracellular Polymeric Substances) polimery zewnatrzkomoérkowe

IE — enzymy izolowane

IM - enzymy immobilizowane 2z wykorzystaniem nieorganicznego nosnika,
wegla aktywnego

LKT — lotne kwasy tluszczowe (ang. Volatile Fatty Acids)

NGS — (ang. Next Generation Sequencing) Sekwencjonowanie Nastgpnej Generacji
NIM — enzymy nieimmobilizowane

N-NH4 - azot amonowy

SS — (ang. Sewage sludge) osad $cickowy

PN — biatka

PS — weglowodany

TN — (ang. Total Nitrogen) azot catkowity

WWTP — (ang. Wastewater Treatment Plant) oczyszczalnia Sciekow

WAS — (ang. Waste Activated Sludge) osad nadmierny

WKF — wydzielona komora fermentacyjna
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Streszczenie

Oczyszczanie $ciekow stanowi ztozony proces technologiczny, ktérego celem jest
usuwanie zanieczyszczen fizycznych, chemicznych oraz biologicznych ze $ciekow.
Skuteczna realizacja tego procesu umozliwia bezpieczne odprowadzanie $ciekoéw
oczyszczonych do odbiornikéw wodnych lub do $rodowiska gruntowego,
zgodnie z obowigzujacymi wymaganiami legislacyjnymi.

W trakcie oczyszczania, obok $ciekoOw oczyszczonych, powstaja osady Sciekowe,
ktére ze wzgledu na swoj sktad oraz ilos¢ wymagaja odpowiedniego ustabilizowania
i racjonalnego zagospodarowania. Procesy zwigzane =z ich przetwarzaniem,
obejmujagce m.in. odwadnianie, higienizacj¢, transport oraz unieszkodliwianie,
generujg istotne koszty eksploatacyjne dla oczyszczalni $ciekow.

Ustabilizowane osady $ciekowe moga by¢ wykorzystywane w roznych celach,
takich jak nawozenie ro$lin nieprzeznaczonych do spozycia przez ludzi i zwierzgta,
rekultywacja  terendw  zdegradowanych, kompostowanie, badz  skladowanie.
Do ich stabilizacji stosuje si¢ metody biologiczne, chemiczne oraz termiczne,
przy czym najczesciej wykorzystywane sag metody biologiczne, w szczegdlnosci fermentacja
metanowa. Nalezy jednak podkresli¢, ze efektywno$¢ fermentacji beztlenowej nie zawsze
gwarantuje uzyskanie parametrow osadu zgodnych z wymaganiami okreslonymi
w Obwieszczeniu Ministra Klimatu i Srodowiska z dnia 18 listopada 2022 r.

W zwiagzku z powyzszym coraz czeSciej stosuje si¢ wstepng obrobke osadow
Sciekowych przed procesem fermentacji. Zabieg ten intensyfikuje przebieg hydrolizy
oraz catego procesu fermentacji, przyczyniajac si¢ do zwickszenia efektywnosci stabilizacji,
poprawy jako$ci i ilosci uzyskiwanego pofermentu, a takze wplywa na wydajnos¢
i sktad produkowanego biogazu.

Na efektywno$¢ stabilizacji osadow Sciekowych istotny wplyw ma ich sktad,
w  szczegolnosci zawarto$¢ trudno biodegradowalnych substancji organicznych.
Do tej grupy nalezy m.in. celuloza, czyli polisacharyd stanowigcy podstawowy element
strukturalny $cian komorkowych roslin, a zarazem jeden z najpowszechniej wystepujacych
polimerow w $rodowisku. Celuloza stanowi rowniez istotny sktadnik materii organiczne;j
doptywajacej do systemow kanalizacyjnych, gtownie na skutek wprowadzania do nich
materiatéw higienicznych. Jej obecnos¢ w $ciekach oraz osadach $Sciekowych wplywa
bezposrednio na  przebieg procesOw  technologicznych ~w  oczyszczalniach

oraz na efektywnos$¢ gospodarki osadowe;j.
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W zwiazku z koniecznos$cig efektywnego zagospodarowania osadéw $ciekowych
oraz ograniczania kosztow eksploatacyjnych oczyszczalni sciekow,
prowadzone s3 intensywne badania nad metodami umozliwiajacymi jednoczesng
intensyfikacje procesow stabilizacji osadow §ciekowych oraz optymalizacj¢ ekonomiczng
tych dziatan.

Niniejsza praca doktorska przedstawia dzialania umozliwiajace efektywng obrobke
osadow $ciekowych, bez dodatkowego obcigzania srodowiska substancjami chemicznymi,
poprzez wykorzystanie celulolitycznych mikroorganizméw bytujacych w osadach
scieckowych. Praca doktorska obejmuje pig¢ publikacji, jedng przegladowa
i cztery badawcze, opisujagce wplyw dziatania autochtonicznych celulolitycznych
mikroorganizmoéw i produkowanych przez nie enzymow na efektywnos¢ degradacji celulozy
i produkcji metanu. Realizowane badania poprzedzone zostaly szczegélowym przegladem
literatury (Publikacja 1), w ktérym analizowane byly metody wspomagania fermentacji
metanowej pod katem usprawnienia hydrolizy osadéw 1 samej produkcji metanu.
W przegladzie przedstawiono wplyw chemicznej, fizycznej i biologicznej obrobki
na hydrolizg osadow $ciekowych i efektywno$¢ kazdej z metod w odniesieniu do oznaczenia
takich produktéw hydrolizy, jak lotne kwasy thuszczowe (LKT), chemiczne zapotrzebowanie
na tlen (ChZT) i potencjat metanowy. Ponadto, opisane zostaly inhibitory procesu
1 substancje, ktére w znaczacy sposob wplywaja na efektywno$¢ fermentacji metanowe;.
Publikacja 1 wykazala w szczegdlno$ci niewielka liczbg badan zwigzanych z optymalizacja
wykorzystania biologicznych metod obrébki osadow Sciekowych jako metod intensyfikacji
fermentacji metanowej i etapu hydrolizy, dajac podstawy do postawienia hipotezy badan
laboratoryjnych. Przeglad teoretyczny tematu pozwolil na wyodrebnienie stabo zbadanych
metod obrobki wstepnej osadow  Sciekowych, okreslanych jako biologiczne,
a w szczegblnosci takich, w ktorych udzial miatyby mikroorganizmy autochtoniczne
1 produkowane przez nie enzymy. Przeglad literatury pozwolil rowniez na zaplanowanie
badan pod katem wypelnienia luki badawczej, z uwzglednieniem potrzeb 1 mozliwosci
przemystu.

W publikacji 2 opisana zostala izolacja grzybow celulolitycznych
z osadu $ciekowego. Wyizolowane zostaly grzyby zdolne do wzrostu w warunkach
tlenowych i1 beztlenowych, z zatozeniem mozliwo$ci wykorzystania ich na réznych etapach
gospodarowania osadami  $ciekowymi. Wyizolowano 12 szczepdw  grzybow
celulolitycznych. Siedem z nich bylo zdolnych do wzrostu w warunkach tlenowych

1 beztlenowych. Za pomoca sekwencjonowania Sangera regionu ITS1, zidentyfikowanych
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zostato 5 szczepdéw. Wszystkie z wyizolowanych grzybow nalezaty do rodzaju Aspergillus.
Okreslono, ze wyizolowane grzyby byly zdolne do degradacji czystej celulozy.
Na podstawie aktywnosci enzymatycznej i efektywnosci degradacji czystej celulozy,
do testow degradacji celulozy w osadzie $cieckowym i testu okreslajacego potencjal
metanowy wybrany zostat jeden szczep, oznaczony jako G3 (Aspergillus terreus SO011).

Znaczaca wickszo$¢ badan opisywanych w literaturze wykorzystuje obrébke
wstepng, prowadzong przed komorg fermentacji metanowej. W badaniach opisanych
w Publikacji 2, biologiczna obrobka zastosowana byta jako forma wspomagania procesu
prowadzonego juz w trakcie testu na potencjal metanowy (AMPTS- ang. Automatic
Methane Potential Test). Testowany osad $ciekowy zaszczepiony zostal strzepkami
wyizolowanego grzyba G3 (Aspergillus terreus S011). W badaniach wykorzystany zostat
mikroorganizm  zamiast samych  produkowanych przez niego  enzymow,
zaktadajac intensyfikacje obrobki i uproszczenie metody wstepnej obrobki osadow,
w przypadku potencjatu zastosowania w przemysle. Wprowadzenie wyizolowanego podczas
badan autochtonicznego grzyba celulolitycznego z rodzaju Aspergillus pozwolito
na uzyskanie wzrostu produkcji biogazu o 11% w odniesieniu do osadu $ciekowego
niepoddawanego obrdbce. Dodatkowo, uzyskano 6% wzrost degradacji celulozy,
w poréwnaniu do probki kontrolnej. Grzyby uznaje si¢ za najbardziej efektywne,
sposrod wszystkich mikroorganizméw celulolitycznych. W zwiazku z tym, badania opisane
w tej publikacji stanowily punkt wyjscia dalszych prac  badawczych,
rozwini¢tych w Publikacjach 3,41 5.

Kolejne zaplanowane w ramach rozprawy doktorskiej badania zaktadaty
wykorzystanie autochtonicznych bakterii celulolitycznych, wyizolowanych z osadu
sciekowego, zwiekszajacych szybkos¢ hydrolizy osadow sciekowych. Podczas badan jednak
izolacja czystych kultur bakteryjnych nie byla mozliwa. Niemozliwe bylo réwniez
przechowywanie wyizolowanych mikroorganizmow, jako ze testowane metody
zabezpieczania materialu  prowadzity do utraty wlasciwosci  celulolitycznych
wyizolowanych  bakterii.  Przetestowane  zostalo  mrozenie ~w  glicerynie,
liofilizacja 1 pasazowanie na skosach przechowywanych w temperaturze 4°C.
W kazdym z analizowanych przypadkéw, wyizolowane bakterie tracity wiasciwosci
celulolityczne. Wyniki te wskazaty kierunek badan w stron¢ mieszanej hodowli o potencjale
celulolitycznym, czyli bakterii wyizolowanych z osadu $ciekowego, ktore byly zdolne do
wzrostu 1 namnazania w syntetycznej pozywce, w ktorej jedynym zrodtem wegla

byta karboksymetyloceluloza. Mieszana kultura autochtonicznych bakterii o potencjale
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celulolitycznym zostata scharakteryzowana pod katem aktywno$ci enzymatycznej FPA
(ang. Filter Paper Assay) i CMC (ang. Carboxymethyl Cellulose) oraz zdolno$ci
do degradac;ji celulozy czystej i celulozy obecnej w osadzie §cickowym.

Badania porownawcze dlugotrwatego kontaktu enzyméw z osadem przedstawione
zostaly w Publikacji 3, w ktorej rowniez weryfikowany byt wptyw dziatania enzymatyczne;j
obrébki osadow Sciekowych na stopien degradacji celulozy i potencjalu metanowego.
Z mieszanej hodowli bakterii autochtonicznych o potencjale celulolitycznym wyizolowane
zostaly enzymy zwigzane z powierzchnig komorek. Izolacja enzyméw wykonana zostala
za pomocg kombinacji metod termiczno-mechanicznych, selekcjonowanych pod katem
tatwos$ci ich wykorzystania w oczyszczalni $ciekow. Celem zabezpieczenia i zwigkszenia
mozliwo$ci  poézniejszego uzycia, wyizolowane enzymy zostaly unieruchomione
na nieorganicznym nos$niku, jakim byl wegiel aktywny. W Publikacji 3 opisane zostato
wykorzystanie enzymow produkowanych przez autochtoniczne bakterie celulolityczne.
Podobnie jak w przypadku oddziatywania grzybow, oznaczona zostata aktywno$¢
enzymatyczna mieszanej hodowli bakterii celulolitycznych i efektywno$¢ degradacji czystej
celulozy. Okreslony zostal rowniez potencjal metanowy osadow $ciekowych,
inokulowanych izolowanymi enzymami, zar6wno w formie immobilizowanej,
jak 1 nieimmobilizowaniej. Dziatanie enzymow izolowanych z uzyskanej w tej pracy
hodowli zostalo poréwnane z dzialaniem komercyjnej mieszanki enzymoéw celulolitycznych
Cellic CTec2 (Novozymes, Dania). Na podstawie przeprowadzonych badan stwierdzono
wzrost efektywnos$ci degradacji celulozy o 27% w probkach inokulum i substratu
(osadu fermentujacego z dodatkiem $wiezego osadu $ciekowego) poddanych obrébce
izolowanymi enzymami nieimmobilizowanymi oraz o 66% w przypadku osadu
fermentowanego, niezasilanego $§wiezg partia osadu nadmiernego 1 wstgpnego.
Dodatkowo, uzyskano intensyfikacj¢ produkcji metanu o 21,7% w przypadku osadow
inokulowanych izolowanymi enzymami nieimmobilizowanymi i o 18,9% w przypadku
osadoéw inokulowanych izolowanymi enzymami immobilizowanymi.
W przypadku enzymoéw komercyjnych obserwowano wzrost produkcji metanu o 42,5%
127%, odpowiednio dla enzyméw nieimmobilizowanych i immobilizowanych.

W Publikacji 4 przedstawiono krotkotrwaty wpltyw dziatania obrobki
enzymatycznej z wykorzystaniem enzyméw izolowanych z pozyskanej hodowli bakterii
1 komercyjnych enzymoéw, nieimmobilizowanych i immobilizowanych na nieorganicznym
nos$niku, jakim byl wegiel aktywny. W trakcie testu opisanego w Publikacji 4 weryfikowany

byt wptyw dozowania enzymdw izolowanych i komercyjnych na stezenie lotnych kwasow
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thuszczowych (LKT), chemicznego zapotrzebowania na tlen (ChZT) i polimerow
zewnatrzkomérkowych ~ (EPS,  ang.  Extracellular ~ Polymeric ~ Substances).
Przeprowadzony test pozwolil na zaobserwowanie zmian st¢zenia oznaczanych parametrow
w pierwszych godzinach od inokulacji osadu enzymami. W prébkach osadu $ciekowego,
inokulowanych izolowanymi nieimmobilizowanymi i immobilizowanymi enzymami
uzyskano wzrost produkcji LKT odpowiednio o 25% 1 128%. Zaobserwowano rowniez
wzrost stezenia ChZT o 272% 1 73%. W przypadku inokulacji osadéw $ciekowych
komercyjnymi enzymami nieimmobilizowanymi i immobilizowanymi, zaobserwowano
wzrost stezenia LKT o 1856% 1 175%. Stezenie ChZT catkowite w probkach inokulowanych
komercyjnymi  nieimmobilizowanymi 1 immobilizowanymi enzymami wzrosto
odpowiednio o 1792% i 670%.

W Publikacji 5 przedstawiono wptyw dziatania inokulacji osadow $ciekowych
izolowanymi 1 komercyjnymi enzymami immobilizowanymi i nieimmobilizowanymi
na parametry fizykochemiczne osadu sciekowego podczas 15-dniowego testu okreslajacego
potencjal metanowy badanych osadow. Dodatkowo, weryfikowany byl rowniez wplyw
dodatku enzymatycznej obrobki osadéw $ciekowych na zbiorowisko mikroorganizmow
bytujacych w osadzie. Na podstawie przeprowadzonych badan okre§lono, ze wybrany rodzaj
obrobki 1 zastosowane stezenie enzymoOw nie wplywa w znaczacym statystycznie stopniu
na sklad jako$ciowo-ilosciowy biocenozymikroorganizméw osadu S$ciekowego.
Porownanie wynikow fizykochemicznych opisanych w Publikacji 4 1 Publikacji 5
pozwolilo na zaobserwowanie, ze wykorzystanie enzymow izolowanych i komercyjnych,
zarowno immobilizowanych, jak i nieimmobilizowanych pozwala na uzyskanie takich
samych parametrow osadu 1 iloSci produkowanego metanu w krotszym czasie,
niz w przypadku osadéw niepoddawanych obrobce. W Publikacji 5 dodatkowo okreslono
korelacje pomigdzy parametrami fizykochemicznymi a obfito$cia wystgpowania najbardziej
licznych gatunkéw bakterii, wskazujac na silne zalezno$ci pomigedzy wystepowaniem
poszczegolnych mikroorganizmow i poziomem badanych parametrow.
Jednoczes$nie wykazano, ze unieruchomienie enzyméw mialo wigksze znaczenie,
niz rodzaj zastosowanego enzymu. W sytuacji, kiedy obserwowano negatywna korelacje
przy wykorzystaniu enzymdéw nieimmobilizowanych, zastosowanie ich immobilizowanych
odpowiednikéw wplywato na wystapienie pozytywnej korelacji pomig¢dzy obfitoscig

wystepowania danego gatunku i oznaczanego parametru.
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Abstract

Wastewater treatment is a complex technological process aimed at removing
physical, chemical, and biological contaminants from wastewater. Effective implementation
of this process enables the safe discharge of treated wastewater into water bodies
or the ground, in accordance with applicable environmental requirements. During treatment,
in addition to treated wastewater, sewage sludge is produced, which, due to its composition
and volume, requires appropriate and rational management. The processes involved in their
treatment, including dewatering, sanitization, transport, and disposal, generate significant
operating costs for wastewater treatment plants.

Stabilized sewage sludge can be used for various purposes, such as fertilizing plants
not intended for human or animal consumption, the reclamation of degraded land,
composting, or landfilling. Biological, chemical, and thermal methods are used for its
stabilization,
with biological methods- particularly anaerobic digestion- being the most commonly
employed. It should be emphasized, however, that the effectiveness of anaerobic
fermentation does not always guarantee that the sludge parameters will meet the
requirements specified in the Announcement of the Minister of Climate and Environment
dated November 18, 2022. Consequently, pretreatment of sewage sludge prior to the
fermentation proces is increasingly being employed. This treatment intensifies the course of
hydrolysis and the entire fermentation process, contributing to increased stabilization
efficiency, improved quality and quantity of the resulting digestate, and also affects the yield
and composition of the biogas produced. The effectiveness of sewage sludge stabilization is
significantly influenced by its composition, particularly the content of poorly biodegradable
organic substances.

This group includes, among others, cellulose, a polysaccharide that is the primary
structural component of plant cell walls and one of the most common polymers in the
environment. Cellulose is also a significant component of the organic matter entering sewer
systems, mainly due to the use of hygiene products by humans. Its presence in wastewater
and sewage sludge directly affects the course of technological processes in treatment plants
and the efficiency of sludge management. Given the need for effective sewage sludge
management and the reduction of operating costs, intensive research is being conducted
on methods that enable both the intensification of stabilization processes and the economic

optimization of these activities.
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The following doctoral dissertation presents methods for the effective treatment
of sewage sludge without additional environmental burden from chemicals,
through the use of cellulolytic microorganisms present in sewage sludge.
The doctoral dissertation comprises five publications- one review and four research papers,
describing the impact of autochthonous cellulolytic microorganisms and the enzymes they
produce on the efficiency of cellulose degradation and methane production.
The research was preceded by a detailed literature review (Publication 1),
which analyzed methods for enhancing methanogenic fermentation with a view to improving
sludge hydrolysis and methane production itself. The review presented the impact
of chemical, physical, and biological treatment on sewage sludge hydrolysis
and the effectiveness of each method in terms of the determination of hydrolysis products
such as volatile fatty acids (VFA), chemical oxygen demand (COD), and methane potential.
Furthermore, inhibitors of the process and substances that significantly affect the efficiency
of methanogenic fermentation are described. Publication 1 highlighted, in particular,
the limited number of studies related to optimizing the use of biological sewage sludge
treatment methods as means to intensify methanogenic fermentation and the hydrolysis
stage. A theoretical review of the topic allowed for the identification of poorly studied
methods of preliminary sewage sludge treatment, referred to as biological, and in particular
those involving autochthonous microorganisms and the enzymes they produce.
The literature review also enabled the planning of research aimed at filling this research gap,
taking into account the needs and capabilities of the industry.

Publication 2 describes the isolation of cellulolytic fungi from sewage sludge.
Fungi capable of growing under aerobic and anaerobic conditions were isolated,
with the aim of utilizing them at various stages of sewage sludge management.
Twelve strains of cellulolytic fungi were isolated. Seven of them were capable of growing
under aerobic and anaerobic conditions. Five strains were identified using Sanger
sequencing of the ITS1 region. All of the isolated fungi belonged to the genus Aspergillus.
It was determined that the isolated fungi were capable of degrading pure cellulose.
Based on enzymatic activity and the efficiency of pure cellulose degradation,
one strain, designated G3 (Aspergillus terreus S011), was selected for cellulose degradation
tests in sewage sludge and for the methane potential test.

The vast majority of studies described in the literature utilize pretreatment conducted prior
to the methane fermentation chamber. In the studies described in Publication 2,

biological treatment was applied as a form of support for the process already underway
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during the Automatic Methane Potential Test (AMPTS). The tested sewage sludge
was inoculated with mycelium of the isolated fungus G3 (A4spergillus terreus SO11).
The study utilized the microorganism itself rather than the enzymes it produces, with the aim
of intensifying the treatment and simplifying the sludge pretreatment method,
in view of its potential industrial application. The introduction of an autochthonous
cellulolytic fungus of the genus Aspergillus, isolated during the study, resulted in an 11%
increase in  biogas production compared to untreated sewage sludge.
Additionally, a 6% increase in cellulose degradation was observed compared to the control
sample. Fungi are considered the most effective of all cellulolytic microorganisms.
Consequently, the research described in this publication served as the starting point for
further studies, which were expanded upon in Publications 3, 4, and 5.

Further research planned as part of the doctoral dissertation involved the use of
indigenous cellulolytic bacteria, isolated from sewage sludge, to increase the rate of sewage
sludge hydrolysis. However, during the research, it was not possible to isolate pure bacterial
cultures. It was also impossible to store the isolated microorganisms, as the tested methods
led to the loss of the cellulolytic properties of the isolated bacteria.
Freezing in glycerin, freeze-drying, and slant inoculation were tested. In each of the tested
cases, the isolated bacteria lost their cellulolytic properties.
These results pointed the research toward mixed cultures with cellulolytic potential,
i.e., bacteria isolated from sewage sludge that were capable of growing and multiplying
in a synthetic medium where the sole carbon source was carboxymethylcellulose.
A mixed culture of indigenous bacteria with cellulolytic potential was characterized in terms
of enzymatic activity using the Filter Paper Assay (FPA) and carboxymethyl cellulose
(CMC), as well as their ability to degrade pure cellulose and cellulose present in sewage
sludge.

Comparative studies of long-term enzyme contact with sludge are presented
in Publication 3, which also examined the effect of enzymatic treatment of sewage sludge
on the degree of cellulose degradation and methane potential.

Bound enzymes were isolated from a mixed culture of indigenous bacteria with cellulolytic
potential. Enzyme isolation was performed using thermomechanical methods that could be
easily implemented in a wastewater treatment plant. To preserve and enhance their usability,
the isolated enzymes were immobilized on an inorganic carrier- activated carbon.

Publication 3 describes the use of enzymes produced by indigenous cellulolytic bacteria.
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As in the case of fungal activity, the enzymatic activity of a mixed culture of cellulolytic
bacteria and the degradation efficiency of pure cellulose were determined.

The methane potential of sludge inoculated with isolated enzymes was also determined, both
in immobilized and non-immobilized forms. The performance of the isolated enzymes
was compared with that of the commercial cellulolytic enzyme mixture Cellic CTec2
(Novozymes, Denmark).

Based on the conducted studies, a 27% increase in cellulose degradation was observed
in inoculum and substrate samples (fermenting sludge supplemented with fresh sludge)
treated with isolated non-immobilized enzymes, and a 66% increase in the case of fermented
sludge not fed with a fresh batch of excess and primary sludge.
Additionally, methane production was intensified by 21.7% in sludges inoculated
with isolated non-immobilized enzymes and by 18.9% in sludges inoculated with isolated
immobilized enzymes. For commercial enzymes, an increase in methane production
of 42.5% and 27% was observed for non-immobilized and immobilized enzymes,
respectively.

Publication 4 presents the short-term effects of enzymatic treatment using isolated

and commercial enzymes, both non-immobilized and immobilized on an inorganic carrier,
namely activated carbon. During the test described in Publication 4, the effect of dosing
isolated and commercial enzymes on the concentration of volatile fatty acids, chemical
oxygen demand (COD), and extracellular polymeric substances (EPS) was evaluated.
The test allowed for the observation of changes in the concentrations of the measured
parameters during the first hours following the inoculation of the sludge with enzymes.
In sewage sludge samples inoculated with isolated non-immobilized and immobilized
enzymes, an increase in VFA production of 25% and 128%, respectively, was observed.
An increase in COD concentration of 272% and 73% was also observed.
In the case of inoculation of sludge with commercial non-immobilized and immobilized
enzymes, an increase in VFA concentration of 1856% and 175% was observed.
The total COD concentration in samples inoculated with commercial non-immobilized and
immobilized enzymes increased by 1,792% and 670%, respectively.

Publication 5 presents the effect of inoculating sewage sludge with isolated
and commercial immobilized and non-immobilized enzymes on the physicochemical
parameters of sewage sludge during a 15-day test determining the methane potential
of the tested sludges. Additionally, the effect of enzymatic treatment of sewage sludge

on the microbial community residing in the sludge was also verified. Based on the conducted
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studies, it was determined that the selected type of treatment and the applied enzyme
concentration do not significantly affect the composition and microbial community
of the sewage sludge. A comparison of the physicochemical results described in Publication
4 and Publication 5 revealed that the use of isolated and commercial enzymes,
both immobilized and non-immobilized, allows for the same sludge parameters and methane
production rates to be achieved in a shorter time than in the case of untreated sludge.
Publication 5 further identified correlations between physicochemical parameters
and the abundance of the most common bacterial species, indicating strong relationships
between the presence of specific microorganisms and the concentration of the parameters
studied. At the same time, it was demonstrated that enzyme immobilization was more
significant than the type of enzyme used. In situations where a negative correlation
was observed with non-immobilized enzymes, the use of their immobilized counterparts
resulted in a positive correlation between the abundance of a given species and the measured

parameter.

13



Poprawa hydrolizy osadow sciekowych w celu intensyfikacji fermentacji metanowej

3. Wprowadzenie

Oczyszczanie $ciekéw prowadzi do powstawania osadow $ciekowych, ktore stanowig
okolo 1 - 3% catkowitej objetosci Sciekow doptywajacych do oczyszczalni.
Do 2023 roku wedtug danych Gtownego Urzedu Statystycznego ilo$¢ powstajacych osadow
$ciekowych rosta z roku na rok. W 2023 roku tendencja wzrostowa zatrzymata si¢
i zaobserwowano spadek ilosci produkowanych osadéow o okoto 4% w stosunku do roku
poprzedniego (Wojciechowska i wsp., 2023). Wzrost w poprzednich latach zwigzany byt
bezposrednio ze stale rosnaca urbanizacja 1 rozbudowg systemow kanalizacyjnych,
wplywajacymi na zwigkszajaca sie ilo§¢ Sciekow doptywajacych do oczyszczalni
komunalnych (Ding i wsp., 2021). Stabilizacja ilo$ci produkowanych osadéw $ciekowych
po 2023 roku wynika ze wzrostu liczby oczyszczalni $cieckéw w  Polsce,
dysponujacych infrastrukturag pozwalajaca na termiczng przerdbke powstatych osadow
$ciekowych. Obecnie 11 oczyszczalni w Polsce posiada instalacje do termicznej obrobki
osadoéw, a wydajno$¢ ich dziatania pozwala na spalanie okoto 25% masy powstajacych
osadow.

Skiad osadow, efektywnos$¢ ich obrobki oraz mozliwo$¢ i1 sposéb pdzniejszego
ich wykorzystania zwigzany jest bezposrednio ze skltadem S$ciekéw doptywajacych
do oczyszczalni. Ponadto wigze si¢ réwniez z zastosowang technologia oczyszczania
$ciekow  stanem  technicznym  urzadzen oraz = uprzemyslowienia  obszaru
(Pilarska i wsp., 2024). Na generowang ilo$¢ ustabilizowanych osadow $ciekowych wptywa:
1) ilo$¢ $ciekdow przyjmowanych przez oczyszczalnig, 2) stosowane technologie, 3) sktad
$ciekow. Zarowno ilos¢, jak i jako$¢ osadow Sciekowych determinuja bezposrednio koszty,
jakie oczyszczalnie musza ponosi¢ w zwigzku z koniecznoscig ich zagospodarowania.

Osady S$ciekowe stanowia problem ze wzgledu na konieczno$¢ ich obrébki,
majacej na celu ich stabilizacj¢ oraz zmniejszenie obje¢tosci. W tym celu, poddaje si¢ je takim
procesom jak fermentacja beztlenowa, odwadnianie, suszenie czy spalanie (Cieslik 1 wsp.,
2015). Osady sciekowe sg siedliskiem wielu mikroorganizméw patogennych, przez co
niewlasciwe zarzadzanie moze prowadzi¢ do uwalniania odoréw, rozprzestrzeniania
zanieczyszczen i chorob (Przydatek i Wota, 2020).

Do stabilizacji osadéw S$ciekowych wykorzystywane s3 metody biologiczne
(np.  fermentacja  metanowa, kompostowanie), chemiczne oraz termiczne
(np. spalanie, piroliza) (Hoang i wsp., 2022). Zaréwno fermentacja beztlenowa, jak i procesy

termicznej obrobki moga by¢ wykorzystywane do produkcji energii elektrycznej i cieplne;j,
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ale rozni je produkt powstajacy po procesie stabilizacji (Cao 1 Pawlowski, 2012).
W Polsce najczesciej stosowanym sposobem stabilizacji jest fermentacja metanowa
(Krolik 1 wsp., 2019). Jest to proces, podczas ktoérego oprdcz ustabilizowanych osadow
powstaje réwniez biogaz. Fermentacja metanowa jest procesem mikrobiologicznym,
podczas ktorego degradowane sa wielkoczasteczkowe zwigzki organiczne, do prostych
zwigzkow rozpuszczalnych w wodzie, z wydzieleniem metanu, dwutlenku wegla
i $ladowych ilo$ci innych gazéw, takich jak wodor, 1 siarkowodor.
Pozostaly po fermentacji osad moze by¢ wykorzystany na przyktad rolniczo jako nawoz
dla ro$lin nieprzeznaczonych do spozycia przez ludzi i zwierzgta (Zieminski i Frac, 2012).
Proces prowadzony jest w czterech réwnocze$nie zachodzacych etapach, czyli hydrolizie,
kwasogenezie, octanogenezie 1 metanogenezie. Hydroliza jest etapem najdluzszym
1 najwazniejszym dla kolejnych etapéw fermentacji. Podczas etapu hydrolizy rozktadane
sa wielkoczasteczkowe zwiazki organiczne, takie jak biatka, weglowodany i thuszcze,
odpowiednio do aminokwaséw, cukréw prostych 1 dlugotancuchowych kwasow
thuszczowych. Powstate zwigzki rozkladane s3 dalej do lotnych kwasow tluszczowych
i alkoholi, ktore w octanogenezie zostaja przeksztalcone do  octanow.
W ostatnim etapie mikroorganizmy metanogenne wykorzystuja produkty octanogenezy
do produkcji metanu (Miyamoto i wsp., 1997).

Jak wczesniej wspomniano, na efektywno$¢ stabilizacji osadow Sciekowych wplywa
m.in. ich sklad, a dokladniej ilo$¢ trudno rozkladalnych substancji organicznych.
Efektywna ich degradacja podczas etapu hydrolizy wptywa na poprawe wydajnosci
produkcji metanu, odwadniania, zmniejszenia ilosci substancji statych czy eliminacje
patogendéw. W konsekwencji determinuje to mozliwo$¢ dalszego zagospodarowania osadow
(European Commission, Wood 1 wsp., 2022). Jednym z gléwnych zwigzkdéw wystepujacych
w osadach $ciekowych, istotnie wptywajacych na efektywno$¢ fermentacji metanowe;j
jest celuloza, czyli trudno rozktadalny polimer (Liu i Smith, 2022).
Celuloza w osadach $ciekowych pochodzi glownie z papierow toaletowych i innych
artykutow higienicznych (Khan i wsp., 2022). Sam papier toaletowy stanowi okoto 25 - 30%
catkowitego tadunku ChZT w doptywie (Ruiken i wsp., 2013). Sa to jednak szacunkowe
zatozenia, poniewaz jego zawarto$¢ w S$ciekach zalezy od stopnia urbanizacji terenu
czy uprzemystowienia. W USA jedna osoba wprowadza do $ciekow 18 + 8 kg papieru
toaletowego w ciggu roku. W Europie te wartosci szacuje si¢ na 11 = 7 kg/rok

(Palmieri 1 wsp., 2019). Ze wzgledu na trudno$¢ w rozkladzie osadow, jak i generowane
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ich ilo$ci, sugeruje si¢, aby obrobka osadéw prowadzona byta z uwzglednieniem obecnos$ci
celulozy (Reijken i wsp., 2018).

Celuloza obecna w osadach $ciekowych moze by¢ zagospodarowana na dwa sposoby:
odzyskiwana lub degradowana (Cater i wsp., 2014; Wisniowska i Kowalczyk, 2022;
Liu 1 wsp., 2022; Djordjevicova i wsp., 2024). W pierwszym przypadku konieczne jest
dostosowanie infrastruktury oczyszczalni §ciekow do jak najbardziej efektywnego odzysku,
co wigze si¢ z nakltadami finansowymi, zaréwno pod katem inwestycyjnym,
jak 1 eksploatacyjnym (Palmieri i wsp., 2019). Intensyfikacja degradacji celulozy moze by¢
dla oczyszczalni $ciekow bardziej optacalna w dluzszej perspektywie, ze wzgledu na to,
ze zwigzek ten stanowi potencjalne Zrodlo wegla do produkceji biogazu (Kang i wsp., 2014).
To jednak determinuje konieczno$¢ wprowadzenia metod dodatkowej obrobki osadow
$ciekowych, ktora pozwoli na jak najbardziej efektywna degradacje celulozy do prostszych
zwigzkoéw organicznych.

W zaleznosci od mozliwosci 1 potrzeb przedsigbiorstwa, oczyszczalnie $ciekdéw
wykorzystuja roézne metody obrobki wstepne;j osadoéw Sciekowych,
rozumianych jako wspomaganie procesu. Zalicza si¢ do nich mechaniczne, chemiczne
1 biologiczne metody (Khanh Nguyen i wsp., 2021; Mitraka i wsp., 2022; Waseem i wsp.,
2025). W oczyszczalniach $ciekdw najczesciej wykorzystywane s3 metody mechaniczne,
czyli na przyktad S$ciskanie, rozdrabnianie, odwadnianie. Wynika to z wysokiej
efektywnosci, latwosci zastosowania 1 niskiej szkodliwosci w odniesieniu do $rodowiska.
Wykorzystanie tych metod posiada niestety rowniez wady, do ktorych zalicza si¢ wysokie
koszty inwestycyjne i poézniej eksploatacyjne, czy przygotowanie odpowiednio duzej
przestrzeni w zakladzie na implementacj¢ urzadzen (Carrere 1 wsp., 2016).
Rzadziej, jednak wcigz efektywnie wykorzystywane sa metody chemiczne
lub termochemiczne. Te zakladaja stosowanie kwasow, zasad lub cieczy jonowych
do degradacji wielkoczasteczkowych zwigzkdéw organicznych w  podwyzszonej
temperaturze (Li i wsp.,, 2010; Dai i wsp., 2018; Haykir i wsp., 2023).
Efektywno$¢ dziatania tych metod uznawana jest za zadowalajaca, jednak koszty, niszczacy
wplyw na urzadzenia i szkodliwy wplyw na srodowisko oraz mikroorganizmy pracujace w
oczyszczalni, przewyzszaja zalety takiego rozwigzania (Neumann i wsp., 2016).
Ostatnia grupa metod stuzacych do obrobki osadow $ciekowych to metody biologiczne.
Wykorzystanie tych metod stanowi szczego6lnie korzystne rozwigzanie z punktu widzenia
ekologii i efektywnosci procesowej. Mikroorganizmy biorace udziat w fermentacji osadow

$ciekowych sg mikroorganizmami autochtonicznymi, czyli nalezacymi do tego srodowiska,
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permanentnie kolonizujagcymi dang nisz¢. Naturalnie adaptujg si¢ do danego $rodowiska
i odgrywaja kluczowe role w procesach prowadzonych w miejscu wystepowania
(Dhall i wsp., 2012). Ich naturalna zdolno$¢ do funkcjonowania w trudnym $rodowisku,
jakim sa osady $ciekowe, stanowi potencjal do wykorzystania ich celem intensyfikacji
juz prowadzonych przez nie procesow. Z drugiej jednak strony, wprowadzenie biologiczne;j
obrébki osadow sSciekowych do skali potprzemystowej lub przemystowej moze stanowic
trudnos$¢ (Zhen i1 wsp., 2017). Wynika to z dlugiego czasu obrobki i kosztow zwigzanych
z hodowla mikroorganizmow lub pozyskaniem ich enzymow.
Kazda z wymienionych powyzej metod moze by¢ stosowana samodzielnie lub w potaczeniu
z inng metoda, co moze zaréwno poprawiac jak i limitowac obrobke osadow $ciekowych.

Niezwykle wazng kwestia podczas wyboru metod obrobki osadow $ciekowych
do fermentacji metanowej jest rowniez ich wplyw na spoteczno$¢ mikroorganizmow.
Jak wspomniano, fermentacja metanowa jest procesem mikrobiologicznym, prowadzonym
przez zbiorowisko mikroorganizméw, funkcjonujacych w nim w rownowadze.
Roéwnowaga ta moze zosta¢ tatwo zakldcona zaburzajac tym samym prowadzone przez nie
procesy (Vitéz i wsp., 2020). To skutkowa¢ moze obnizong efektywnos$cia ktoregokolwiek
z etapow fermentacji metanowej, wptywajac tym samym na ilo$¢ 1 jako$¢ produkowanego
biogazu lub spowodowac catkowitg inhibicj¢ metanogenezy (Yang i wsp., 2019; Yin i wsp.,
2020).

Dziatania prowadzone w ramach opisywanej rozprawy doktorskiej zaktadaja
wykorzystanie biologicznych metod obrobki osadow Sciekowych,
z pomini¢ciem etapu wstepnej obrobki, ktory w praktyce moze trwaé nawet kilka tygodni.
Zamiast tego, weryfikowany byt wplyw obrobki osadu z wykorzystaniem mikroorganizmow
celulolitycznych i produkowanych przez nie enzymdéw na osad pobrany z wydzielonych
komor fermentacyjnych (WKF), podczas procesu fermentacji metanowe;.

Mikroorganizmy celulolityczne przyczyniaja si¢ nie tylko do degradacji celulozy,
ale czesto biorg roéwniez udzial w degradacji kompleksu lignocelulozowego
(Nugraha i1 wsp., 2021). Enzymatyczna obrobka osadéow $ciekowych z wykorzystaniem
celulaz wplywa pozytywnie na zwigkszenie rozpuszczalnosci osadow, obnizenie zawartosci
suchej masy organicznej, a w konsekwencji na zwigkszenie objetosci produkowanego
biogazu (Rashed i wsp., 2010; Agabo-Garcia 1 wsp., 2019; Wang i wsp., 2020).
Ze wzgledu jednak na niska stabilno$¢, krotki okres przechowywania i wysoka wrazliwo$¢
na warunki procesowe, wykorzystanie celulaz w przemy$le jest ograniczone.

Determinuje to konieczno$¢ zabezpieczenia enzymdw, pozwalajac na zachowanie
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najwyzszej ich aktywnos$ci, a takze umozliwia odzysk i1 ponowne wykorzystanie
(Rajnish i wsp., 2021; Maghraby i wsp., 2023).

Zabezpieczenie, czy inaczej unieruchomienie enzymoéw moze by¢ przeprowadzone
na rézne sposoby, z wykorzystaniem metod odpowiadajacych potrzebom i specyfice

procesu. Na Rysunku 1 przedstawiono podziat metod immobilizacji enzymow.
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Rysunek 1 Odwracalne i nieodwracalne metody immobilizacji enzyméw. Na podstawie Maghraby i wsp., 2023.
(Cwiertniewicz-Wojciechowska i wsp., 2024)

Zaréwno w odniesieniu do celulaz, jak i wszystkich enzymow, nie istnieje jeden
wybrany optymalny rodzaj immobilizacji, ani no$nika. Ze wzgledu na wysoce pozytywny
wplyw na stabilizacj¢ wilasciwosci 1 aktywnosci, literatura opisuje immobilizacje
z wykorzystaniem wigzania kowalencyjnego na powierzchni nanomateriatow
lub czastek magnetycznych, czyli immobilizacj¢ nieodwracalng (Alftrén i Hobley, 2014;
Qi i wsp., 2018; Sulman i wsp., 2022). Niestety, tak silne zwigzanie enzymu z no$nikiem
ogranicza jego mobilno$¢ i zmniejsza efektywno$¢ dziatania, na skutek zmniejszonego
kontaktu ze $rodowiskiem. Ponadto, czas potrzebny na wigzanie enzymu z no$nikiem
i sama ilo$¢ zwigzanego nosnika sprawia, ze proponowana metoda jest nieoplacalna
do zastosowania w przemysle (Nguyen i Kim, 2017). Inng efektywna metoda immobilizacji
celulaz jest putapkowanie, ktore rowniez zalicza si¢ do metod immobilizacji nieodwracalne;.
Ten rodzaj immobilizacji, podobnie jak wigzanie kowalencyjne, zapewnia zwigkszenie
stabilnosci enzymow. Dodatkowo, mozliwe jest unieruchomienie duzej ilo$ci enzymow.
Niestety, niecodpowiednio dobrane warunki czy no$niki do putapkowania moga spowodowacé
zablokowanie dyfuzji substratu do miejsc aktywnych enzymu lub z drugiej strony
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wyciekanie enzymu do srodowiska (Imam i wsp., 2017).
Uwzgledniajac konieczno$¢ ograniczenia kosztéw 1 stosowania jak najprostszej metody,
dobrym rozwigzaniem moze by¢ immobilizacja odwracalna, jaka jest adsorpcja.
Ten rodzaj immobilizacji wykorzystuje interakcje jonowe pomigdzy enzymami i no$nikiem
(Mohamad i wsp., 2015). Adsorpcja celulaz na nos$niku pozwala na zwigkszenie
ich stabilno$ci, wydluzenie czasu przechowywania w temperaturze 4°C,
czy mozliwo$¢ wielokrotnego wykorzystania (Sun i wsp., 2024; Hadadi i Habibi, 2025).
Mozliwa jest adsorpcja celulaz na réznego rodzaju nosnikach. Ponownie jednak biorac pod
uwage koszty, tatwos¢, a dodatkowo mozliwo$¢ wykorzystania odpadu jako nosnik,
na uwage zastuguje wegiel aktywny. Immobilizacja celulaz na weglu aktywnym pozwala na
zwigkszenie stabilno$ci 1 mozliwo$ci ponownego wykorzystania enzymow w procesach
przemystowych. Wegiel aktywny posiada duza powierzchni¢, wysoka porowatos¢
1 jest stabilny chemicznie (Olkiewicz i wsp., 2025). Dodatkowo, sam wegiel aktywny moze
by¢ pozyskany z materialdéw poddanych pirolizie (Li i wsp., 2020; Bolan i wsp., 2023;
Winarsa i wsp., 2024).

Zastosowanie wegla aktywnego do intensyfikacji degradacji celulozy podczas
fermentacji metanowej moze miec dodatkowe zastosowanie.
W przypadku, kiedy immobilizacja enzymu na no$niku nie jest na tyle efektywna,
aby osadzi¢ go na catej powierzchni nos$nika, wolne miejsca moga odgrywac dodatkowa role
w samym procesie. Obecnos$¢ wegla aktywnego w procesie fermentacji metanowej wplywa
na popraw¢ funkcjonowania zbiorowiska mikroorganizméw, w szczego6lnosci
metanogenéw, co prowadzi do zwigkszenia objetosci produkowanego biogazu (Yang i wsp.,
2017; Wu 1 wsp., 2022).

Przedstawione zagadnienia stanowily podstawe¢ badan realizowanych w ramach
niniejszej rozprawy doktorskiej. W wyniku realizacji pracy doktorskiej powstata praca
przegladowa (Publikacja 1) oraz 4 publikacje opisujace wyniki  badan
(Publikacja 2, Publikacja 3, Publikacja 4, Publikacja 5). Ponizej przedstawione zostaty
szczegOlowe cele, ktorych realizacja umozliwita odpowiedz na hipotez¢ badawcza
postawiong w ramach prezentowanej rozprawy doktorskiej. Ponadto, ponizej przedstawione
zostaly rowniez najwazniejsze osiagni¢cia, opublikowane w wyzej wspomnianych

publikacjach.
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4. Cel pracy

Celem pracy doktorskiej byla ocena mozliwosci wykorzystania autochtonicznych

mikroorganizmoéw celulolitycznych jako biologicznej metody obrébki wstepnej osadow

Sciekowych. Zastosowanie tej metody ukierunkowane bylo na intensyfikacj¢ degradacji

celulozy oraz zwigkszenie produkcji biogazu w procesie fermentacji metanowe;.

W ramach pracy zrealizowano nastepujace cele czastkowe:

Izolacja celulolitycznych mikroorganizméw, zdolnych do efektywnej degradacji
celulozy roznopostaciowej, w warunkach beztlenowych i temperaturze 37°C.
Ocena wiasciwosci celulolitycznych wyizolowanych mikroorganizmow.

Ocena mozliwosci przechowywania i ponownego wykorzystania wyizolowanych
mikroorganizmow.

Ocena wptywu inokulacji osadéw $ciekowych za pomoca autochtonicznych
mikroorganizmoéw celulolitycznych i/lub produkowanych przez nie enzymow
na produkcj¢ metanu.

Ocena wplywu obrébki osadow $ciekowych wybranej metody biologicznej
na parametry fizykochemiczne i st¢zenie EPS w badanym osadzie: poréwnanie
krotko- 1 dlugotrwatego kontaktu.

Okreslenie wptywu obrobki osadow $ciekowych za pomoca wybranej metody

biologicznej na zbiorowisko mikroorganizméw, obecne w badanym osadzie.
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5. Metodyka badan

Sposob realizacji celéow czastkowych oraz kolejnos¢ prowadzonych badan

przedstawiono na rysunku 2.

Izolacja i charakterystyka czystych kultur: bakteryjnych
i grzybowych.

o . Immobilizacja wyizolowanych enzyméw
W rozciericzeniu z buforem cytrynowym z wykorzystaniem wegla aktywnego.

1:2,1:3,1:4, 1:5, bezrozc.

|
|
|
|
|
|
|
|
|
! Izolacja enzymoéw
|
|
|
|
|
|
|
\

J)
produkowanych przez mikroorganizmy
potencjalnie celulolityczne.
\ Poréwnanie dziatania enyc’)w izolowanych !
\. i komercyjnej mieszaniny enzymoéw celulolitycznych podczas krotkotrwatego kontaktu /./
N enzymow z osadem. e
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Wprowadzenie enzymoéw immobilizowanych i nieimmobilizowanych do osadu
w warunkach laboratoryjnych.

\ Testowanie wptywu dziatania enzymodw na intensyfikacje potencjatu
N metanowego osadu i degradacji celulozy.

Rysunek 2 Schemat przedstawiajgcy podejmowane kroki, umozliwiajgcych realizacje celow czgstkowych, zatozonych w
ramach rozprawy doktorskiej.

5.1.Publikacja 1: Sewage sludge pretreatment. current status and future prospects.

Przed rozpoczeciem badan opracowano przeglad literatury, dotyczacy metod obrobki
wstepnej osadow Sciekowych, ze szczegdlnym uwzglednieniem ich wptywu na hydrolize
zwigzkow wielkoczasteczkowych oraz na produkcje metanu. W przegladzie,
przedstawiona zostatla rowniez efektywnos$¢ poszczegélnych metod, z uwzglednieniem
stezenia lotnych kwasow thuszczowych (LKT), chemicznego zapotrzebowania na tlen
(ChZT)
oraz potencjalu metanowego. Na podstawie przegladu literatury, podjeta zostala decyzja
o prowadzeniu badan w kierunku rozwoju biologicznych metod obrébki osadow
$ciekowych, z wykorzystaniem autochtonicznych mikroorganizmoéw celulolitycznych jako
potencjalnej bioszczepionki do intensyfikacji hydrolizy i produkcji metanu z osadow

sciekowych.

5.2.Publikacja 2: Cellulolytic Fungi from Sewage Sludge and Their Potential to
Improve Methane Fermentation
Badania opisane w tej publikacji dotycza izolacji, identyfikacji i charakterystyki
autochtonicznych celulolitycznych grzybéw mikroskopowych. Izolacja prowadzona byta
w temperaturze 37°C, w warunkach beztlenowych, z wykorzystaniem podtozy PDA
(Potato Dextrose Agar, BTL Polska) i MEA (Malt Extract Agar, BTL Polska)

z dodatkiem chloramfenikolu (30 mg/L). Izolacje grzybéw prowadzono w warunkach
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beztlenowych w komorze do posiewow beztlenowych Bactronez-2 (Sheldon Manufacturing,
USA). Czyste kultury przeniesione zostaty na podtoze CMC z dodatkiem czerwieni Kongo
jako wskaznika degradacji celulozy ((CMC 5 g/L, NaNOs 1 g/L, K2HPO4 1 g/L, KC1 1 g/L,
MgSOs 0.5 g/L, ekstrakt drozdzowy 0.5 mg/L, glukoza 1 g/L, agar 17 g/L,
czerwien Kongo 1g/L). Wyizolowane grzyby celulolityczne testowane byly nast¢pnie pod
katem zdolnosci degradacji celulozy w warunkach tlenowych 1 beztlenowych.
Zdolno$¢ degradacji celulozy w réznych warunkach, nadawalaby wyizolowanym
mikroorganizmom bardziej uniwersalny charakter. Obrobka wstgpna osadow $ciekowych
moglaby by¢ wtedy prowadzona zarowno przed, jak i w trakcie fermentacji metanowe;.
Z grupy 12 wyizolowanych szczepow celulolitycznych 7 zdolnych bylo do wzrostu
1 degradacji celulozy zaréwno w warunkach tlenowych, jak i beztlenowych w hodowli
na podlozu statym, jak i w hodowli ptynnej. Ponadto, 5 z 7 szczepdéw udalo si¢
zidentyfikowa¢ za pomocg sekwencjonowania Sangera. Izolacjg DNA prowadzono
z wykorzystaniem zestawu Genomic Mini Yeast Kit (A&A Biotechnology, Polska).
Do amplifikacji regionu ITS (ang. Internal Transcribed Spacer)
w reakcji PCR (ang. Polymerase Chain Reaction) wykorzystano startery
ITS1F- TCCGTAGGTGAACCTGCGG 1 ITS4R- TCCTCCGCTTATTGATATGC dla
fragmentow o dlugosci ok. 550-700 par zasad, w zalezno$ci od gatunku grzyba
(Zarrin 1 wsp., 2016). Reakcja PCR prowadzona byta w 35 cyklach w termocyklerze BioRad
C-1000 (BioRad, USA), w warunkach dobranych na podstawie literatury:

- wstepna denaturacja 95°C, 8 minut,

- denaturacja 95°C, 30 sekund,

- annealing 60°C 40 sekund,

- wydtuzanie 72°C 40 sekund,

- koncowe wydtuzanie 72°C, 5 minut.

Do testu degradacji czystej celulozy, wyizolowane grzyby hodowane byty w pltynnym
podtozu z dodatkiem karboksymetylocelulozy przez 7 dni w temperaturze 37°C.
Nastepnie, hodowlg odwirowano w 4400 rpm, 40 min, odptukano i uzupetniono mineralnym
podtozem Koijma (Na;HPOs * 12 H,O 3,78 g/L, KH,PO4 0,5 g/L, NH4Cl 5,0 g/L,
MgSO4 * 7H20 0,2 g/L, ekstrakt drozdzowy 0.01 g/L) i inkubowano z 0,5 g filtra
celulozowego stanowigcego zrodlo wegla (Whatman, Sigma Aldrich, USA).

Warunki beztlenowe zostaly zapewnione poprzez wypieranie tlenu azotem przez minutg.
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Stezenie celulozy zostalo oznaczone przy wykorzystaniu zmodyfikowanej metody PN-92/P-
50092 i obliczone zgodnie ze wzorem 1:

C=—"— (1)

mo*suchosc

Gdzie, mg- masa probki po tescie, mo- masa probki przed testem, sucho§é= 99%.

Dla wyizolowanych autochtonicznych grzybéw celulolitycznych, oznaczona zostata
réwniez aktywno$¢ enzymatyczna, z uwzglednieniem catkowitej aktywnosci celulolityczne;j
(ang. Filter-Paperase activity) i aktywno$ci endoglukanaz (ang. CMCase activity),
z wykorzystaniem metod rekomendowanych przez IUPAC (ang. International Union of Pure
and Applied Chemistry). Do obliczenia catkowitej aktywnosci celulolitycznej wykorzystano

wzor 2:
FpAERY _ 937 (2)
mL E
Gdzie, E- ilo$¢ enzymu potrzebnego do uwolnionego z 0.5 mg glukozy z bibuty filtracyjne;j,
w ciggu 1 godziny.

Do obliczenia aktywnos$ci enzymatycznej endoglukanaz, wykorzystano wzor 3:

U _ 0185
mL Ec

cCMC 3)
Gdzie Ec- ilo§¢ enzymu potrzebnego do uwolnienia 0,5 mg glukozy.

Na podstawie oceny efektywnosci degradacji celulozy, szybko$ci wzrostu 1 aktywno$ci
enzymatycznej, do okre§lenia potencjalu metanowego, wybrany zostal jeden grzyb
(Aspergillus terreus SO011 (G3)). Test na potencjal metanowy przeprowadzony zostal
z wykorzystaniem systemu Automatic Methane Potential Test (BPC Instruments AB,
Szwecja). Podczas testu okreSlony zostal réwniez stopien degradacji celulozy

z wykorzystaniem normy PN-92/P-50092, obliczony wedlug wzoru 1.

5.3.Publikacja 3: Enhancing methane production during anaerobic digestion of sewage
sludge using enzymes produced by autochthonous microbial consortia
Oprécz grzybow, do weryfikacji wptywu dzialania biologicznej obrobki osadéw
Sciekowych, do intensyfikacji fermentacji metanowej wykorzystane zostaly enzymy
produkowane  przez autochtoniczne  bakterie ~ potencjalnie celulolityczne.
Opisane w Publikacji 3 badania, obejmowaly izolacj¢ bakterii celulolitycznych,
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hodowanych w hodowli ptynnej oraz analiz¢ enzymoéw przez nie produkowanych,
wykorzystywanych jako bioszczepionka wspomagajaca hydrolize osadéw $ciekowych.
Dodatkowo, w publikacji wykazano wplyw dzialania tych enzyméw w formie
zimmobilizowane] 1 niezimmobilizowanej na zmiany stezenia celulozy 1 ilo$ci
produkowanego metanu.

Bakterie izolowane byly z osadu $ciekowego pobranego z  WKF
(wydzielona komora fermentacyjna), pracujacej w Centralnej Oczyszczalni Sciekow
w Gliwicach (Polska). Na osad w WKF sktada si¢ osad wstepny zageszczony grawitacyjnie
1 nadmierny zaggszczony, podawany do reaktora w proporcji 35:65. Izolacja prowadzona
byla za pomocg pasazu w ptynnym podtozu (karboksymetyloceluloza 5 g/L, NaNOs 1 g/L,
K>HPO4 1 g/L, KCI1 1 g/L, MgS04 0.5 g/L, ekstrakt drozdzowy 0.5 mg/L, glukoza 1 mg/L).
Na poczatku, do 40 mL podtoza dodano 10 mL osadu $ciekowego i inkubowano przez 7 dni
w temperaturze 37°C, z wytrzasaniem 100 rpm. Hodowl¢ prowadzono w warunkach
beztlenowych, poprzez wyparcie tlenu azotem gazowym. Podtoze z karboksymetyloceluloza
wymieniane byto co 7 dni. Hodowlg ptukano poprzez wirowanie przez minute z predkoscia
3000 rpm, nastgpnie zawieszano w 0.9% NaCl. Zabieg powtdrzono trzykrotnie.
Nastegpnie 20 mL hodowli mikroorganizméw ponownie mieszano z 20 mL ptynnego podtoza
z CMC. Po miesigcu prowadzenia hodowli pobrano probki do izolacji DNA
i sekwencjonowania nastepnej generacji (NGS). DNA zostalo wyizolowane przy uzyciu
GeneMATRIX Soil DNA Purification Kit, zgodnie z instrukcja producenta (EurX, Polska).
NGS przeprowadzone zostalo przez firm¢ Genomed (Polska). Analiza metataksonomiczna
zostala wykonana dla hiperzmiennego regionu V3-V4 genu kodujacego 16SrRNA.
Do amplifikacji uzyte zostaly startery 341F i 785R (Thijs i wsp., 2017).

Dla wyizolowanej hodowli okreslono rowniez aktywno$¢ enzymatyczng za pomoca
metod rekomendowanych przez IUPAC (aktywno$¢ celulolityczng i endoglukanaz),
analogicznie jak opisano w metodyce w Publikacji 2. Efektywnos$¢ dzialania enzymow
izolowanych z mieszanej hodowli bakterii celulolitycznych, zostata porownana z dziataniem
mieszanki enzymow celulolitycznych dostepnych komercyjnie (Cellic CTec2, Novozymes,
Dania).

Przeprowadzono test tworzenia biofilmu na naczyniu mikromiareczkowym.
Do tego celu wykorzystany zostat fiolet krystaliczny 1 metanol czysty (99%).
Wykorzystano 5 mL plynnego podtoza CMC i1 100 pl mieszanej kultury bakterii.
Mikroorganizmy inkubowane byly przez 3 dni, w temperaturze 37°C z wytrzasaniem

100 rpm, w warunkach beztlenowych, zapewnionych poprzez wyparcie tlenu azotem
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gazowym. Po 24. i 48. godzinnej inkubacji, medium na ptytkach bylo wymieniane.
Do okreslenia tworzenia biofilmu przy kazdej wymianie medium z dotkéw po inkubacji 24,
48 1 72. godzinnej dodawano 5 mL metanolu i inkubowano przez 15 minut.
Po tym czasie usuwano metanol, a dolki suszono w temperaturze pokojowej.
Po suszeniu, dodawano 5 mL fioletu krystalicznego na 5 minut. Fiolet krystaliczny usuwano,
ptukano dotki dwukrotnie woda destylowana, a nastgpnie dodawano 5 mL 33% kwasu
octowego, stanowito to roztwoér do pomiaru absorbancji przy diugosci fali A= 570 nm.
Probe $lepa stanowil 33% kwas octowy.

Brak mozliwosci przechowywania i ponownego wykorzystania wyizolowanych bakterii,
bez utraty ich wtasciwosci, zdeterminowal konieczno$¢ izolacji enzyméw produkowanych
przez te mikroorganizmy. Ekstrakcj¢ enzymow z mieszanej hodowli bakterii,
zdolnych do wzrostu i aktywnos$ci w plynnym podlozu CMC przeprowadzono
z  wykorzystaniem  metody  opisanej przez Hossain 1 wsp.  (2021).
Wyizolowane enzymy stabilizowane byly za pomoca 0,05 M buforu cytrynianowego (Pol-
Aura, Polska) w stosunku 1:2, 1:3, 1:4 1 1:5, gdzie cz¢$¢ ,,1” stanowit bufor.
Stezenie biatka w wyizolowanej mieszaninie enzymow wyznaczono za pomocg Pierce™
BCA Protein Assay Kit (ThermoFisher Scientific, USA), z wykorzystaniem metody
probowkowej, zgodnie z instrukcja producenta.

Celem zabezpieczenia do ponownego wykorzystania, enzymy zimmobilizowane zostaly
na nieorganicznym no$niku (weglu aktywnym). Immobilizowane i nieimmobilizowane
enzymy izolowane z mieszanej hodowli mikroorganizméw celulolitycznych oraz enzymy
komercyjne, testowane byly pod katem intensyfikacji degradacji celulozy w osadzie
scieckowym, oraz wplywu ich dodatku na potencjal metanowy badanych osadow.
Immobilizacj¢ przeprowadzono poprzez wytrzasanie wyizolowanych enzymow z weglem
aktywnym (Sigma Aldrich, USA) przez 3 godziny, w temperaturze 20°C.
Enzymy  zimmobilizowane na  no$niku  zostaly = poddane  charakterystyce
termograwimetrycznej za pomocg termograwimetru TGA/SDTA 851 Mettler-Toledo
(USA), w celu okreslenia efektywnosci ich zwigzania.

Dziatanie enzymoéw w formie wolnej i zimmobilizowanej zostalo zweryfikowane
w tescie dlugotrwalego kontaktu z osadem $ciekowym. Do testu wykorzystane zostat osad
zmieszany  (wstepny  zageszczony — grawitacyjnie 1 nadmierny  zageszczony
w proporcji 35:65, stosunek dobrany na podstawie procesu prowadzonego w oczyszczalni
$ciekow) oraz osad z komory fermentacyjnej w proporcji 3:1 (na podstawie lotnych

substancji). Test prowadzony byl w butelkach 500 mL, catkowita obj¢tos¢ osadow wynosita
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400 mL. Test prowadzono w temperaturze 37°C, w warunkach beztlenowych.
Warunki beztlenowe zostaly zapewnione poprzez wyparcie tlenu azotem gazowym.
W tescie wykorzystano odpowiednio: immobilizowane enzymy izolowane z mieszanej
hodowli autochtonicznych bakterii celulolitycznych, immobilizowane enzymy komercyjne,
nieimmobilizowane enzymy izolowane z mieszanej hodowli autochtonicznych bakterii
celulolitycznych,  nieimmobilizowane enzymy komercyjne, wegiel aktywny.
Enzymy dodawano w objetosci obliczonej w odniesieniu do suchej masy osadu (1% suche;j
masy). Na poczatku i na koncu 15-dniowego testu, weryfikowane byto st¢zenie celulozy
oraz potencjal metanowy. Stezenie celulozy wyznaczone zostalo za pomoca normy
PN-92/P-50092, obliczonej wedlug wzoru 1. Potencjal metanowy oznaczony zostat
za pomoca Automatic Methane Potential Test (BPC Instruments AB, Szwecja).

Potencjal metanowy osadow s$ciekowych obliczony zostat zgodnie ze wzorem 4:

NmLCH4 _ M2 - Ml
gvs )= Sys

Potencjat metanowy (

)
4)

Gdzie, Mi- $rednia dziennej produkcji metanu w prébce uznanej za kontrolg;
M- dzienna produkcja metanu w probce poddanej obrobcee, Svs- stosunek ilosci substancji

organicznej i chemicznego zapotrzebowania na tlen (ChZT) (g).

Na poczatku 1 na koncu testu weryfikowane byto roéwniez stezenie EPS,
ktore ekstrahowane byty zgodnie z metoda termiczng opisang przez Karapangiotis i wsp.
(1989). Stezenie EPS oznaczono jako sume weglowodanéw (PS) i1 bialek (PN).
Stezenie weglowodandw wyznaczono zgodnie z metodyka opisang przez Dubois i wsp.
(1956), natomiast stezenie bialek wyznaczono przy uzyciu gotowego zestawu Pierce™ BCA
Protein Assay Kit i procedury proboéwkowej, zgodnie z instrukcja producenta (Thermo

Fisher Scientific, USA).

5.4.Publikacja 4: Wphw enzymow celulolitycznych na hydrolize osadow sciekowych

W Publikacji 4 opisany zostat wptyw krotkotrwatego kontaktu enzymoéw izolowanych
z mieszane] kultury bakterii celulolitycznych i mieszaniny celulolitycznych enzymow
komercyjnych (Cellic CTec2). Enzymy wykorzystywane do hydrolizy osadéw $ciekowych,

testowane byty w formie wolnej i immobilizowanej. Immobilizacja przeprowadzona zostala
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na nos$niku nieorganicznym, jakim byl wegiel aktywny. Immobilizacja zostata opisana
w Publikacji 3.

Test krotkotrwalego kontaktu enzymow z osadem $ciekowym, prowadzony byt w mate;j
objetosci (20 mL) w 3 powtdrzeniach dla kazdego wariantu. Test trwal 4 godziny,
a probki pobierane byly w czasie 0, 60, 180 1 240 minut. Podczas testu, weryfikowane byto
stezenie lotnych kwaséw tluszczowych (LKT), chemicznego zapotrzebowania na tlen
(ChZT) oraz polimeréw zewnatrzkomorkowych (EPS). Stezenie LKT i ChZT oznaczano
metoda spektrofotometryczng z wykorzystaniem spektrofotometru MERCK Spectroquant®
NOVA60 1 zestawow do szybkich testow (Merck Millipore, Niemcy).
Stezenie polimerow zewnatrzkomoérkowych oznaczono jako sumg weglowodanow (PS)
i biatek (PN). Stezenie weglowodandw wyznaczono zgodnie z metodyka opisang przez
Dubois i wsp. (1956), natomiast st¢zenie bialek wyznaczono przy uzyciu gotowego zestawu
Pierce™ BCA Protein Assay Kit i metody probowkowej, zgodnie z instrukcja producenta

(Thermo Fisher Scientific).

5.5.Publikacja 5: Comparative Enzymatic Pretreatment of Sewage Sludge:

Physicochemical Parameters and Microbial Community Effects

W badaniach opisanych w Publikacji 5 wykorzystywane byly enzymy izolowane
z mieszanej hodowli bakterii celulolitycznych oraz komercyjnej mieszaniny enzymow
celulolitycznych (Cellic CTec2, Novozymes, Dania). Izolacja enzyméw izolowanych
opisana zostata w Publikacji 4. Wptyw dziatania enzymdéw izolowanych i komercyjnych,
byl prowadzony dla enzymoéw immobilizowanych i nieimmobilizowanych na no$niku
nieorganicznym (weglu aktywnym), jak opisano w Publikacji 4.

Do badan wykorzystany zostal osad $ciekowy pobrany z Centralnej Oczyszczalni
Sciekéw w Gliwicach (Polska). Jako zrodto substratu do testu wykorzystany zostal osad
zmieszany (wstepny zageszczony grawitacyjnie i nadmierny zaggszczony w proporcji
35:65).

Jako inokulum stuzyt osad z komory fermentacyjnej. Substrat i inokulum zmieszane zostato
w proporcji 1:3.

Wplyw dzialania enzymoéw izolowanych i komercyjnych weryfikowany byt w
15-dniowym te$cie. Enzymy dodano do osadow w pierwszym dniu testu,
w przeliczeniu na 1% suchej masy osadu (substratu).

W pierwszym i ostatnim dniu testu, okre§lano zawarto$¢ suchej masy i suchej masy

organicznej, zgodnie z normg PN-EN 12880:2004. Weryfikowane bylo rowniez stezenie
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azotu catkowitego (TN), azotu amonowego (NHs-N), chemicznego zapotrzebowania na tlen
(ChZT), lotnych kwasow thuszczowych (LKT). Parametry fizykochemiczne oznaczano
metoda spektrofotometryczng z wykorzystaniem spektrofotometru MERCK Spectroquant®
NOVA60 1 zestawow do szybkich testow (Merck Millipore, Niemcy).
Ponadto, weryfikowany byl rowniez wptyw dzialania enzyméw oraz ich immobilizacji
na zmiany w zbiorowisku bakterii stanowigcych inokulum i osadach wykorzystanych jako
substrat 1 inokulum (1:3). W tym celu z probek wyizolowane zostalo DNA,
za pomocag zestawu do izolacji DNA GeneMATRIX Soil DNA Purification Kit,
zgodnie z instrukcjg producenta (EurX, Polska). Wyizolowane DNA zostato przestane
do firmy Genomed, celem przeprowadzenia analizy metataksonomicznej zbiorowiska
w oparciu o sekwencjonowanie nowej generacji. Podobnie jak opisano w Publikacji 3,
analiza metataksonomiczna zostata wykonana w oparciu o hiperzmienny region V3-V4 genu
kodujacego 16SrRNA. Do amplifikacji fragmentu genu markerowego uzyte zostaty startery
341F 1 785R (Thijs i wsp., 2017).
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6. Podsumowanie wynikéw badan przedstawionych w cyklu
publikacji

Postawiona hipoteza badawcza zakladata, ze mozliwa jest izolacja i1 efektywne
wykorzystanie autochtonicznych mikroorganizméw celulolitycznych do poprawy hydrolizy
osadow  $ciekowych, stabilizowanych ~w  procesie  fermentacji  metanowe;j,
poprzez intensyfikacje degradacji celulozy obecnej w tych osadach.

W Publikacji 1 opisane zostaly metody obrobki wstepnej, stosowane]
przed fermentacja metanowa, z wyszczegélnieniem wplywu ich stosowania na takie
parametry osadu jak st¢zenie lotnych kwasow thuszczowych, chemicznego zapotrzebowania
na tlen (ChZT) i potencjalu metanowego. Analiza wykorzystania metod biologicznych
wykazata brak weryfikacji zaleznosci pomigdzy wplywem stosowane] metody
a funkcjonowaniem spotecznosci mikroorganizméw obecnych w osadzie i aktywnie
prowadzacych proces fermentacji. Ponadto zaobserwowano bardzo matg liczbe badan
opisujacych wplyw dziatania biologicznych metod na intensyfikacje hydrolizy
oraz na zwigkszenie potencjatu metanowego osadow $ciekowych.
Wsrod zanalizowanych artykutéw badawczych nie uwzgledniano réwniez degradacji
celulozy. Przeglad literatury wykazal, ze kazda ze stosowanych metod posiada swoje wady
i zalety, a wykorzystanie poszczegélnych metod jest uwarunkowane mozliwosciami
technologicznymi i potrzebami danego obiektu. Ze wzgledu na trudno$¢ z implementacja
w  przemy$le, metody biologiczne  wymagaja  odpowiedniego  podejscia.
Ich potencjat 1 przyjazny $rodowisku charakter stanowig baz¢ do rozszerzenia badan
nad mozliwos$cia ich wykorzystania i proby opracowania efektywnej obrobki wstgpne;j
osadow Sciekowych w skali przemystowe;.

Sposrod wszystkich mikroorganizméw, grzyby uznawane sa za jedne z najbardziej
efektywnie degradujacych celuloze (Hermosilla i wSp., 2018).
Wsrod grzybow mikroskopijnych, za gltownych przedstawicieli uznaje si¢ grzyby
zrodzaju Trichoderma i Aspergillus. Wyizolowane w badaniach opisywanych w Publikacji
2 mikroorganizmy, to grzyby mikroskopowe (Kumar i Parikh, 2015),
nalezace do rodzaju Aspergillus. Sa to grzyby tlenowe, przy czym ich zarodniki moga
przetrwa¢ w warunkach ograniczonego dostepu do tlenu. Ponadto, Aspergillus fumigatus
wykazuje zdolno$¢ do adaptacji do hipoksji. W Publikacji 2 opisywane grzyby
przetestowane zostaty pod katem zdolnos$ci do degradacji celulozy w warunkach tlenowych

i beztlenowych. Zaobserwowano, ze inkubacja grzybéw w warunkach beztlenowych
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w medium hodowlanym, w ktérym jedynym zrodtem wegla byla karboksymetyloceluloza
zapewnia efektywna degradacje celulozy w postaci saczka celulozowego (o 8.57 %)
(Publikacja 2, Rysunek 2). Ponadto, inokulacja osadu grzybem Aspergillus terreus S011
bezposrednio przed testem na potencjal metanowy, bez dodatkowego czasu na obrébke
wstepna, wptyneta na intensyfikacj¢ produkcji metanu o 11% (Publikacja 2, Rysunek 3).
Inokulacja osadu z wykorzystaniem grzyba Aspergillus terreus SO011 wptyne¢ta
na intensyfikacj¢ degradacji celulozy o 6% w odniesieniu do osadu nieinokulowanego
(Publikacja 2, Rysunek 4).

Grzyby z rodzaju Aspergillus sa grzybami tlenowymi, jednak w niektdrych przypadkach
zdolne s3 do adaptacji i aktywnego funkcjonowania w warunkach ograniczonego dost¢pu
do tlenu (Willger i wsp., 2009). Jednoczesnie, literatura sugeruje, ze wydtuzenie czasu
przebywania w komorze beztlenowej, prowadzi do redukowania liczby tych grzybdw,
a czesto rowniez do redukowania liczby spor (Schniirer i1 Schniirer, 20006).
Grzyby z rodzaju Aspergillus sa grzybami patogeniczne, jednak mimo tego, A. terreus
wykorzystywany jest w przemysle do produkcji np. kwasu itakonowego czy lowastatyny
(Bizukoj¢ 1 Ledakowicz, 2009). To wskazuje na mozliwos¢ efektywnego wykorzystania
A. terreus w procesach intensyfikacji produkcji metanu w warunkach beztlenowych.
Uwzgledniajac jednak na patogeniczny charakter grzyboéw z rodzaju Aspegillus,
zanim podejmie si¢ dalsze kroki, takie jak zwigkszenie skali hodowli lub wykorzystanie tego
grzyba w procesach biotechnologicznych, musi on zosta¢ scharakteryzowany metoda PCR
w celu wykrycia genéw odpowiedzialnych za jego patogenicznos$¢, tj. gend6w opornosci
na amfoterycyne B czy klastrow metabolitow wtornych (BGC).

W badaniach wykorzystane zostaty mikroorganizmy i ich strzgpki, a nie same produkowane
enzymy. Wynika to z fatwosci inokulacji osadu w ten sposob, jednak biorgc pod uwage
mozliwosci  implementacji 1 bezpieczenstwo  potencjalnych  pracownikow,
ktérzy odpowiedzialni byliby za inokulacje osadu grzybami, rozwinigcie tego rodzaju
obrobki, wymaga wykorzystania samych enzymoéw produkowanych przez te grzyby.
Dodatkowym czynnikiem jest fakt, ze ze wzgledu na preferencje 4. terreus 1 A. fumigatus
do wzrostu i aktywnos$ci w warunkach tlenowych, mozliwe byloby uzyskanie celulaz
o wigkszej aktywno$ci enzymatycznej, niz oznaczonej w  Publikacji 2.
Inng mozliwoscig jest zatrzymywanie i inokulacja osadu w warunkach tlenowych, przed
wprowadzeniem go do wydzielonych komér fermentacyjnych (WKF), co jednak wiaze si¢
z  wydluzeniem czasu 1  konieczno$cia ~ dodania  osobnego  reaktora.

Takie rozwigzanie z punktu widzenia oczyszczalni $ciekow, moze by¢ nieoptacalne.
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Izolacja wyspecjalizowanych mikroorganizméw ze $rodowiska jest czasochtonna,
wymaga precyzji i doktadnego planowania prowadzonych badan. Zgodnie z zatozeniami,
wyizolowane bakterie powinny by¢ zdolne do degradacji celulozy oraz wzrostu i aktywno$ci
w warunkach beztlenowych w temperaturze 37°C + 1°C. Podczas badan wstepnych udato
si¢ wyizolowa¢ 1 scharakteryzowa¢ dwie czyste kultury bakterii celulolitycznych.
Bakterie zostaly =zidentyfikowane jako Staphylococcus warneri 1 Staphylococcus
epidermidis. Nast¢gpne badania nad wyizolowanymi szczepami dowiodly, Ze mrozZenie
1 liofilizacja wptywaja na ich aktywnos$¢ celulolityczng. Mikroorganizmy po reaktywacji
tracily wlasciwosci lub degradacja celulozy trwata znacznie dluzej, niz w przypadku
wykorzystania  tych  samych  szczepow  hodowanych ~w  sposoéb  ciagly.
W zwiazku z tym, przeprowadzona zostata ponowna izolacja celulolitycznych bakterii
z osadu $ciekowego. Wielokrotny pasaz umozliwil pozyskanie mieszanej kultury bakterii,
zdolnej do wzrostu i aktywnos$ci w medium, w ktorym jedynym Zrodlem wegla byta celuloza
w  formie  karboksymetylocelulozy. = Badanie  metataksonomiczne = wykazato,
ze w tym konsorcjum bakteryjnym wystepuja przedstawiciele roéznych gatunkow,
niekoniecznie zdolnych do degradacji celulozy, jednak najpewniej wspomagajacych
1 wspotpracujacych z bakteriami celulolitycznymi podczas prowadzonych procesow.
Sktad mieszanej hodowli bakterii przedstawiony zostal na Rysunku 2, w Publikacji 3.
Enzymy wyizolowane z mieszanej hodowli bakterii potencjalnie celulolitycznych
wykazywaty aktywno$¢ enzymatyczng na poziomie 1.69 FPU/mL w przypadku catkowitej
aktywnosci enzymatycznej i 11.27 U/mL w odniesieniu do produkowanych endoglukanaz.
Wedlug informacji producenta, aktywno$¢ enzymatyczna komercyjnej mieszaniny
enzymow celulolitycznych wynosi minimum 1000 U/g.

W badaniach opisanych w Publikacji 4 weryfikowany byl wplyw enzymow
w formie immobilizowanej i nieimmobilizowanej, na osad $ciekowy w pierwszych czterech
godzinach od inokulacji. Na podstawie uzyskanych wynikow mozliwe byto potwierdzenie
oddziatywania enzymoéw w obu formach na parametry fizykochemiczne
1 odpowiedZ mikroorganizméw osadu na zmian¢ warunkéw. W badaniach zaobserwowano
stabilizujacy wptyw dzialania wegla aktywnego na enzymy komercyjne, ktorych dziatanie
w  wersji  niezimmobilizowanej] = powodowato  zaburzenie @ pracy  osadu,
nadmierng intensyfikacje¢ produkcji LKT i zakwaszanie osadu (wzrost st¢zenia o 1856%
w 4. godzinie testu) i powstawania EPS (wzrost o ponad 200% w 4. godzinie testu)

(Publikacja 4, Rysunek 3). W przypadku enzymoéw izolowanych, immobilizacja réwniez
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miala pozytywny wplyw na dzialanie enzymdw, poprzez intensyfikacje¢ ich dziatania (wzrost
stezenia LKT po 3 godzinach testu o 340%) (Publikacja 4, Rysunek 7).

Wplyw dziatania enzymow izolowanych i komercyjnych w formie immobilizowane;j
i nieimmobilizowanej zweryfikowany zostal rowniez w tescie dlugim (15 dni).
W  teScie 15-dniowym weryfikowane bylo stezenie LKT, ChZT 1 EPS,
a dodatkowo st¢zenie celulozy, potencjat metanowy, azot catkowity (TN) i azot amonowy
(N-NH4). Dodatkowo, analizowany byt wptyw dziatania enzymatycznej obrobki osadow
scieckowych 1 dodatku wegla aktywnego na spoleczno$¢ mikroorganizméw osadu
$ciekowego. Przeprowadzone badania potwierdzily pozytywny wplyw dzialania enzymow
zarowno izolowanych jak 1 komercyjnych na intensyfikacj¢ produkcji metanu.
Wyniki opisane w Publikacji 3 wskazuja, ze biologiczna obrébka osadow
z wykorzystaniem enzymow skraca czas potrzebny do uzyskania takich samych wynikow
produkcji biogazu, jak w przypadku osadow niepoddawanych Zadnej obrobce.
Wykorzystanie immobilizowanych enzymoéw izolowanych wptyn¢to na intensyfikacje
produkcji metanu o 18,9%, a w przypadku immobilizowanych enzyméw komercyjnych
o 27% (Publikacja 3, Rysunek 3). Dodatkowo, po 7 dniach testu, produkcja metanu
w probkach inokulowanych enzymami izolowanymi i komercyjnymi byta na podobnym
poziomie. W przypadku enzymoéw nieimmobilizowanych, znacznie intensywniejszy,
dhuzszy 1 bardziej stabilny wzrost produkcji metanu zaobserwowany byl przy zastosowaniu
enzymoéw komercyjnych. Ostatecznie odnotowano wzrost produkcji metanu o 43%
w stosunku do osadu niepoddawanego obrobce. W przypadku nieimmobilizowanych
enzymow izolowanych, wzrost produkcji wynosit 21,7%.
Najintensywniejszy wzrost zaobserwowany byl w pigtym dniu testu, wtedy tez produkcja
metanu dla osadow poddawanych obrobce z wykorzystaniem enzymoéw izolowanych
i komercyjnych byla na podobnym poziomie. Stezenie EPS we wszystkich badanych
probkach, niezaleznie od zastosowanej obrobki byto nizsze niz przed rozpoczeciem testu,
przy czym najwyzsze oznaczono w inokulum, niepoddawanym obrébce enzymatycznej
(Publikacja 3, Rysunek 4). Stezenie celulozy oznaczone podczas testu w wigkszo$ci
przypadkéw nie zmienito si¢ w znaczacy sposob, poza st¢zeniem oznaczonym w probkach
inokulum zmieszanego z substratem (w stosunku 3:1), poddawanego obrdbce
z wykorzystaniem nieimmobilizowanych izolowanych enzymow (degradacja celulozy
0 26,02% + 0,75), oraz w przypadku inokulum poddawanego obrobce z wykorzystaniem

immobilizowanych komercyjnych enzymoéw (degradacja celulozy o 64,07% + 0,37).
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Wykorzystanie ~ immobilizowanych 1 nieimmobilizowanych  enzymow
w 15-dniowym tescie wykazato brak znaczacych roznic w wyznaczonych parametrow
fizykochemicznych w probkach kontrolnych i tych poddawanych obrobce enzymatyczne;.
Test dilugotrwatego kontaktu enzymoéw z osadem prowadzony byt przez 15 dni.
Po tym czasie ze wzgledu na brak obserwowanej produkcji biogazu w probkach z dodatkiem
enzymoéw immobilizowanych 1 nieimmobilizowanych, test zostat zatrzymany.
Na podstawie rezultatow ukazanych w Publikacji 4 1 Publikacji 5 okreslono,
ze wykorzystana metoda obrobki osadow S$ciekowych wplyneta na skrocenie czasu
potrzebnego na wykorzystane maksymalnego potencjatu osadéw do produkcji metanu.
Zgodnie z zalozeniami, stezenie azotu catkowitego pozostawalo na wzglgdnie stalym
poziomie (Publikacja 5, Rysunek 2), z uwzglednieniem odchylenia pomiedzy 5-20%,
ktéry zaobserwowano w literaturze i uzasadniano migracja NH; ze strumieniem biogazu,
sedymentacja czg¢sci materii czy formowaniem struwitu (Chavez-Rico i wsp., 2022;
Schievano i wsp., 2011). W przypadku NH4-N zmiany w st¢zeniu zaobserwowano jedynie
w probkach osadu zmieszanego i1 inokulum, poddawanego obrobce z wykorzystaniem
immobilizowanych izolowanych enzyméw, wegla aktywnego (Publikacja 5, Rysunek 3),
oraz nieimmobilizowanych enzymdéw komercyjnych (Publikacja 5, Rysunek 3).
Zastosowanie enzymoOw immobilizowanych i wegla aktywnego, spowodowalo wzrost
stezenia azotu amonowego (NHs-N). Stezenie NH4-N w inokulum, czyli osadzie pobranym
z komory fermentacyjnej, wzrosto po obrobce z wykorzystaniem immobilizowanych
enzymow komercyjnych. Na tej podstawie, zaktada sie, ze intensyfikacja rozktadu biatek
na skutek obrobki enzymatycznej, nastapila tylko w probkach, w osadach opisanych
powyzej. Mozliwe jest, ze obrobka z wykorzystaniem nieimmobilizowanych enzymow
wplyneta rowniez na intensyfikacje degradacji substancji organicznej w pozostatych
probkach, jednak nie w tak znaczacy sposob, aby mogto to by¢ zaobserwowane po 15 dniach
testu. W tym przypadku wraz z wydluzaniem czasu testu w osadach kontrolnych,
stezenie po 15 dniach oznaczone zostato na podobnym poziomie co w osadach poddanych
dziataniu enzymatycznej obrobki z wykorzystaniem immobilizowanych enzymow
komercyjnych
oraz nieimmobilizowanych enzymoéw izolowanych. W przypadku stezenia azotu
amonowego (NH4-N) w probkach substratu i inokulum, poddawanego dzialaniu
nieimmobilizowanych enzyméw komercyjnych, zaobserwowano spadek stezenia azotu

amonowego (NH4-N), co najprawdopodobniej wynika ze zbyt intensywnego dziatania
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enzymu, wptywajacego na wzrost produkcji substancji humusowych, bedacych inhibitorem
fermentacji metanowej (Fernandes i wsp., 2014; Azman i wsp., 2015).

Zmiany w stezeniu lotnych kwasoéw tluszczowych zaobserwowano jedynie
w przypadku nieimmobilizowanych enzymoéw komercyjnych. To potwierdza wplyw
na intensyfikacj¢ degradacji  wielkoczasteczkowych — zwigzkéw  organicznych,
na skutek obrobki enzymatycznej (Publikacja 5, Rysunek 4).

Wazrost stezenia chemicznego zapotrzebowania na tlen (ChZT) (Publikacja 5,
Rysunek 5) zostal zaobserwowany w probkach inokulum, poddawanego enzymatyczne;j
obrobce z wykorzystaniem enzyméw immobilizowanych. W przypadku samego wegla
aktywnego nie zaobserwowano réznicy w st¢zeniu w porownaniu z pozostalymi probkami
osadow, co $wiadczy o dziataniu enzymoéw, nie wegla  aktywnego.
W przypadku nieimmobilizowanych enzyméw, nie zaobserwowano zadnych réznic
pomiegdzy probkami poddawanymi obrobce i1 niepoddawanymi obrébce.

Oznaczone parametry fizykochemiczne $ci§le zwigzane byly ze zmianami
w obfitosci wystepowania mikroorganizmoéw osadu $ciekowego.
Wskazniki réznorodno$ci mikrobiologicznej Shannona i Simpsona (Publikacja 5, Tabela
1i2) na poczatku i na koncu testu wskazywaty brak znaczacych r6znic wobec roznorodnosci
wystepowania gatunkéw w zbiorowisku. Mimo to w probkach poddanych dziataniu
immobilizowanych enzymow izolowanych zaobserwowano spadek biordznorodnos$ci
i sredniej obserwowanej liczby OTU (Publikacja 5, Tabela 1). Zwykle oznaczane warto$ci
indeksu Shannona mieszczg si¢ w przedziale 1,5-3. W badaniach prowadzonych w ramach
rozprawy doktorskiej oznaczony wskaznik Shannon przekraczat 4 niezaleznie od formy
uzytego enzymu (immobilizowane/ nieimmobilizowane) wystgpowania enzymow czy ich
rodzaju (izolowane/ komercyjne), co wskazuje na duza réznorodno$¢ w probkach badanego
osadu. W Publikacji 5, Rysunek 6 przedstawiony zostat sktad zbiorowiska osadu
Sciekowego przed testem w osadzie pracujacym w WKEF, osadzie przed fermentacja
metanowg (zmieszany) oraz po 15-dniowym te$cie produkcji metanu osadow
inokulowanych 1 nieinokulowanych enzymami. Na podstawie Rysunku 6 mozna
zaobserwowaé, ze enzymatyczna obrobka osadow $ciekowych nie wptyngta na znaczace
ograniczenie liczebnos$ci zadnego z gatunkow, wystepujacych w probkach, ktorych obfitos¢
bylaby wieksza niz 1%. Wskaznik Simpsona (Publikacja 5, Tabela 2) oznacza si¢ w skali
0-1. Indeks zblizony do 1 wskazuje na brak dominujacego gatunku w zbiorowisku.
Indeks Simpsona méwi o tym, ze w przypadku wylosowania dwodch osobnikow,

beda oni naleze¢ do jednego gatunku. W osadach poddawanych obrobce z wykorzystaniem
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immobilizowanych i1 nieimmobilizowanych izolowanych i1 komercyjnych enzymow,
a takze osadach niepoddawanych obrobce indeks Simpsona wynosit 0,98,
wskazujac na duza réznorodno$¢ w badanym zbiorowisku.

Weryfikacja zalezno$ci st¢zenia parametrow oznaczonych w osadach poddawanych
dziataniu enzymow 1 obfitoSci wystgpowania bakterii w osadzie $ciekowym
przeprowadzona zostata z wykorzystaniem korelacji Pearsona.
Najbardziej obficie wystgpujaca gromada byly Bacteroidota 1 Proteobacteria.
W tabeli 1 przedstawiono korelacje pomiedzy st¢zeniem celulozy 1 objetoscia
wyprodukowanego metanu, a obfitoScia wystgpowania poszczegolnych bakterii
(klasyfikacja na poziomie gromady) w probkach osadu poddawanego dzialaniu enzymow
izolowanych. Kolorem niebieskim oznaczone =zostaly pozytywne korelacje,
a czerwonym negatywne. Korelacja pomiedzy stezeniem celulozy w probkach traktowanych
izolowanymi immobilizowanymi enzymami wskazuje na negatywna korelacj¢ z gatunkami
Z typow Acetothermia, Caldatribacteriota i Desulfobacterota, a wigc spadkiem jednego
parametru przy wzro$cie drugiego. Na podstawie Tabeli 2 (Publikacja S) przedstawiajacego
zmiany w stezeniu celulozy w probce inokulum i substratu poddanych dzialaniu
izolowanych enzyméw celulolitycznych, obserwowany byl spadek stezenia celulozy
na poziomie 10%. Réwnoczesnie, obserwowany byt wzrost obfitosci wymienionych wyzej
grup Dbakterii (Publikacja 5, Rysunek 6). W przypadku stgzenia celulozy
w probkach traktowanych izolowanymi enzymami nieimmobilizowanymi, obserwowany
byl znaczny spadek stezenia i w odroznieniu od probek traktowanych immobilizowanymi
enzymami izolowanymi, korelacja z obfitoScia wystgpowania typow bakterii jest
w wigkszosci przypadkéw negatywna. Pozytywna korelacja obrazuje spadek stezenia
celulozy 1 spadek obfitosci  wystepowania  Chloroflexi 1  Proteobacteria.
W przypadku negatywnej korelacji, obserwuje si¢ wzrost obfitosci wystepowania
poszczegolnych typow bakterii przy spadku stezenia celulozy.
Wigkszo$¢ ze zidentyfikowanych grup bakterii w osadzie $ciekowym pozytywnie
korelowata z wydajno$cia metanu, zaréwno w probkach traktowanych immobilizowanymi,

jak i nieimmobilizowanymi enzymami izolowanymi.
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Tabela 1 Wyznaczone korelacje pomigdzy obfitoscig wystgpowania poszczegolnych bakterii (klasyfikacja na poziomie
typu) w osadzie Sciekowym a stezeniem celulozy i objetoscig wyprodukowanego metanu w probkach osadu sciekowego
poddawanego dzialaniu enzymow izolowanych. Kolor czerwony wskazuje na negatywng korelacje, kolor niebieski na
pozytywng.

Wydajnos¢ Wydajnos¢
Celuloza- Celuloza- metanu- metanu-

typ immob. nieimmob. immob. nieimmob.

Acetothermia -0.31
Acidobacteriota
Actinobacteriota
Armatimonadota
Bacteroidota
Caldatribacteriota
Caldisericota
Chloroflexi
Cloacimonadota
Desulfobacterota
Firmicutes
Patescibacteria
Planctomycetota
Proteobacteria
Spirochaetota
Thermotogota

Verrucomicrobiota

W  przypadku enzymoéw komercyjnych, obserwuje si¢ znaczace roznice
w poréwnaniu z enzymami izolowanymi. W obfito$ci wystgpowania poszczegdlnych typow
dominuje negatywna korelacja ze stezeniem celulozy w probkach immobilizowanych
i nieimmobilizowanych enzyméw. Przeprowadzony test na st¢zenie celulozy wykazat
znaczacg statystycznie degradacj¢ na poziomie 10% 1 wzrost obfito$ci wystgpowania typow
z wyznaczong negatywng korelacja. W  probkach  poddanych  dziataniu
nieimmobilizowanych  komercyjnych enzyméw  zalezno$¢ pomiedzy obfitosciag
wystepowania poszczegdlnych typow a wydajnoscia metanu jest nieznaczna,
z wyjatkiem Caldatribacteriota, Chloroflexi i Proteobacteria, wykazujacych silng korelacje

negatywng. Obserwowany byt znaczacy statystycznie spadek obfito§ci wystgpowania tych

37



Poprawa hydrolizy osadow sciekowych w celu intensyfikacji fermentacji metanowej

grup we wskazanych probkach. W przypadku immobilizowanych enzymow komercyjnych,

dominowaty silne pozytywne korelacje.

Tabela 2 Wyznaczone korelacje pomigdzy obfitoscig wystgpowania poszczegolnych typow bakterii w osadzie Scieckowym a
stezeniem celulozy i objetoscig wyprodukowanego metanu w probkach osadu sciekowego poddawanego dzialaniu
enzymow komercyjnych. Kolor czerwony wskazuje na negatywng korelacje, kolor niebieski na pozytywng.

Celuloza- Celuloza- Wydajnos¢ Wydajnos¢
typ immob. nieimmob. metanu- metanu-
immob. nieimmob.

Acetothermia -0.61 _ -0.18
-0.45 0.08 -0.36
-0.16
-0.15

0.40

Acidobacteriota
Actinobacteriota

Armatimonadota

Bacteroidota
Caldatribacteriota
Caldisericota
Chloroflexi
Cloacimonadota
Desulfobacterota
Firmicutes
Patescibacteria
Planctomycetota
Proteobacteria
Spirochaetota

Thermotogota

Wplyw na rodzaj korelacji pomiedzy obfitoscia wystepujacych bakterii
1 parametrami fizykochemicznymi w osadzie miata forma enzymu, a wigc immobilizacja
lub obecno$¢ wegla aktywnego. Kiedy osady poddawano obrdbce z wykorzystaniem
enzymOw immobilizowanych, korelacja byla pozytywna, w przypadku enzymow
nieimmobilizowanych  mozna  bylo spodziewa¢ sie  korelacji  negatywnej.
Zalezno$¢ taka obserwowano niezaleznie od tego czy wykorzystywane byly enzymy
izolowane, czy komercyjne.

Podsumowujac, badania przeprowadzone w ramach rozprawy doktorskiej pozwolity

na opracowanie metody intensyfikacji fermentacji metanowej z uwzglednieniem degradacji
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trudno rozktadalnego polimeru jakim jest celuloza, ktéra moze stanowi¢ uniwersalng metode
stosowang w oczyszczalniach $ciekow. Zastosowanie autochtonicznych mikroorganizmow
i enzymow przez nie produkowanych, z zatozenia dopasowanych do indywidualnych
potrzeb oczyszczalni $ciekoéw, moze zapobiega¢ niepozadanemu zaburzeniu pracy osadu

podczas fermentacji metanowe;.

39



Poprawa hydrolizy osadow sciekowych w celu intensyfikacji fermentacji metanowej

7. Wnioski

Wszystkie z zatozonych w ramach rozprawy doktorskiej celow zostaly zrealizowane.
W trakcie badan potwierdzono, ze:

- mozliwe jest wyizolowanie pojedynczych szczepow bakterii celulolitycznych z osadu
$ciekowego, jednak ich przechowywanie, poprzez mrozenie, liofilizacj¢ i pasaz prowadzi
do utraty wlasciwosci celulolitycznych lub wydhuzenia czasu wzrostu.

- Niektére szczepy bakterii celulolitycznych traca roéwniez wlasciwosci
po odseparowaniu ich od innych bakterii, z ktérymi wzrastalty na podlozu statym.
Izolacja  autochtonicznych  bakterii w  podlozu  plynnym z  dodatkiem
karboksymetylocelulozy wykazata obecno$¢ celulolitycznych bakterii, jak rowniez innych
szczepow, ktore swojg obecnos$cia w mieszanej hodowli, najpewniej wspieralty wzajemnie
swoje dziatania.

- Enzymatyczna obrobka osadow $ciekowych, z wykorzystaniem mieszaniny enzymow
izolowanych z mieszanej hodowli bakterii zdolnych do degradacji celulozy wptywa
na intensyfikacje produkcji metanu, degradacji celulozy i poprawe hydrolizy osadow
$ciekowych, prowadzac do mozliwosci skrocenia czasu potrzebnego na fermentacje.

- Zaszczepienie osadu S$ciekowego autochthonicznym celulolitycznym grzybem
Aspergillus terreus pozwolito na intensyfikacje produkcji metanu w badanym osadzie
o 11%.

- Zastosowanie immobilizowanych enzymoéw izolowanych z osadu $ciekowego
spowodowato wzrost potencjalu metanowego badanego osadu $ciekowego o 18,9%.

- Wykorzystanie grzybow mikroskopowych o wlasciwosciach celulolitycznych
w postaci strzgpek, jako biologicznej metody obrobki osadow Sciekowych wplywa
na intensyfikacje degradacji celulozy i potencjatu metanowego tych osadow.

- Immobilizacja enzymdéw na weglu aktywnym stabilizuje ich dziatanie poprzez
wydtuzenie dziatania enzymoéw izolowanych i zmniejszenie intensywnosci dziatania
w przypadku enzyméw komercyjnych, zabezpieczajac proces przed nadmiernym
zakwaszaniem,
na skutek zwiekszonej produkeji LKT.

- Zastosowanie enzymatycznej obrobki osadow $ciekowych z wykorzystaniem
enzymow izolowanych i komercyjnych, w formie immobilizowanej i nieimmobilizowane]
w objetosci 1% suchej masy substratu, nie wplywa w znaczacym stopniu na sktad

zbiorowiska bakterii zasiedlajacych badany osad $ciekowy.
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8. Kontynuacja badan

Rezultaty przeprowadzonych badan jednoznacznie wskazuja na konieczno$¢ ich
kontynuacji oraz rozszerzenia o szczegOlowa analiz¢ losé6w mikroorganizmow
wprowadzanych do osadu poddawanego fermentacji metanowej, a takze o poglebiong
charakterystyke¢  autochtonicznych  zbiorowisk  mikrobiologicznych ~ obecnych
w tym $rodowisku.

Dotychczasowe eksperymenty realizowano w skali laboratoryjnej,
co wuzasadnia potrzebe przejscia do etapu badan w skali pottechnicznej,
umozliwiajacego ponowna i bardziej miarodajng ocen¢ efektywnos$ci proponowanej metody
w warunkach zblizonych do rzeczywistych.

W odniesieniu do mikroorganizméw tworzacych mieszang hodowle bakterii zdolnych
do wzrostu w podtozu, w ktorym karboksymetyloceluloza stanowi zrodto wegla, niezbedne
jest przeprowadzenie poglebionej analizy struktury i funkcjonowania zbiorowiska,
ze szczegldlnym uwzglednieniem interakcji oraz zalezno$ci pomi¢dzy mikroorganizmami.
Analogiczne badania powinny zostaé rozszerzone na uklady osadu S$ciekowego
poddawanego  biologicznej  obrobce z  zastosowaniem — zardwno — enzymow
immobilizowanych, jak i nieimmobilizowanych.

Istotnym kierunkiem dalszych prac jest rowniez opracowanie wydajnej i powtarzalnej
metody wprowadzania oraz odzysku enzymow immobilizowanych po zakonczeniu procesu
fermentacji, co moze przyczyni¢ si¢ do istotnego ograniczenia kosztéw operacyjnych.

Ponadto, kluczowym elementem dalszych badan pozostaje weryfikacja skutecznosci
proponowane;j strategii dozowania enzymow na poziomie 1% w odniesieniu do suchej masy
osadoéw, z uwzglednieniem zrdéznicowanego pochodzenia osadéw z réznych oczyszczalni

SciekOw.
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Rysunek 1 Odwracalne i nieodwracalne metody immobilizacji enzymdw. Na podstawie
Maghraby i wsp., 2023. (Cwiertniewicz-Wojciechowska i wsp., 2024)......ccocevevvrereennen. 18
Rysunek 2 Schemat przedstawiajacy podejmowane kroki, umozliwiajacych realizacje

celow czastkowych, zatozonych w ramach rozprawy doktorskiej..........eeveeevuueiiiinnnnnees 22
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- XIHI Ogoélnopolska Konferencja Hydromikrobiologiczna HYDROMICRO 2025,
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10.5. Nagrody i wyrdznienia

- X Environmental Protection & Energy Conference, 2022- Nagroda II stopnia w kategorii:
najlepszy temat.

- XIHI Ogodlnopolska Konferencja Hydromikrobiologiczna HYDROMICRO 2025-
Wyrdznienie za wystapienie ustne.

- Three Minute Thesis- Polish your English, 2025- Nagroda publiczno$ci i nagroda

inzynierska.
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Wkiad autorski

Publikacja 1 (70%):

Konceptualizacja badan,
Przeprowadzenie przegladu literatury,
Przygotowanie manuskryptu roboczego,
Przygotowanie wszystkich grafik i tabel,

Edycja manuskryptu, przygotowanie odpowiedzi dla recenzentow.

Publikacja 2 (80%):

Konceptualizacja badan,

Przeprowadzenie przegladu literatury,

Przeprowadzenie analiz laboratoryjnych i analiza wynikow badan,
Przygotowanie manuskryptu roboczego,

Przygotowanie wszystkich grafik i tabel,

Edycja manuskryptu, przygotowanie odpowiedzi dla recenzentow.

Publikacja 3 (70%):

Konceptualizacja badan,

Przeprowadzenie przegladu literatury,

Przeprowadzenie analiz laboratoryjnych i analiza wynikow badan,
Przygotowanie manuskryptu roboczego,

Przygotowanie wszystkich grafik i tabel,

Edycja manuskryptu, przygotowanie odpowiedzi dla recenzentow.

Publikacja 4 (80%):

Konceptualizacja badan,

Przeprowadzenie przegladu literatury,

Przeprowadzenie analiz laboratoryjnych i analiza wynikow badan,
Przygotowanie manuskryptu roboczego,

Przygotowanie wszystkich grafik i tabel,

Edycja manuskryptu, przygotowanie odpowiedzi dla recenzentow.

Publikacja 5 (70%):

Konceptualizacja badan,
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- Przeprowadzenie przegladu literatury,

- Przeprowadzenie analiz laboratoryjnych i analiza wynikow badan,

- Przygotowanie manuskryptu roboczego,

- Przygotowanie wszystkich grafik i tabel,

- Edycja manuskryptu, przygotowanie odpowiedzi dla recenzentow.

12.  Wkilad pozostatych autorow

W tabeli 3. przedstawiony zostat pelny udziat procentowy dla poszczegdlnych

publikacji.
Tabela 3. Lista wspolautorow i ich procentowy wklad w publikacje wehodzgce w sklad pracy doktorskiej.
Tytut Magdalena Aleksandra Grzegorz Anna | Sebastian
publikacji Cwiertniewicz- Ziembinska- Cema Wolny | Jurczyk
Wojciechowska Buczynska
Publikacja 1 70% 15% 15% - -
Publikacja 2 80% 10% 10% - -
Publikacja 3 70% 10% 10% 5% 5%
Publikacja 4 80% 10% 10% - -
Publikacja 5 75% 10% 10% 5% -

Deklaracje i wktad wszystkich pozostatych wspotautoréw publikacji wchodzacych

w zbior opublikowanych i powigzanych tematycznie artykuldw niniejszej pracy

doktorskiej, zostaty zamieszczone ponizej.
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Ziembinska-Buczynska A., Enhancing methane production during anaerobic digestion of
sewage sludge using enzymes produced by autochthonous microbial consortia, (w trakcie
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Dr

Sebastian Jurczyk

Gliwice, 15.03.2026

Deklaracja indywidualnego wktadu wspotautora

Os$wiadczam, ze moj wkiad autorski podczas przygotowania:

Publikacji 3 Cwiertniewicz-Wojciechowska M., Wolny A., Jurczyk S., Cema G.,
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13. Publikacje

W dalszej czg$ci pracy zamieszczono artykuly naukowe, wraz z materialami
uzupehiajgcymi. Stanowig one cykl publikacji monotematycznych niniejszej rozprawy

doktorskiej, w podanej kolejnosci:

PUBLIKACIJA 1: Cwiertniewicz-Wojciechowska M., Cema G., Ziembinska-Buczynska
A., Sewage sludge pretreatment: current status and future prospects: Environmental Science
and Pollution Research, 2023, 30, 88313-88330. [F2022= 5.8; MNiSW2022= 100
PUBLIKACIJA 2: Cwiertniewicz-Wojciechowska M., Cema G., Ziembinska-Buczynska
A., Cellulolytic Fungi from Sewage Sludge and Their Potential to Improve Methane
Fermentation, Biomass Conversion and Biorefinery, 10.1007/s13399-026-07082-1. IF2026=
4,1; MNiSW2026= 70

PUBLIKACJA 3: Cwiertniewicz-Wojciechowska M., Wolny A., Juszczyk S., Cema G.,
Ziembinska-Buczynska A., Enhancing methane production during anaerobic digestion of
sewage sludge using enzymes produced by autochthonous microbial consortia, w trakcie
recenzji.

PUBLIKACIJA 4: Cwiertniewicz-Wojciechowska M., Cema G., Ziembinska-Buczynska
A., Wplyw enzymow celulolitycznych na hydrolize osadow $ciekowych: Wspolczesne
problemy ochrony $rodowiska i energetyki, 2024, 101-110, Gliwice, Politechnika Slaska.
ISBN 978-964116-6-2. MNiSW2024= 20

PUBLIKACIJA 5: Cwiertniewicz-Wojciechowska M., Wolny A., Cema G., Ziembinska-
Buczynska A., Comparative Enzymatic Pretreatment of Sewage Sludge: Physicochemical

Parameters and Microbial Community Effects, w trakcie recenzji.
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Abstract

- Grzegorz Cema’ - Aleksandra Ziembinska-Buczyniska'

Sewage sludge is regarded by wastewater treatment plants as problematic, from a financial and managerial point of view.
Thus, a variety of disposal routes are used, but the most popular is methane fermentation. The proportion of macromolecular
compounds in sewage sludges varies, and substrates treated in methane fermentation provide different amounts of biogas
with various quality and quantity. Depending on the equipment and financial capabilities for methane fermentation, different
methods of sewage sludge pretreatment are available. This review presents the challenges associated with the recalcitrant
structure of sewage sludge and the presence of process inhibitors. We also examined the diverse methods of sewage sludge
pretreatment that increase methane yield. Moreover, in the field of biological sewage sludge treatment, three future study
propositions are proposed: improved pretreatment of sewage sludge using biological methods, assess the changes in microbial
consortia caused with pretreatment methods, and verification of microbial impact on biomass degradation.

Keywords Anaerobic digestion - Methane fermentation - Hydrolysis - Biogas production - Wastewater - sSCOD - Volatile

fatty acids - Methane yield

Introduction

Continuously expanded exploitation of fossil fuels is leading
to their depletion; hence, exploration into novel sources and
methods for the provision of infinite electrical energy and
heat inflow, while maintaining comparative usage to conven-
tional sources, is of vital importance. Moreover, the exploi-
tation is not only leading to depletion but also impacts the
environment during the sourcing and use. Non-renewable
fossil fuels affect climate changes by releasing large amounts
of carbon dioxide into the air when are burned. That also
forces us to minimize its usage and search for alternative
solutions.

In general, human activity creates a vast amount of
wastes, which gives rise to potential opportunities in the
circular economy. The wastewaters are produced daily in
domestic households, industries, and entertainment sectors,
to name a few, which are treated in a wastewater treatment
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Poland

plant. However, a common side product of such treatment
is the generation of sewage sludge that has the potential to
be useful in biogas production. In recent years, biogas pro-
duction by anaerobic digestion and its further usage is ever
expanding and delving deeper in to unique and interesting
areas of science. Figure 1 shows the number of papers pub-
lished using the following keywords: sewage sludges, pre-
treatment, and anaerobic digestion.

Methane formation is an anaerobic microbial process
that decreases the amount of dry and organic matter of
substrates, causing stabilization of the properties of the
sewage sludge. During this process, biogas is released
which contains mainly methane and carbon dioxide at
levels of 50-70% and 30-50% (v/v), respectively; how-
ever, residuals of hydrogen, hydrogen sulfide, and volatile
organics also reside (Shrestha et al. 2020; Czatzkowska
et al. 2020). The amount and quality of biogas are deter-
mined by the substrate characteristics and the ability of
the fermenting microorganisms to conduct the following
four phases: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. According to reports, methane produc-
tion during anaerobic digestion is mostly dependent on
the composition of the sewage sludge used in the fermen-
tation process and methods used to treat the biomass (Li
et al. 2019; Park et al. 2021; Liu et al. 2021b; Akbay et al.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-023-28613-7&domain=pdf
http://orcid.org/0000-0002-1125-5688

88314

Environmental Science and Pollution Research (2023) 30:88313-88330

Fig. 1 Numbers of research

. . 450

papers dealing with sewage .
sludge pretreatment for anaero- £ 400
bic digestion published between 3 150 o
1970 and 2022, according to g ¢
Scopus -.; 300 °

= 950 %

& .

g 200

s 150 PP °

5 i T

< 100 %

g ...O.o.

Z:3 50 ° ...".'...oo.o...

[ ] ([ X'}
e0e0®’®
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Scopus indexed papers with the topic sewage sludge pretreatment for anaerobic

2021). A high amount of organic matter influences the
efficacy and rate of the anaerobic digestion, thus sludge
treatment. Moreover, usually, the sludges produced by the
wastewater treatment plants contain considerable quanti-
ties of heavy metals, pathogens, and bacteria (Liew et al.
2022). Generally, recalcitrant and low degradable bio-
mass limits the hydrolysis stage, which impacts anaerobic
digestion. During this stage, cell walls are destroyed and
extracellular polymeric substances (EPSs) are released and
degraded by acidogenic microorganisms, which employ
EPSs as organic material. This is an important mechanism
due to compounds in sewage sludge being considered rela-
tively unfavorable substrates for microbial degradation.
This stems from their structure, which protects the cell
from osmotic lysis (Appels et al. 2010). EPSs are known
as the dewaterability disruptor of sludge that bind with
bacterial cell walls or remain in suspension. They prevent
desiccation of the bacterial cell and promote water bind-
ing, making sludges difficult to dewater. In the case of
thermal methods, bonded and intracellular water is more
easily released compared to other methods, i.e., chemical
method (Pilli et al. 2014). Additionally, depending on the
sewage sludge composition and limitations of microor-
ganism consortia, it is difficult to convert all raw materi-
als during hydrolysis and avoid organic matter in post-
fermented sludges. Research has shown that hydrolysis
is a slow and limiting phase of anaerobic digestion (Li
et al. 2019; Junior et al. 2021); therefore, it is important
to study over improvement of pretreatment methods or
hydrolysis before anaerobic digestion. The utilization of
biological, chemical, thermal, or mechanical methods for
the disintegration of sludge flocs and the release of sim-
pler compounds increase biogas production (Lindmark
et al. 2012; Tsapekos et al. 2015; Shrestha et al. 2017;
Liang et al. 2021). Nevertheless, anaerobic digestion is a
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digestion

popular treatment process due to proven efficiency, reduc-
tion of pollutants, stabilization of sludges, and reduction
of sludges demanding utilization (Pilli et al. 2014; Pat-
invoh et al. 2016). Thus, it is important to develop bio-
mass pretreatment that will allow more effective usage
of biomass and increase biogas production using an eco-
friendly method and low financial outlay. The first phase
of fermentation determines the effectiveness of the whole
process, where the decomposition of macromolecular
compounds into monomers and smaller molecules used
by microorganisms in the following stages (Ziemiriski and
Frac, 2021; Neumann et al. 2016). In 1978, Haug et al.
conducted the first pretreatment of biomass via thermal
methodology for sludge dewaterability and biodegradabil-
ity under anaerobic conditions. Since this development,
numerous publications on this subject have been pub-
lished, which propose a plethora of combined methods and
the utilization of biomass sources. However, even though
pretreatment research focusing on hydrolysis improvement
has been conducted for the last 40 years, comprehensive
verification and testing has yet to be achieved. Nowadays,
the majority of studies examine various biomass and com-
parison of methods in order to enhance methane produc-
tion, as well as degradation or transformation of hard to
decompose compounds. Moreover, pretreatment methods
must consider ecological and economic aspects, includ-
ing the removal of heavy metals and pharmaceuticals. In
addition, there are increasing opportunities to recover vari-
ous useful substances such as volatile fatty acids (VFAs),
nutrients (nitrogen, phosphorus, potassium) and enzymes
(Ye et al. 2020; Sichler et al. 2021). This review examines
sewage sludge pretreatment methods for methane fermen-
tation with view on substances that present limitations on
the process, i.e., cellulose, hemicellulose, proteins, and
lipids. Furthermore, the advantages and disadvantages of
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sludge pretreatment are reviewed and their influence on
the methane production yield.

Methane fermentation of sewage sludge

The instantly increasing human population has caused an
increase in wastewater and sewage sludge volumes gener-
ated post treatment (Duan et al. 2011). In 2010, the world’s
population was 6.956.823.603, and in 2020, it increased to
7.794.798.739. On November 2022, the population reached
8 billion. According to Population Division of the Depart-
ment of Economic and Social Affairs United Nations, the
number of people will increase over the next few years,
which will influence heavily the production of wastes and
sewage sludge. According to World Population Prospects
(2022), the growth to 8.5 billion in 2030 and 9.7 billion is
expected by 2050.

In the last decade, the volumes of sewage sludge pro-
duction generated in wastewater treatment plants (WWTPs)
were increasing continuously, which is caused by the
increasing population. Table 1 shows sludge production in
chosen European countries between 2010 and 2019 (Euro-
stat, the statistical office of the European Union). That is
why biogas production through anaerobic digestion becomes
more interesting.

Factors impacting on the sewage sludge
management

In biogas production, various sources of substrates are used
depending on availability, geography, optional price and
demand, type of active industry in the area, and possibili-
ties for usage. These factors impact methane yield in relation

to microorganisms’ potential such as the ability to grow in
extreme conditions, incubation temperature, and environ-
mental preferences (Passos et al. 2015). In methane fermen-
tation, easily fermented substrates include livestock manure,
food-processing wastes, and sewage sludge (Patinvoh et al.
2016; Cérdoba et al. 2018).

Sewage sludges are composed of organic macromol-
ecule compounds, varying in concentration and proportion.
Wastewater flowing into WWTP is not only from private
households but also from breweries, dairy factories, and
paper industries, to name a few (Aski et al. 2020), which
dictate the high concentration of lipids, proteins, cellulose
and hemicellulose, and other polysaccharides in wastewater
and then in sewage sludge. All sewage sludges are produced
during wastewater treatment; hence, the composition of the
sewage sludge is directly related to the composition of the
wastewater that goes directly into the wastewater treatment
plant. Thus, it can contain a qualitative and quantitative vari-
ety of lipids, pathogens, pharmaceuticals and their deriva-
tives, or heavy metals. Methane fermentation of sewage
sludge, other than its positive aspect for sludge stabilization
and biogas production, creates wastes. These wastes depend
on the degree of fermentation, calorific value, and element
content such as phosphorus, potassium, calcium, and heavy
metals, which can be managed, burned, or used as fertilizer.
Moreover, wastewater treatment plants must contend with
the presence of challenging compounds, such as insoluble
proteins (about 30%, w/w TS in municipal primary sludge)
(e.g., keratin) and polysaccharides (about 26%, w/w TS in
municipal primary sludge) (e.g., cellulose) (Glinska et al.
2020). Recalcitrant form and difficulties in degradation of
these compounds hinder the large amounts of dry matter
and organic matter present in the post-fermented sewage
sludge. As with almost every resource, sewage sludges must

Table 1 Total sludge production in Europe (thousand tones), years 2010-2019 (Eurostat, the statistical office of the European Union, 2022)

Country 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Bulgaria 49.80 51.40 59.30 60.30 54.90 57.40 65.80 68.60 53.10 n.a.
Czechia 196.30 217.90 263.30 260.10 238.59 210.24 206.71 223.27 228.22 221.09
Ireland 89.99 85.65 72.43 64.55 53.54 58.39 56.02 58.77 55.23 58.63
Germany 1 893.64 1946.29 1 848.85 1 808.72 1 .830.82 1 820.57 1794.36 1,785.55 1761.62 1749.86
Estonia 18.80 18.30 21.70 17.00 19.91 19.11 18.65 20.94 25.54 24.94
Spain 1355.10 1331.60 1233.40 1122.60 1131.60 1 152.60 1174.40 1192.00 1210.40 n.a.
Lithuania 21.39 19.76 20.11 22.82 22.08 21.92 25.92 24.94 24.59 24.18
Hungary 170.34 168.33 160.60 170.47 163.12 177.70 217.96 266.84 233.66 227.89
Austria 262.80 n.a. 266.30 n.a. 239.04 n.a. 237.94 n.a. 234.48 233.56
Poland 526.70 519.20 533.30 540.30 556.00 568.00 568.33 584.45 583.07 574.64
Rumania 82.10 114.10 85.40 172.80 192.33 210.45 240.41 283.34 247.76 230.59
Slovakia 54.76 58.72 58.71 57.43 56.88 56.24 53.05 54.52 55.93 54.83
Finland 142.70 140.90 141.20 95.20 115.70 146.00 146.99 161.19 146.62 n.a.

n.a. data not available
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be pretreated to become efficient and safe biomass during
and after the process of fermentation. These treatments must
be cost-efficient and effective for various types of sewage
sludge. Three groups of methods of sludge pretreatment
are used, i.e., chemical, physical (including thermal and
mechanical), and biological methods. Each provides differ-
ent advantages and disadvantages in sewage sludge treat-
ment, presented in Table 2. The applied impact is related
to the amount of biogas produced and the level of stability
of the sewage sludge. According to the literature, the most
effective are thermal methods, which provide improvement
in methane yield production up to 1000% (Appels et al.
2008; Nguyen et al. 2021), although the costs of energy
needed to heat the sludges need to be considered. Mechani-
cal methods provide usually not less than 100% improve-
ment in methane production, and their use in the industry
is most common (Yue et al. 2021). Usage of the chemical
methods provides around 50% of the better methane produc-
tion, but they are regarded to be harmful for the environment
and sewage sludge itself (Zhang et al. 2023). Biological
methods are not as effective as other methods mentioned
above; however, they are regarded to be the safest and can
be improved with other methods at a relatively low cost from
other methods (Wandera et al. 2019; Liang et al. 2021). As
mentioned previously, wastewater treatment plants choose
pretreatment methods depending on their financial and
technological possibilities, but also according to the sludge
composition, mainly the presence of hard-to-decompose
substances. The main purpose of the anaerobic digestion is
to decrease the amount of organic substances present, i.e., in
the sewage sludges, so their products could be used further
in the future. Without the proper treatment, the large amount
of organic matter residues remains, and eventual deposition
in the environment may be dangerous for the soil and water.
Sewage sludges that are not treated properly can cause odors,
environmental pollution due to the recalcitrant leakage, and
finally potentially hazardous influence on the human and
animal health (Nguyen et al. 2021). Proper pretreatment
provides not only the possibility for decreasing sludges
volume directed from WWTPs but also their further usage
due to stabilization of the sewage sludge properties during
the anaerobic digestion, and the production of the biogas is
its beneficial feature. The usage of the sewage sludges as a
source for the methane production and providing its better
composition contributes in a circular economy strategy.

Lignocellulose complex

Cellulose is a troublesome compound, which is a part of
a lignocellulose complex that also contains hemicellulose
and lignin. The combinative effect of these compounds
negatively influences the effectiveness of lignocellulose
decomposition. Lignin is regarded as the most recalcitrant
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compound to undergo biochemical decomposition (Wagland
et al. 2011; Li et al. 2021). Lignocellulose contains ca.
40-60% cellulose and 20—-40% hemicellulose; hence, it is a
potential carbon source for biogas production (Kang et al.
2014). According to Zhen et al. (2017), the utilization of lig-
nocellulose as a substrate promotes the production of biogas
containing approx. 50-70% CH, and 25-50% CO,. Ligno-
cellulose degradation process is mainly associated with
bacteria and fungi performance, and isolation of enzymes
produced by microorganisms (Zhang et al. 2018). Although
lignocellulose is a limiting compound, thus for proper usage,
it is necessary to convert it into simpler and more soluble
compounds, which requires lignin removal methodology
(Shah et al. 2018). Wagland et al. (2011) showed that high
temperature is the most efficient way for the decomposition
of such biomass. In the case of other approaches, includ-
ing chemical methods, pretreatment with high energy may
assist the degradation process. An alternative for high-tem-
perature pretreatment or assisted temperature pretreatment
is the chemical method, where incorporation of acids and
bases removes or degrades various compounds. For lignin
removal or pretreatment from sewage sludges, the alkaline
pretreatment approach is preferred, which mainly utilizes
KOH, Ca(OH),, and NaOH (Dai et al. 2018). Ethanol, ben-
zene, and ethylene glycol have also been investigated for
lignin removal (Taherzadeh and Karimi, 2008). The pos-
sibility of biomass fermentation increases in the presence
of bases due to lignin degradation (Patinvoh et al. 2016).
However, alkaline treatment decreases the degree of polym-
erization of lignocellulosic biomass compounds, promoting
lignin removal, and increases organic matter solubility in
sludge and easier cellulose degradation by enzymatic and
microbial impact (Liu et al. 2021a). Thus, alkaline treat-
ment method is a promising and efficient way to lignocellu-
losic biomass decomposition. In the reference to the chemi-
cal treatment, the utilization of acids in pretreatment and
assisted pretreatment methodology increases the fragility of
the biomass in fermentation and promotes intramolecular
bond cleavage between lignin, hemicellulose, and cellulose
in the cell wall (Taherzadeh and Jeihanipour 2012). The dis-
turbance over chemical construction enables the more effi-
cient operation of cellulolytic enzymes. It is known that the
presence of acids contributes to the hydrolysis of celluloses
and hemicelluloses but does not dissolve lignin, only con-
tributing to its partial destruction (Solarte-Toro et al. 2019).
Fernandes et al. (2012) reported that biomass adapted to
4.9 g NH,+-N*/L and a lack of inhibition of the hydroly-
sis of cellulose after the addition of ammonia concentration
2.4-7.8 g NH,+-N*/L. Free ammonia addition is known
as an effective method to improve anaerobic methane pro-
duction. Using it as a pretreatment method can enhance the
fermentation process but also adapt biomass to handle any
ammonia concentration (Wei et al. 2017a).
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Proteins and lipids

Usually, the main part of the sewage sludge organic matter
consists of carbohydrates; hence, numerous studies focus
on the hydrolysis and decomposition of such compounds.
However, in the case of proteinaceous sewage sludge,
the amount of protein content exceeds that of carbohy-
drates. Proteinaceous sewage sludge originates from the
dairy industry, and it is characterized as a valuable source
for methane production, due to its high VFA content. In
some industries, protein content in dairy wastewater is
over 40% of total oxygen demand, but the addition of car-
bohydrate matter can increase protein conversion in the
sewage sludge. Moreover, pH influences methane produc-
tion through the composition of VFA (Liu et al. 2021a).
The use of sludges rich in protein sources, such as keratin
wastes (e.g., feathers), contains over 90% of crude protein
instead, or mixed with sewage sludge may provide higher
biogas production. Due to the insolubility of the crude pro-
tein, it is necessary to provide access for microorganisms,
which allow effective decomposition and conversion into
soluble oligomers (Patinvoh et al. 2016). According to Ma
et al. (2019), alkaline fermentation leads to efficient VFA
enhancement production providing a carbon source for
biological nutrient removal and increased degradation of
difficult to biodegrade organic matter. Reports have shown
that increased VFA concentration contributes to intensi-
fication of biogas production (Worwag and Kwarciak-
Koztowska 2019).

The prevalence of proteins in sewage sludge can also
inhibit the process. Inhibition of bacterial activity can occur
when substrates and products are in significant concentra-
tions. Thus, the properly chosen pretreatment method may be
beneficial for the process, from the point of troubleshooting
and economy of the treatment. Under such conditions, more
VFA is produced, which may lead to inhibition of the pro-
cess (Shah et al. 2018). When VFA concentration is too high
(>3.6 g*/L (Zhang et al. 2001)), inhibition of methanogen-
esis and hydrolysis/acidogenesis occurs due to organic over-
loading (Fotidis et al. 2012). Methanogens are not able to
remove hydrogen and volatile organic acids faster than they
are produced, resulting in this compound accumulation that
causes changes in pH and disturbance of the hydrolysis and
acidogenesis stages (Ponsi et al. 2008). High concentrations
of ammonia can also inhibit methanogenesis, which is com-
monly present in complex wastes, mainly in animal manures,
black water, or waste oil from gastronomy (Belmonte et al.
2011). Shi et al. (2017) observed that the presence of free
ammonia (0.045 g*/L) caused an inhibitory effect of metha-
nogenesis and accumulation of VFAs. Belmonte et al. (2011)
showed that the concentration of free ammonia above 0.04 g
NH;-N*/L caused ICj, (concentration at which a substance
exerts half of its maximal inhibitory effect) of 56-84% for
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methanogenic bacteria present in raw swine wastewater and
84-94% for treated swine wastewater.

Methods of sewage sludge treatment

The pretreatment methods of sewage sludges are used to
support the process of methane fermentation (Patinvoh et al.
2016; Wluka et al. 2021; Nguyen et al. 2021; Machnicka and
Griibel 2023). Methods used for the pretreatment of biomass
for biogas production on a large scale are chemical, or physi-
cal, including thermal and mechanical. Recently, more atten-
tion gains also biological methods, based on microorgan-
isms possessing particular features and enzymes produced
by them (Kumar and Gopal 2015; Junior et al. 2021; Nguyen
et al. 2021). For now, biological methods find their appliance
only in the lab scale. The effectiveness of these methods can
be compared only with the impact on the precise substrate
(Lee et al. 2010). The potential advantages and disadvan-
tages of the proposed methods are compared in Table 2.
All described methods demand high investment or operat-
ing costs, but in the long-term appliance, advantages may
be overall the negative aspects. There is no universal pre-
treatment method for all biomass types; thus, the methods
described in Table 2 and the potential of their usage are
usually different depending on the composition of biomass
sources. Nevertheless, each of the presented provides an
increase in methane production and improved sewage sludge
stabilizations, which decrease WWTP overall costs.

Chemical methods

Pretreatment using chemical methods commonly employs
acids and bases, which decrease recalcitration, and improves
decomposition or degradation of biomass. Depending on the
composition and origin of the biomass, various solutions
of different concentrations are used to increase decom-
posed solid compounds and methane yield. Unoptimized
and unbalanced pretreatment methods can lead to the pro-
duction of inhibitors, such as furfurals during high ther-
mal acidic pretreatment of the lignocellulosic substrate in
order to degrade cellulose and hemicellulose (Chen et al.
2007), or VFA during alkali pretreatment of proteinaceous
sludge. From a financial point of view, chemical methods
are highly desirable. They are easily modified and result in
high methane yield. In most reported cases, chemical pre-
treatment avoids subjection to thermal conditions. The most
commonly used chemicals are HCI, H,SO,, H;PO,, HNO;,
and HNO, for acid pretreatment and NaOH, KOH, Ca(OH),,
Mg(OH),, CaO, and ammonia for alkali pretreatment. Lii
et al. (2007) examined alkali pretreatment and determined
that using ammonia in protein hydrolysis caused its biodeg-
radation. In the case of lipids, different concentrations of
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ammonia displayed varying degrees of influence on easy
and hard biodegradable lipids. Wei et al. (2017a) verified
the influence of free ammonia on methane production, where
the addition of 250 mg NH;-N/L of the free ammonia was
effective in enhancing methane fermentation. The greatest
improvement of biochemical methane potential and hydroly-
sis rate was determined for 420-680 mg NH;-N/L.

Shah et al. (2018) studied alkali reagents of various con-
centrations in conjunction with different heating processes,
including water bath, autoclaving and short time microwav-
ing. The results showed that the highest delignification, com-
pared to the other methods, was obtained using 2% NaOH
and short time microwave heating process, providing biogas
yield of 560 mL/g VS.

Wei et al. (2017b) showed that during acid pretreatment,
addition of N/L free nitrous acid increased methane produc-
tion by 16+1% and 16-17% reduction of dewatered sludge
for final disposal. According to Zahedi et al. (2016), addition
of free nitrous acid (2.49 mg N-HNO,/L) and incubation for
5 h increased the solubility of organic matter and methane
production up to 25%.

Liu et al. (2021b) reported that pH regulation and chemi-
cal pretreatment were achieved using NaCl and NaOH. They
determined that at pH = 11.0 the concentration of soluble
proteins and VFA was higher than that at the pH = 3.0.
Hence, pH modification impacted not only on VFA produc-
tion but also the percentage of individual VFA. All acids and
bases described above are used for sewage sludge treatment
in research and industry. Dai et al. (2018) researched chemi-
cal and biological pretreatment of rice straw. Pretreatment
using cellulase with NaOH, HCl, and CO(NH,) increased
biogas production under anaerobic conditions. HCI dis-
solved hemicellulose by approx. 12.5-7.1%. After cellulase
pretreatment, cellulose degradation was 38.3—10.9%. Pre-
treatment using 6% NaOH resulted in TS and VS removal of
53.8% and 36.8%, respectively. Song et al. (2014) compared
seven chemicals alkali and acid pretreatment methods of
various concentrations: H,SO,, HCI, H,0,, and CH;COOH
at concentrations of 1%, 2%, 3%, and 4% (w/w) for acid
pretreatment and NaOH, Ca(OH),, and NH;*H,O at con-
centrations of 4%, 6%, 8%, and 10% (w/w) for alkaline pre-
treatment. The results showed that H,O, and Ca(OH), were
the most efficient, giving 216.7 and 206.6 mL of CH,/g VS.

Physical methods

The complex structure of sewage sludge compounds pre-
vents effective processing, forcing mechanical, ultrasound,
microwave, or explosion treatment before anaerobic diges-
tion. The main goal for pretreatment of sewage sludge is to
increase the accessibility of the surface area and pore size,
and cell walls break down, allowing microorganisms access
to nutrients, thus improving biomass decomposition (Zhen

et al. 2017). Physical pretreatment methods are preferable to
treat difficult biomass, such as hard food wastes; agricultural
residues from straw, crops, and wood; and forest residues
(Rodriguez et al. 2017). Mechanical methods of disintegra-
tion reduce particle size due to external stress and pressure,
converting compact masses of biomass into more soluble
material (Shrestha et al. 2020). The size of particles impacts
biogas production, where larger particles result in lower
chemical oxygen demand (Nguyen et al. 2021). Ultrasound
is considered an effective mechanical method. During ultra-
sonication, microbubbles that form collapse after reaching
the critical size and cavitation occur. This process increased
with increasing temperature and pressure, initiating hydro-
mechanical shear forces and the presence of reactive radi-
cals (He and «OH). The decomposition of sludge flocs and
release of intercellular material by physical methods have
the hydro-mechanical shear forces and oxidizing influence
of radicals, but the greatest impact has hydro-thermal shear
forces (Pilli et al. 2011).

Another commonly used method of pretreatment involves
microwaves, where the generated heat causes disintegration
of compounds via hydrogen bond cleavage due to changes
in dipole orientation at the polarized side chains in the cell
membranes of macromolecules (Park et al. 2004, Serrano
et al. 2016). Microwave is considered a promising pretreat-
ment method and is normally used in crop straw pretreat-
ment (Liu et al. 2021a). It is a rapid heating source, promot-
ing thermal and nonthermal effects, resulting in enhanced
biogas production, and it is regarded a supporting method
for chemical treatment (Xu, 2015; Zaidi et al. 2019). Elalami
et al. (2020) determined that using a single microwave or
ultrasound pretreatment was less effective than the com-
bined methods with alkali pretreatment. Moreover, mild
microwave or ultrasonic pretreatment did not affect lignin
degradation; however, the utilization of NaOH showed a
substantial effect. Furthermore, alkali pretreatment reduces
lipid content by saponification.

For mechanical pretreatment, various beaters or mills can
be employed. Rodriguez et al. (2018) used the Hollander
beater for anaerobic digestion of algae Pelvetia canalicu-
lata. This resulted in maximum methane production of 283
mL/g VS and increased methane yield up to 43% in ref-
erence to non-pretreated algae. The Hollander beater was
used also by Tedesco et al. (2014), where after pretreatment
at 50°C for 10 min, biogas production increases by 52%
and methane yield by 53% compared to the control sam-
ple. Rice straw biogas production using biological pretreat-
ment supported by milling was performed by Mustafa et al.
(2017). First biomass was treated with fungal strains and
then prior into a mill. This combination increased methane
production by 165%. It is known that particle size matters.
Izumi et al. (2010) verified its effect on anaerobic diges-
tion of food wastes. Bead milling was used and enhanced
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methane production by 28%, compared to the non-pretreated
sample. Depending on the used biomass, physical method
may give different results, so also comparison inside the
group of methods is studied. Suresh et al. (2013) showed
higher methane production using green algae Ettlia sp. as a
substrate with the pretreatment under autoclave conditions
compared to using sonicated residue and 250 W microwave.
Montingelli et al. (2015) verified the influence of micro-
waves, ball milling, and beating on micro-algae biomass and
determined that beating increased methane yield up to 37%,
but ball milling and microwave method gave lower methane
yield compared to biomass without pretreatment.

Among all pretreatment methods, thermal hydrolytic
pretreatment reduces the VS and enhances biogas produc-
tion (Chen et al. 2018). Thermal hydrolysis is a commonly
used pretreatment method in industry for effective sludge
treatment (Liang et al. 2021). Such pretreatment method-
ologies improve dewaterability, solubilization, and lique-
faction of organic matter (Pilli et al. 2014). Additionally,
thermal hydrolysis decreases particle size and viscosity,
which increases access of the microbes and enzymes to the
substrate (Chen et al. 2019). Reports have shown that ther-
mal hydrolysis used on a full scale at WWTP increases the
net electrical production of biogas by 20% (Tyagi and Lo
2013; Liang et al. 2021). The temperature range of thermal
pretreatment is between 60 and 270°C, which categorizes
pretreatment into low- (below 100°C) and high-temperature
thermal pretreatment (above 100°C). High-temperature
thermal pretreatment destroys sewage sludge particles and
releases intracellular water, which is also achieved by parti-
cle collisions that causes gel structure destruction (Chu et al.
1999). Furthermore, an increase in temperature increases
the chemical oxygen demand (Perez-Elvira et al. 2010). An
increase in carbohydrate concentration was observed up to
130 °C and then decreases above 165°C. The results were
obtained using spectrophotometric techniques by quantify-
ing carbonyl groups (Pilli et al. 2014). The best results in
sludge biodegradability, dewaterability, and biogas produc-
tion (an increase of 40-80%) were obtained using pretreat-
ment in 160 for 30 min and 180°C for 60 min. Low- and
high-temperature pretreatment differs in the treatment time
which is needed to obtain the same biogas generation. In the
case of low-temperature pretreatment, the time period use
can be hours or even days, with an increase of 20-50% in
biogas production in comparison to samples never treated.
The anaerobic pretreatment may be conducted in meso-
philic and thermophilic conditions, or of their combination
as two-stage anaerobic digestion. Under these conditions,
hyperthermophilic chamber is used, followed by a meso-
philic digester, causing an increase of solid-state hydrolysis,
acidogenesis in thermophilic conditions, and then metha-
nogenesis in a mesophilic environment (Handous et al.
2019). Ruffino et al. (2020) compared temperature-phased
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anaerobic digestion (TPAD) regarding conventional anaero-
bic digestion and showed higher efficiency in volatile solid
(VS) reduction and methane generation. Amodeo et al.
(2021) studied two different organic fractions of munici-
pal solid wastes in co-digestion with digested sludge and
determined an increase of methane production for both sub-
strates at 55°C of solid retention time. Xiao et al. (2018)
compared TPAD and food wastes with single-stage diges-
tion in mesophilic and thermophilic anaerobic digestion and
determined that lower methane yields were obtained when
temperature-phased pretreatment was used. All thermal pre-
treatment methods influence methane production, enhance
VFA generation, solubilization, and soluble chemical oxy-
gen demand (sCOD) (Pilli et al. 2014; Junior et al. 2021).
Low-temperature pretreatment increases sCOD, proteins,
and sludge solubilization, but at a very low level, compared
to high-temperature treatment (Chen et al. 2018). Ther-
mal pretreatment consists of heat energy provided by heat
exchangers or steam explosion, generating high pressure and
heat. Such pretreatment methods enhance solubilization.
The highest methane yield was observed after pretreatment
for 15 min at 10 bar and 10 min at 15 bar. Similarly, stud-
ies conducted by Lizasoain et al. (2016) confirmed a posi-
tive influence of steam explosion regarding reed biomass,
in which increased methane yield up to 89% was obtained
after 15 min pretreatment at 200°C. A comparative study of
steam explosion at 170°C and regular thermal sludge treat-
ment in the autoclave (70, 100, and 125°C) was conducted
by Liu et al. (2019). It was found that steam explosion had
the potential to pretreat granular aerobic biomass with low
methane yield caused by high mineral content. According
to reports, the method that considers mineral content may
be useful for resource recovery.

Biological methods

Over the past few years, biological method using microor-
ganisms and enzymes under aerobic and anaerobic condi-
tions is a promising biomass pretreatment method. During
the process, extensive degradation of lignin conducted by
white-rot fungi and their enzymes responsible for the decay
was observed (Adney et al. 2009). Fungi are considered to
be the most effective microorganisms in biodegradation of
lignocellulosic biomass, but other microorganisms have
also their part. The influence of microorganisms is highly
effective and improves both the pretreatment and fermen-
tation process. Under optimal conditions, microorganisms
stop the activity of inhibitors if they are biodegradable, or
accumulated it while the concentration of non-biodegradable
inhibitors is low. A high concentration of inhibitors leads
to microbe death (Chen et al. 2007). Microorganisms can
originate from various environments such as soil, manure,
compost, food wastes, and sewage sludges (Kumar and
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Gopal 2015; Pessuto et al. 2016; Rodriguez et al. 2017;
Baba et al. 2017; Zhang et al. 2018). Since microorganisms
are already present in the environment, their addition can-
not lead to microbial pollution, but the improper number,
causing disturbance in the community, may decrease process
efficiency. Similarly, as with chemical and physical pretreat-
ment, biological methods may provide positive or negative
biogas production effects. Microbial consortia during biogas
production undergo various processes, which depend on the
accessibility of nutrients and proper process conditions. Any
disturbance in the microbial balance or presence of inhibi-
tors may stop the biogas production process, or change its
composition. As mentioned, microorganisms can take part
in substrate treatment under aerobic or anaerobic condi-
tions. Aerobic pretreatment consists of oxygenation, through
the injection of oxygen into the pre-fermentation reactor,
which improves the hydrolysis of macromolecular organic
compounds by increasing the autochthonous microorgan-
isms. Oxygenation, also called micro-aeration pretreatment,
not only impacts microbial activity and diversity, causing
hydrolysis increase, but also methane production (Nguyen
and Khanal 2018). Micro-aeration stabilizes the liberation
of exoenzymes, which biodegrade compounds that remain
recalcitrant under anaerobic conditions (Ahn et al. 2014).
Supporting impact on organic compound treatment in the
aerobic pretreatment has a high temperature, which stimu-
lates microbial consortia to produce enzymes (i.e., proteases)
responsible for improving biomass solubility and organic
compound degradation (Neumann et al. 2016). Nguyen et al.
(2019) suggested that such pretreatment method could be
used as an effective control strategy when the organic load-
ing rate was high, thus, confirming rapid VFA conversion,
followed by methane production, conducted by facultative
anaerobic microorganisms and hydrogenotrophic methano-
gens. Using limited micro-aeration in to corn straw anaero-
bic digestion produces the following maximum results:
216.8 mL/g VS of methane yield and 54.3% removal of
VS (Fu et al. 2016). Fu et al. (2016) showed changes in
the microbial community structure and improvement of
specific methanogenic activity after micro-aeration. Under
micro-aerobic conditions, increased numbers of phylum
Firmicutes, class Clostridia, and order Clostridiales were
observed (Mustapha et al. 2018). As mentioned, micro-
aeration at high temperature generates positive results and
high potential, but research (Table 3; Ding et al. 2017; Liang
et al. 2021) confirms high methane yield when using only
high temperature and microorganisms. Biological pretreat-
ment can proceed by the aforementioned methods described,
using inoculation of the biomass with microorganisms, their
activity products (isolated enzymes), or commercially avail-
able enzymes. According to reports, the basic assumption
is that microorganisms present in the substrate use available
compounds as food, allowing the use of the biodegradable

products by other microorganisms, which undergo the fol-
lowing stages. The addition of extra microorganisms can
disturb the balance in the microbial community of sewage
sludge but also improve the process. The influence of micro-
organism inoculation is noticeable when using autochtho-
nous microorganisms according to Pessuto et al. (2016) for
anaerobic digestion of swine manure, where an increase in
biogas and methane production was determined.

Supporting the pretreatment with enzymes has gained
lot of interest. The addition of hydrolytic enzymes provides
enhanced hydrolysis and increases biogas production, sludge
solubilization, and degradation of the extracellular poly-
meric substances (EPSs) (Yin et al. 2016). Enzymes may
be an alternative for thermochemical methods of hydrolysis,
diminishing overall costs, as the enzymes may be produced
by a wide range of bacteria and fungi (Miao et al. 2013;
Mahdy et al. 2014).

There are 4 ways of enzyme addition methods according
to Brémond et al. (2018), which rely on (1) addition to a
dedicated pretreatment vessel, (2) direct addition to the
hydrolysis and acidification vessel over a two-stage process,
(3) direct addition to the digester in a single-stage process,
and (4) addition to the recirculated anaerobic digestion
leachate. Depending on the substrate, the composition and
parameters of enzymes used should be optimized, such
as isoelectric point, specificity, activity, and temperature
(Divya et al. 2015). The research conducted by Zhao et al.
(2018) compared chemical and biological pretreatment
using enzymes, fungi, and alkali (NaOH) and combined
NaOH with both fungi and enzymes. The combination of
the two enzymes gave methane yield of approx. 276.16
and 273.75 mL/g TS, respectively. The presence of NaOH
gave the same result as the first obtained during enzyme
pretreatment, confirming that chemical pretreatment could
be replaced by a safer method. NaOH combined with one
enzyme pretreatment method increased methane production
to over 20.24% compared to the control, but fungal treatment
decreased biogas production and inhibited the process.
Enzymes were used also by Moon and Song (2011), where
hydrolysis reaction was conducted for 10 h. A mixture of
enzymes (carbohydrase, protease, and lipase in ratio 1:2:1)
was examined, generating 0.35 L CH,/gCOD. Biological
methods have already been studied, but compared to chemical
or physical pretreatment, they seem to be equally popular.

Biological methods using enzymes are a promising
approach, but their price is high, and the time of producing
enzymes by microorganisms is long. Hence, the production
and subsequent recovery of enzymes are reasonable from the
economical point of view (Marin et al. 2018). Cellulases were
extracted from the substrate, which was further tested for meth-
ane production. The authors obtained 552+66, 543+47, and
663+40 mL biogas/g VS for apple pomace, orange peel, and
rice fiber after 25 days, respectively, confirming the positive
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influence of enzymes. The authors tested recovered enzymes,
which determined their potential reusability. Table 3 shows
examples of pretreatment methods, the concentration of VFAs,
sCOD, and methane yield, depending on the used biomass and
total and volatile solids.

Pretreatment methods are useful not only for increasing
biomass fragility but also for heavy metals or pharmaceutical
removal from the sludges to the liquid phase; such methods
include steam explosion pretreatment. This approach employs
high pressure and heat causing break down of sludge structures
and contained compounds. The steam explosion eliminates
the need for chemical usage; hence, it can be considered as an
eco-friendly pretreatment method (Aski et al. 2020). Aski et al.
(2020) confirmed that this method allowed for pharmaceutical
and heavy metal removal, such as ibuprofen (in 65 and 69%),
acetaminophen (in 66 and 70%), amoxicillin (in 66 and 70%),
lead (in 78 and 70%), and cadmium (in 79%) removal from
primary sludge and waste-activated sludge by facilitating the
leaching them out into the liquid phase. Physical pretreatment
methods can be applied to sewage sludge pretreatment, as well
as reduction of dangerous impact of pharmaceuticals, antibi-
otics, and heavy metals. Zhang et al. (2019) described that
an influencing factor that reduces antibiotic resistance genes
(ARGs) was present in chicken manure, when supported with
activated carbon. The authors noted that ARG removal rate
was obtained 87-95% in a digester with microwave pretreat-
ment supported with activated carbon and 34-58% in the
digester with substrate only microwaved. In other studies, Bao
et al. (2020) showed an increase of VFA and sCOD concen-
tration after ultrasound-alkali pretreatment of waste-activated
sludge and methane yield of approx. 97+1.85% in reference
to the control reactor. The research was conducted using a
combined process of microbial electrolysis cell and anaerobic
digestion. The obtained results suggest that such pretreatment
not only supports the degradation of organic compounds and
increases biogas production but also supports VFA recovery
that becomes precursors for the production of higher-value
biofuel and biochemical generation.

Currently, the methane produced in anaerobic digestion
is used by wastewater treatment plants for its purposes, to
provide heat and energy for WWTPs’ infrastructure, or it is
simply burned. Future perspective of using biogas as green
energy source for larger group of consumers should be con-
sidered. Improved production of biogas may fulfil the energy
demand with environmentally friendly replacement for fossil
fuels.

Conclusion

Sludges for fermentation may contain inhibitors, indigest-
ible, and hard to degrade compounds, but their presence
should not determine the low effectiveness of the process.

An efficient process may be possible with proper support-
ing methods, providing effective treatment of substrates,
with high energy benefits. One of the critical aspects is high
methane potential of the substrate, which is determined only
after all possible pretreatment methods are tested, because
certain methods may not impact, increase, or decrease
biogas and methane production. All described methods
improve hydrolysis and methane yield, but the best effects
are obtained using mechanical methods. Such methods are
expensive and require high energy contribution, which, in
the circular economy, can be returned in biogas production.
Chemical methods may be less effective when used sepa-
rately, can cause the production of inhibitors, and destroy
equipment and large investment and exploitation costs.
Biological methods produce comparative methane yields to
other pretreatment methods but may not be yet considered
as an alternative method for chemical or physical pretreat-
ment on a large scale. Moreover, they are costly and cannot
be easily transformed from a lab scale into the industry. All
methods provide higher efficiency when they are used in
combination with the other techniques, from a different cat-
egory. As methane fermentation is a biological process, any
change may cause microbial consortia balance disturbance;
thus, it should be obligatory to verify the condition of the
biomass activity before and after pretreatment, revealing the
pretreatment effect. Both, the influence of pretreatment on
microorganisms consortium present in the sewage sludges,
and the influence of the microorganisms on the biodegra-
dability of sludge and composition changes. Additionally,
the analysis for determining hydrolysis effectiveness should
be systematized, which will allow for proper comparison of
possible methods. The greatest challenge for sustainable and
efficient anaerobic digestion is possessing energy and eco-
nomic balance, when considering ecological aspects. Moreo-
ver, very often efficient pretreatment methods are expensive
when tested and used already in lab scale; therefore, they
may not be attractive for industries. Potential influence on
the pretreated substrate environment should be considered
and the possibility of recovery compounds, substrates, or as
circular economy attitude. For future studies, more attention
should be given to the improvement of biological pretreat-
ment methods without using chemical supported methods,
as well as conducting additional recovery of used materials
for a more eco-friendly approach.

Figures and tables of this word can be found in online
version of the paper

Availability of data and materials Not applicable

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection, and analysis were
prepared by Magdalena Cwiertniewicz-Wojciechowska. Formal analy-
sis, supervision, validation, and editing were provided by Grzegorz
Cema and Aleksandra Ziembinska-Buczyriska. The first draft of the

@ Springer



88326

Environmental Science and Pollution Research (2023) 30:88313-88330

manuscript was written by Magdalena Cwiertniewicz-Wojciechowska,
and all authors commented on previous version of the manuscript. All
authors read and approved the final manuscript.

Funding This work was supported and funded by the Faculty of Energy
and Environmental Engineering SUT BKM 08/070/BKM21/0007
(BKM-670/RIE7/2021) for young scientists. A. Ziembinska-Buczynska
is financed by the Faculty of Power and Environmental Engineering
of the Silesian University of Technology with the grant no. 08/070/
BK_23/0024 (BK-253/RIE7/2023).

Declarations
Ethics approval and consent to participate Not applicable
Consent for publication Not applicable

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Adney WS, van der Lelie D, Berry AM, Himmel ME (2009) In: Him-
mel ME (ed) Understanding the biomass decay community,
biomass recalcitrance. Blackwell Publishing Ltd, pp 454—479.
https://doi.org/10.1002/9781444305418.ch15

Agabo-Garcia C, Pérez M, Rodriguez-Morgado B, Parrado J, Solera R
(2019) Biomethane production improvement by enzymatic pre-
treatments and enhancers of sewage sludge anaerobic digestion.
Fuel 255:115713. https://doi.org/10.1016/j.fuel.2019.115713

Ahn YM, Wi J, Park JK, Higuchi S, Lee NH (2014) Effects of pre-
aeration on the anaerobic digestion of sewage sludge. Environ
Eng Res 19(1):59-66. https://doi.org/10.4491/eer.2014.19.1.059

Akbay HEG, Dizge N, Kumbur H (2021) Enhancing biogas produc-
tion of anaerobic co-digestion of industrial waste and municipal
sewage sludge with mechanical, chemical, thermal, and hybrid
pretreatment. Bioresour Technol 340:125688. https://doi.org/10.
1016/j.biortech.2021.125688

Amodeo C, Hattou S, Buffiere P, Benbelkacem H (2021) Temperature
phased anaerobic digestion (TPAD) of organic fraction of munic-
ipal solid waste (OFMSW) and digested sludge (DS): effect of
different hydrolysis conditions. Waste Manage 126:21-29.
https://doi.org/10.1016/j.wasman.2021.02.049

Appels L, Baeyens J, Degreve J, Dewil R (2008) Principles and poten-
tial of the anaerobic digestion of waste-activated sludge. Prog
Energ Combust 34(6):755-781. https://doi.org/10.1016/j.pecs.
2008.06.002

Appels L, Degreve J, Van der Bruggen B, Van Impe J, Dewil R (2010)
Influence of low temperature thermal pre-treatment on sludge
solubilization, heavy metal release and anaerobic digestion.

@ Springer

Bioresour Technol 101(15):5743-5748. https://doi.org/10.1016/].
biortech.2010.02.068

Aski AL, Borghei A, Zenouzi A, Ashrafi N, Taherzadeh MJ (2020)
Steam explosion pretreatment of sludge for pharmaceutical
removal and heavy metal release to improve biodegradability
and biogas production. fermentation 6(34):1-15. https://doi.org/
10.3390/fermentation6010034

Baba Y, Matsuki Y, Mori Y, Suyama Y, Tada C, Fukuda Y, Saito M,
Nakai Y (2017) Pretreatment of lignocellulosic biomass by cattle
rumen fluid for methane production: Bacterial flora and enzyme
activity analysis. J Biosci Bioeng 123(4):489-496. https://doi.
org/10.1016/j.jbiosc.2016.11.008

Bao H, Yang H, Zhang H, Liu Y, Su H, Shen M (2020) Improv-
ing methane productivity of waste activated sludge by ultra-
sound and alkali pretreatment in microbial electrolysis cell and
anaerobic digestion coupled system. Environ Res 180:108863.
https://doi.org/10.1016/j.envres.2019.108863

Belmonte M, Hsieh CF, Figueroa C, Campos JL (2011) Effect of
free ammonia nitrogen on the methanogenic activity of swine
wastewater. Electron J Biotechn 14(3):2-2. https://doi.org/10.
2225/vol14-issue3-fulltext-11

Brémond U, de Buyer R, Steyer J-P, Bernet N, Carrere H (2018)
Biological pretreatments of biomass for improving biogas pro-
duction: an overview from lab scale to full-scale. Renew Sust
Energ Rev 90:583-604. https://doi.org/10.1016/j.rser.2018.
03.103

Chen H, Chang S (2017) Impact of temperatures on microbial com-
munity structures of sewage sludge biological hydrolysis.
Bioresour Technol 245(Part A):502-510. https://doi.org/10.
1016/j.biortech.2017.08.143

Chen Y, Cheng JJ, Creamer KS (2007) Inhibition of anaerobic diges-
tion process: a review. Bioresour Technol 99(10):4044-4064.
https://doi.org/10.1016/j.biortech.2007.01.057

Chen S, Li N, Dong B, Zhao W, Dai L, Dai X (2018) New insights
into the enhanced performance of high solid anaerobic diges-
tion with dewatered sludge by thermal hydrolysis: organic mat-
ter degradation and methanogenic pathways. J] Hazard Mater
342:1-9. https://doi.org/10.1016/j.jhazmat.2017.08.012

Chen S, Dong B, Dai X, Wang H, Li N, Yang D (2019) Effect of
thermal hydrolysis on the metabolism of amino acids in sew-
age sludge in anaerobic digestion. Waste Manage 88:309-318.
https://doi.org/10.1016/j.wasman.2019.03.060

Chu CP, Feng WH, Chang BW, Chou CH, Lee DJ (1999) Reduc-
tion in microbial density level through freezing and thawing.
Water Res 33(16):3532-3535. https://doi.org/10.1016/S0043-
1354(99)00067-6

Coérdoba V, Fernandez M, Santalla E (2018) The effect of substrate/
inoculum ration on the kinetics of methane production in
swine wastewater anaerobic digestion. Environ Sci Pollut R
25:21308-21317. https://doi.org/10.1007/s11356-017-0039-6

Czatzkowska M, Harnisz M, Korzeniewska E, Koniuszewska I (2020)
Inhibitors of the methane fermentation process with particular
emphasis on the microbiological aspects: a review. Energy Sci
Eng 8(5):1880-1897. https://doi.org/10.1002/ese3.609

Dai BL, Guo XJ, Yuan DH, Xu JM (2018) Comparison of different
pretreatments of rice straw substrate to improve biogas produc-
tion. Waste Biomass Valorization 9:1503-1512

Ding HH, Chang S, Liu Y (2017) Biological hydrolysis pretreatment
on secondary sludge: enhancement of anaerobic digestion and
mechanism study. Bioresour Technol 244(1):989-995. https://
doi.org/10.1016/j.biortech.2017.08.064

Divya D, Gopinath LR, Christy PM (2015) A review on current aspects
and diverse prospects for enhancing biogas production in sus-
tainable means. Renewable Sustainable Energy Rev 42:690-699.
https://doi.org/10.1016/j.rser.2014.10.055


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/9781444305418.ch15
https://doi.org/10.1016/j.fuel.2019.115713
https://doi.org/10.4491/eer.2014.19.1.059
https://doi.org/10.1016/j.biortech.2021.125688
https://doi.org/10.1016/j.biortech.2021.125688
https://doi.org/10.1016/j.wasman.2021.02.049
https://doi.org/10.1016/j.pecs.2008.06.002
https://doi.org/10.1016/j.pecs.2008.06.002
https://doi.org/10.1016/j.biortech.2010.02.068
https://doi.org/10.1016/j.biortech.2010.02.068
https://doi.org/10.3390/fermentation6010034
https://doi.org/10.3390/fermentation6010034
https://doi.org/10.1016/j.jbiosc.2016.11.008
https://doi.org/10.1016/j.jbiosc.2016.11.008
https://doi.org/10.1016/j.envres.2019.108863
https://doi.org/10.2225/vol14-issue3-fulltext-11
https://doi.org/10.2225/vol14-issue3-fulltext-11
https://doi.org/10.1016/j.rser.2018.03.103
https://doi.org/10.1016/j.rser.2018.03.103
https://doi.org/10.1016/j.biortech.2017.08.143
https://doi.org/10.1016/j.biortech.2017.08.143
https://doi.org/10.1016/j.biortech.2007.01.057
https://doi.org/10.1016/j.jhazmat.2017.08.012
https://doi.org/10.1016/j.wasman.2019.03.060
https://doi.org/10.1016/S0043-1354(99)00067-6
https://doi.org/10.1016/S0043-1354(99)00067-6
https://doi.org/10.1007/s11356-017-0039-6
https://doi.org/10.1002/ese3.609
https://doi.org/10.1016/j.biortech.2017.08.064
https://doi.org/10.1016/j.biortech.2017.08.064
https://doi.org/10.1016/j.rser.2014.10.055

Environmental Science and Pollution Research (2023) 30:88313-88330

88327

dos Santos FJ, de Oliveira D, Maldonado RR, Kamimura ES, Furigo
S Jr (2020) Enzymatic pretreatment and anaerobic co-diges-
tion as a new technology to high-methane production. Appl
Microbiol Biotechnol 104:4235-4246. https://doi.org/10.1007/
$00253-020-10526-x

Duan N, Dong B, Wu B, Dai X (2011) High-solid anaerobic digestion
of sewage sludge under mesophilic conditions: feasibility study.
Bioresour Technol 104:150-156. https://doi.org/10.1016/j.biort
ech.2011.10.090

Elalami S, Carrere H, Abdelouahdi K, Garcia-Bernet D, Peydecasta-
ing J, Vaca-Medina G, Ouukarroum A, Zeroual Y, Barakat A
(2020) Mild microwaves, ultrasonic and alkaline pretreatments
for improving methane production: impact on biochemical
and structural properties of olive pomace. Bioresour Technol
229:122591. https://doi.org/10.1016/j.biortech.2019.122591

Eurostat, the Statistical Office of the European Union, water statistics
on national level, Sewage sludge production and disposal, last
update: 10.08.2022. 2022https://ec.europa.eu/eurostat/cache/
metadata/en/env_nwat_esms.htm. Accessed 14 March 2023

Fernandes TV, Keesman KJ, Zeeman G, van Lier JB (2012) Effect of
ammonia on the anaerobic hydrolysis of cellulose and tributyrin.
Biomass Bioenerg 47:316-323. https://doi.org/10.1016/j.biomb
10e.2012.09.029

Fotidis IA, Karakashev D, Kotsopoulos TA, Martzopoulous GG,
Angelidaki I (2012) Effect of ammonium and acetate on metha-
nogenic pathway and methanogenic community composition.
FEMS 83:38-48. https://doi.org/10.1111/j.1574-6941.2012.
01456.x

Fu SF, Wang F, Shi XS, Guo RB (2016) Impacts of microaeration on
the anaerobic digestion of corn straw and the microbial com-
munity structure. Chem Eng J 287:523-528. https://doi.org/10.
1016/j.cej.2015.11.070

Gahlot P, Balasundaram G, Tyagi VK, Atabani AE, Suthar S, Kazmi
AA, §tépanec L, Juchelkova D, Kumar A (2022) Principles and
potential of thermal hydrolysis of sewage sludge to enhance
anaerobic digestion. Environ Res 214:113856. https://doi.org/
10.1016/j.envres.2022.113856

Glinska K, Lerigoleur C, Giralt J, Torrens E, Bengoa C (2020) Val-
orization of cellulose recovered from WWTP sludge to added
value levulinic acid with a Brgnsted acidic ionic liquid. Catalysts
10:1004. https://doi.org/10.3390/catal10091004

Gronroos A, Kyllonen H, Korpijarvi K, Pirkonen P, Paavola T, Jokela J,
Rintala J (2005) Ultrasound assisted method to increase soluble
chemical oxygen demand (SCOD) of sewage sludge for diges-
tion. Ultrason Sonochem 12:115-120. https://doi.org/10.1016/].
ultsonch.2004.05.012

Handous N, Gannoun H, Hamdi M, Bouallagui H (2019) Two-stage
anaerobic digestion of meat processing solid wastes: methane
potential improvement with wastewater addition and solid sub-
strate fermentation. Waste Biomass Valori 10:131-142. https://
doi.org/10.1007/s12649-017-0055-2

Haug RT, Stuckey DC, Gossett JM, McCarty PL (1978) Effect of ther-
mal pretreatment on digestibility and dewaterability of organic
sludges. J Water Pollut Control Fed 50(1):73-85

Iglesias-Iglesias R, Campanaro S, Treu L, Kennes C, Veiga MC (2019)
Valorization of sewage sludge for volatile fatty acids production
and role of microbiome on acidogenic fermentation. Bioresour
Technol 291:121817. https://doi.org/10.1016/j.biortech.2019.
121817

Izumi K, Okishop Y, Nahao N, Niwa C, Yamamoto S, Toda T (2010)
Effects of particle size on anaerobic digestion of food waste.
Int Biodeter Biodegr 64(7):601-608. https://doi.org/10.1016/].
ibiod.2010.06.013

Jankowska E, Chwiatkowska J, Stodolny M, Oleskowicz-Popiel P
(2015) Effect of pH and retention time on volatile fatty acids

production during mixed culture fermentation. Bioresour Tech-
nol 190:274-280. https://doi.org/10.1016/j.biortech.2015.04.096

Jiang X, Lyu Q, BiL, Liu Y, Xie Y, Ji G, Huan C, Xu L, Yan Z (2022)
Improvement of sewage sludge anaerobic digestion through syn-
ergistic effect combined trace elements enhancer with enzyme
pretreatment and microbial community response. Chemosphere
286:131356. https://doi.org/10.1016/j.chemosphere.2021.131356

Junior IV, de Almaida R, Cammarota MC (2021) A review of sludge
pretreatment methods and co-digestion to boost biogas produc-
tion and energy self-sufficiency in wastewater treatment plants.
J. Water Process. Eng. 40:101857. https://doi.org/10.1016/j.jwpe.
2020.101857

Kakar FL, Liss SN, Elbeshbishy R (2022) Differential impact of acidic
and alkaline conditions on hydrothermal pretreatment, fermen-
tation and anaerobic digestion of sludge. Water Sci Technol
86(12):3077-3092. https://doi.org/10.2166/wst.2022.368

Kang Q, Appels L, Tan T, Dewil R (2014) Bioethanol from lignocel-
lulosic biomass: current findings determine research priorities.
Sci World J 2014:298153. https://doi.org/10.1155/2014/298153

Kazimierowicz J, Zielinski M, Bartkowska I, Debowski M (2022)
Effect of acid whey pretreatment using ultrasonic disintegration
on the removal of organic compounds and anaerobic digestion
efficiency. Int J Env Res Pub He 19:11362. https://doi.org/10.
3390/ijerph191811362

Klassen V, Blifernez-Klassen O, Wibberg D, Winkler A, Kalinowski
J, Posten C, Kruse O (2017) Highly efficient methane generation
from untreated microalgae biomass. Biotechnol Biofuels 10:186.
https://doi.org/10.1186/s13068-017-0871-4

Kumar BL, Gopal DVRS (2015) Effective role of indigenous micro-
organisms for sustainable environment. 3 Biotech 5:867-876.
https://doi.org/10.1007/s13205-015-0293-6

LeeJY, Yoo C, Jun SY, Ahn CY, Oh HM (2010) Comparison of several
methods for effective lipid extraction from microalgae. Biore-
sour Technol 101(1):S75-S77. https://doi.org/10.1016/j.biort
ech.2009.03.058

Li Y, Chen Y, Wu J (2019) Enhancement of methane production in
anaerobic digestion process a review. Appl Energ 240:120-137.
https://doi.org/10.1016/j.apenergy.2019.01.243

Li P, He C, Cheng C, Jiao Y, Shen D, Yu R (2021) Prediction of meth-
ane production from co-digestion of lignocellulosic biomass
with sludge based on the major composition of lignocellulosic
biomass. Environ Sci Pollut Res 28:25808-25818. https://doi.
org/10.1007/s11356-020-12262-1

Liang JJ, Li B, Wen L, Li R, Li X (2021) Thermal hydrolysis of waste-
water sludge followed by fungal fermentation for organic recov-
ery and hyphae fiber production. Engineering 7(2):203-2011.
https://doi.org/10.1016/j.eng.2020.09.002

Liew CS, Yunus NM, Chidi BS, Lam MK, Goh PS, Mohamad M,
Sin JC, Lam SM, Lim JW, Lam SS (2022) A review on recent
disposal of hazardous sewage sludge via anaerobic digestion and
novel composting. J Hazard Mater 423:126995. https://doi.org/
10.1016/j.jhazmat.2021.126995

Lindmark J, Leksell N, Schniirer A, Thorin E (2012) Effects of
mechanical pre-treatment on the biogas yield from ley crop
silage. Appl Energ 97:498-502. https://doi.org/10.1016/j.apene
rgy.2011.12.066

Liu H, Wang J, Liu X, Fu B, Chen J, Yu HQ (2012) Acidogenic fer-
mentation of proteinaceous sewage sludge Effect of pH. Water
Res 46:799-807. https://doi.org/10.1016/j.watres.2011.11.047

Liu Y, Nilsen PJ, Maulidiany ND (2019) Thermal pretreatment to
enhance biogas production of waste aerobic granular sludge
with and without calcium phosphate precipitates. Chemosphere
234:725-732. https://doi.org/10.1016/j.chemosphere.2019.06.
104

Liu J, Zhao M, Lv C, Yue P (2020) The effect of microwave pre-
treatment on anaerobic co-digestion of sludge and food waste:

@ Springer


https://doi.org/10.1007/s00253-020-10526-x
https://doi.org/10.1007/s00253-020-10526-x
https://doi.org/10.1016/j.biortech.2011.10.090
https://doi.org/10.1016/j.biortech.2011.10.090
https://doi.org/10.1016/j.biortech.2019.122591
https://ec.europa.eu/eurostat/cache/metadata/en/env_nwat_esms.htm
https://ec.europa.eu/eurostat/cache/metadata/en/env_nwat_esms.htm
https://doi.org/10.1016/j.biombioe.2012.09.029
https://doi.org/10.1016/j.biombioe.2012.09.029
https://doi.org/10.1111/j.1574-6941.2012.01456.x
https://doi.org/10.1111/j.1574-6941.2012.01456.x
https://doi.org/10.1016/j.cej.2015.11.070
https://doi.org/10.1016/j.cej.2015.11.070
https://doi.org/10.1016/j.envres.2022.113856
https://doi.org/10.1016/j.envres.2022.113856
https://doi.org/10.3390/catal10091004
https://doi.org/10.1016/j.ultsonch.2004.05.012
https://doi.org/10.1016/j.ultsonch.2004.05.012
https://doi.org/10.1007/s12649-017-0055-2
https://doi.org/10.1007/s12649-017-0055-2
https://doi.org/10.1016/j.biortech.2019.121817
https://doi.org/10.1016/j.biortech.2019.121817
https://doi.org/10.1016/j.ibiod.2010.06.013
https://doi.org/10.1016/j.ibiod.2010.06.013
https://doi.org/10.1016/j.biortech.2015.04.096
https://doi.org/10.1016/j.chemosphere.2021.131356
https://doi.org/10.1016/j.jwpe.2020.101857
https://doi.org/10.1016/j.jwpe.2020.101857
https://doi.org/10.2166/wst.2022.368
https://doi.org/10.1155/2014/298153
https://doi.org/10.3390/ijerph191811362
https://doi.org/10.3390/ijerph191811362
https://doi.org/10.1186/s13068-017-0871-4
https://doi.org/10.1007/s13205-015-0293-6
https://doi.org/10.1016/j.biortech.2009.03.058
https://doi.org/10.1016/j.biortech.2009.03.058
https://doi.org/10.1016/j.apenergy.2019.01.243
https://doi.org/10.1007/s11356-020-12262-1
https://doi.org/10.1007/s11356-020-12262-1
https://doi.org/10.1016/j.eng.2020.09.002
https://doi.org/10.1016/j.jhazmat.2021.126995
https://doi.org/10.1016/j.jhazmat.2021.126995
https://doi.org/10.1016/j.apenergy.2011.12.066
https://doi.org/10.1016/j.apenergy.2011.12.066
https://doi.org/10.1016/j.watres.2011.11.047
https://doi.org/10.1016/j.chemosphere.2019.06.104
https://doi.org/10.1016/j.chemosphere.2019.06.104

88328

Environmental Science and Pollution Research (2023) 30:88313-88330

performance, kinetics and energy recovery. Environ Res
189:109856. https://doi.org/10.1016/j.envres.2020.109856

Liu Q, Pan S, Zhou L, Feng L, Li Z, Du L, Wei Y (2021a) Improving
the biogas potential of rice straw through microwave-assisted
ammoniation pretreatment during anaerobic digestion. BioEnerg
Res 15:1240-1250. https://doi.org/10.1007/312155-021-10299-9

Liu X, DuM, Lu Q, He D, Song K, Yang Q, Duan A, Wang D (2021b)
How does chitosan affect methane production in anaerobic diges-
tion? Environ Sci Technol 55(23):15843—15852. https://doi.org/
10.1021/acs.est.1c04693

Lizasoain J, Rincon M, Theuretzbacher F, Enguidanos R, Nielsen RJ,
Potthast A, Zweckmair T, Gronauer A, Bauer A (2016) Biogas
production from reed biomass: effect of pretreatment using dif-
ferent steam explosion conditions. Biomass Bioenerg 95:84-91.
https://doi.org/10.1016/j.biombioe.2016.09.021

Lii F, He PJ, Shao LM, Lee DJ (2007) Effects of ammonia on hydrolysis
of proteins and lipids from fish residues. Appl Microbiol Biotech-
nol 75:1201-1208. https://doi.org/10.1007/s00253-007-0935-7

Ma S, Hu H, Wang J, Liao K, Ma H, Pen H (2019) The characterization
of dissolved organic matter in alkaline fermentation of sewage
sludge with different pH for volatile fatty acids production. Water
Res 164:114924. https://doi.org/10.1016/j.watres.2019.114924

Machnicka A, Griibel K (2023) The effect of pre-treatment and anaero-
bic digestion for pathogens reduction in agricultural utilization of
sewage sludge. Environ Sci Pollut Res 30:13801-13710. https://
doi.org/10.1007/s11356-022-23164-9

Mahdy A, Mendez L, Ballesteros M, Gonzalez-Fernandez C (2014)
Enhanced methane production of Chlorella vulgaris and Chla-
mydomonas reinhardtii by hydrolytic enzymes addition. Energ
Convers Manage 85:551-557. https://doi.org/10.1016/j.encon
man.2014.04.097

Mahdy A, Wandera SM, Aka B, Qiao W, Dong R (2019) Biostimu-
lation of sewage sludge solubilization and methanization by
hyper-thermophilic pre-hydrolysis stage and the shifts of micro-
bial structure profiles. Sci Total Environ 699:134373. https://doi.
org/10.1016/j.scitotenv.2019.134373

Marin M, Sanchez A, Artola A (2018) Production and recovery of
cellulases through solid-state fermentation of selected lignocel-
lulosic wastes. J Clean Prod 209:937-946. https://doi.org/10.
1016/j.jclepro.2018.10.264

Miao H, Lu M, Zhao M, Huang Z, Ren H, Yan Q, Ruan W (2013)
Enhancement of Taihu blue algae anaerobic digestion efficiency
by natural storage. Bioresour Technol 149:359-366. https://doi.
org/10.1016/j.biortech.2013.09.071

Montingelli ME, Benyounis KY, Stokes J, Olabi AG (2015) Pretreat-
ment of macroalgal biomass for biogas production. Energ Con-
vers Manage 108:202-209. https://doi.org/10.1016/j.enconman.
2015.11.008

Moon HC, Song IS (2011) Enzymatic hydrolysis of food waste and
methane production using UASB bioreactor. Int ] Green Energy
8:361-371. https://doi.org/10.1080/15435075.2011.557845

Mustafa AM, Poulsen TG, Xia Y, Sheng K (2017) Combinations of
fungal and milling pretreatments for enhancing rice straw biogas
production during solid-state anaerobic digestion. Bioresour
Technol 224:174-182. https://doi.org/10.1016/j.biortech.2016.
11.028

Mustapha NA, Hu A, Yu CP, Sharuddin SS, Ramli N, Shirai Y, Maeda
T (2018) Seeking key microorganisms for enhancing meth-
ane production in anaerobic digestion of waste sewage sludge.
Appl Microbiol Biot 102:5323-5334. https://doi.org/10.1007/
$00253-018-9003-8

Myszograj S, Ptuciennik-Koropczuk E (2023) Thermal disintegration
of sewage sludge as a method of improving the biogas potential.
Energies 16(1):559. https://doi.org/10.3390/en16010559

Nah IW, Kang YW, Hwang KY, Song WK (2000) Mechanical pretreat-
ment of waste activated sludge for anaerobic digestion process.

@ Springer

Water Res 34(8):2362-2368. https://doi.org/10.1016/S0043-
1354(99)00361-9

Neumann P, Pesante S, Venegas M, Vidal G (2016) Development in
pre-treatment methods to improve anaerobic digestion of sew-
age sludge. Rev Environ Sci Bio 15:173-211. https://doi.org/10.
1007/s11157-016-9396-8

Nguyen D, Khana SK (2018) A little breath of fresh air into an anaer-
obic system: how microaeration facilitates anaerobic digestion
process. Biotechnol Adv 36(7):1971-1983. https://doi.org/10.
1016/j.biotechadv.2018.08.007

Nguyen D, Wu Z, Shrestha S, Lee PH, Raskin L, Khanal SK (2019)
Intermittent micro-aeration: new strategy to control volatile fatty
acid accumulation in high organic loading anaerobic digestion.
Water Res 166:115080. https://doi.org/10.1016/j.watres.2019.
115080

Nguyen VK, Chaudhary DK, Dahal RH, Tring NH, Kim J, Chang SW,
Hong Y, La DD, Nguyen XC, Ngo HH, Chung WJ, Nguyen DD
(2021) Review on pretreatment techniques to improve anaerobic
digestion of sewage sludge. Fuel 285:119105. https://doi.org/10.
1016/j.fuel.2020.119105

Ozon E, Erdingler A (2019) Effects of microwave, H,0,/MW and
H,0,/heat pre-treatments on the methane production from
wastewater sludges: experimental and modeling approach. Envi-
ron Sci Pollut Res 26:35411-35421. https://doi.org/10.1007/
s11356-019-05190-2

Park B, Ahn JH, Kim J, Hwang S (2004) Use of microwave pre-treat-
ment for enhanced anaerobiosis of secondary sludge. Water Sci
Technol 50(9):17-23

Park M, Kim N, Jung S, Jeong T-Y, Park D (2021) Optimization and
comparison of methane production and residual characteristics in
mesophilic anaerobic digestion of sewage sludge by hydrother-
mal treatment. Chemosphere 264(Part 2):128516. https://doi.org/
10.1016/j.chemosphere.2020.128516

Passos F, Hom-Diaz A, Blanquez P, Vincent T, Ferrer I (2015) Improv-
ing biogas production from microalgae by enzymatic pretreat-
ment. Bioresour Technol 199:347-351. https://doi.org/10.1016/j.
biortech.2015.08.084

Patinvoh RJ, Osadolor OA, Chandolias K, Sarvari H, Taharzadeh MJ
(2016) Innovative pretreatment strategies for biogas production.
Bioresour Technol 224:13-24. https://doi.org/10.1016/j.biortech.
2016.11.083

Perez-Elvira SI, Fdz-Polanco M, Fdz-Polanco F (2010) Increasing the
performance of anaerobic digestion: pilot scale experimental
study for thermal hydrolysis of mixed sludge. Front Environ Sci
En 4(2):135-141. https://doi.org/10.1007/s11783-010-0024-5

Pessuto J, Scopel BS, Perondi D, Godingo M, Dettmer A (2016)
Enhancement of biogas and methane production by anaerobic
digestion of swine manure with addition of microorganisms iso-
lated from sewage sludge. Process Saf Environ 104(Part A):233—
2309. https://doi.org/10.1016/j.psep.2016.08.020

Pilli S, Bhunia P, Yan S, LeBlanc RJ, Tyagi RD, Surampalli RY (2011)
Ultrasonic pretreatment of sludge: a review. Ultrason Sonochem
18(1):1-18. https://doi.org/10.1016/j.ultsonch.2010.02.014

Pilli S, Yan S, Tyagi RD, Surampalli RY (2014) Thermal pretreatment
of sewage sludge to enhance anaerobic digestion: a review. Crit
Rev Env Sci Tec 45(6):669-702. https://doi.org/10.1080/10643
389.2013.876527

Ponsa S, Ferrer I, Vazquez F, Font X (2008) Optimization of the hydro-
lytic-acidogenic anaerobic digestion stage (55°C) of sewage
sludge: influence of pH and solid content. Water Res 42:3972—
3980. https://doi.org/10.1016/j.watres.2008.07.002

Presti D, Cosenza A, Capri FC, Gallo G, Alduina R, Mannina G (2021)
Influence of volatile solids and pH for the production of vola-
tile fatty acids: batch fermentation tests using sewage sludge.
Bioresour. Technol 342:125853. https://doi.org/10.1016/j.biort
ech.2021.125853


https://doi.org/10.1016/j.envres.2020.109856
https://doi.org/10.1007/s12155-021-10299-9
https://doi.org/10.1021/acs.est.1c04693
https://doi.org/10.1021/acs.est.1c04693
https://doi.org/10.1016/j.biombioe.2016.09.021
https://doi.org/10.1007/s00253-007-0935-7
https://doi.org/10.1016/j.watres.2019.114924
https://doi.org/10.1007/s11356-022-23164-9
https://doi.org/10.1007/s11356-022-23164-9
https://doi.org/10.1016/j.enconman.2014.04.097
https://doi.org/10.1016/j.enconman.2014.04.097
https://doi.org/10.1016/j.scitotenv.2019.134373
https://doi.org/10.1016/j.scitotenv.2019.134373
https://doi.org/10.1016/j.jclepro.2018.10.264
https://doi.org/10.1016/j.jclepro.2018.10.264
https://doi.org/10.1016/j.biortech.2013.09.071
https://doi.org/10.1016/j.biortech.2013.09.071
https://doi.org/10.1016/j.enconman.2015.11.008
https://doi.org/10.1016/j.enconman.2015.11.008
https://doi.org/10.1080/15435075.2011.557845
https://doi.org/10.1016/j.biortech.2016.11.028
https://doi.org/10.1016/j.biortech.2016.11.028
https://doi.org/10.1007/s00253-018-9003-8
https://doi.org/10.1007/s00253-018-9003-8
https://doi.org/10.3390/en16010559
https://doi.org/10.1016/S0043-1354(99)00361-9
https://doi.org/10.1016/S0043-1354(99)00361-9
https://doi.org/10.1007/s11157-016-9396-8
https://doi.org/10.1007/s11157-016-9396-8
https://doi.org/10.1016/j.biotechadv.2018.08.007
https://doi.org/10.1016/j.biotechadv.2018.08.007
https://doi.org/10.1016/j.watres.2019.115080
https://doi.org/10.1016/j.watres.2019.115080
https://doi.org/10.1016/j.fuel.2020.119105
https://doi.org/10.1016/j.fuel.2020.119105
https://doi.org/10.1007/s11356-019-05190-2
https://doi.org/10.1007/s11356-019-05190-2
https://doi.org/10.1016/j.chemosphere.2020.128516
https://doi.org/10.1016/j.chemosphere.2020.128516
https://doi.org/10.1016/j.biortech.2015.08.084
https://doi.org/10.1016/j.biortech.2015.08.084
https://doi.org/10.1016/j.biortech.2016.11.083
https://doi.org/10.1016/j.biortech.2016.11.083
https://doi.org/10.1007/s11783-010-0024-5
https://doi.org/10.1016/j.psep.2016.08.020
https://doi.org/10.1016/j.ultsonch.2010.02.014
https://doi.org/10.1080/10643389.2013.876527
https://doi.org/10.1080/10643389.2013.876527
https://doi.org/10.1016/j.watres.2008.07.002
https://doi.org/10.1016/j.biortech.2021.125853
https://doi.org/10.1016/j.biortech.2021.125853

Environmental Science and Pollution Research (2023) 30:88313-88330

88329

Qiao W, Yan X, Ye J, Sun Y, Wang W, Zhang Z (2011) Evaluation of
biogas production from different biomass wastes with/without
hydrothermal pretreatment. Renew Energ 36(12):3313-3318.
https://doi.org/10.1016/j.renene.2011.05.002

Rodriguez C, Alaswad A, Benyounis KY, Olabi AG (2017) Pretreat-
ment techniques used in biogas production from grass. Renew-
able Sustainable Energy Rev 68(2):1193-1204. https://doi.org/
10.1016/j.rser.2016.02.022

Rodriguez C, Alaswad A, El-Hassan Z, Olabi AG (2018) Improvement
of methane production from P. canaliculata through mechanical
pretreatment. Renew Energ 119:73-78. https://doi.org/10.1016/j.
renene.2017.12.025

Ruffino B, Campo G, Cerutti A, Scibilia G, Lorenzi E, Zanetti M
(2020) Comparative analysis between a conventional and a
temperature-phased anaerobic digestion system: monitoring
of the process, resources transformation and energy balance.
Energ Convers Manage 223:113463. https://doi.org/10.1016/].
enconman.2020.113463

Serrano A, Siles JA, Martin MA, Chica AF, Estévez-Pastor FS,
Toro-Baprista E (2016) Improvement of anaerobic digestion
of sewage sludge through microwave pre-treatment. J Environ
Manage 177:231-239. https://doi.org/10.1016/j.jenvman.2016.
03.048

Shah TA, Ali S, Afzal A, Tabassum R (2018) Effect of alkali pre-
treatment on lignocellulosic waste biomass for biogas produc-
tion. Int J Renew Energy Res 8(3):1. https://doi.org/10.20508/
ijrer.v8i3.7725.g7431

Shi X, Lin J, Zuo J, Li P, Li X, Guo X (2017) Effects of free ammonia
on volatile fatty acid accumulation and process performance in
the anaerobic digestion of two typical bio-wastes. J Environ Sci
(China) 55:49-57. https://doi.org/10.1016/j.jes.2016.07.006

Shrestha S, Fonoll X, Khanal SK, Raskin L (2017) Biological strat-
egies for enhanced hydrolysis of lignocellulosic biomass dur-
ing anaerobic digestion: current status and future perspectives.
Bioresour Technol 245(Part A):1245-1257. https://doi.org/10.
1016/j.biortech.2017.08.089

Shrestha B, Hernandez R, Fortela DLB, Sharp W, Chistoserdov A,
Gang D, Revellame E, Holmes W, Zappi ME (2020) A review of
pretreatment methods to enhance solids reduction during anaero-
bic digestion of municipal wastewater sludges and the resulting
digester performance: implications to future urban biorefineries.
Appl Sci 10(24):9141. https://doi.org/10.3390/app10249141

Sichler TC, Adam C, Montag D, Barjenbruch M (2021) Future nutrient
recovery from sewage sludge regarding three different scenarios-
German case study. J Clean Prod 333:130130. https://doi.org/10.
1016/j.jclepro.2021.130130

Solarte-Toro JC, Romero-Garcia JM, Martinez-Patifio JC, Ruiz-Ramos
R, Castro-Galiano E, Cardona-Alzate CA (2019) Acid pretreat-
ment of lignocellulosic biomass for energy vectors production: a
review focused on operational conditions and techno-economic
assessment for bioethanol production. Renew Sust Energ Rev
107:587-601. https://doi.org/10.1016/j.rser.2019.02.024

Song Z, Yang G, Liu X, Yan Z, Yuan Y, Liao Y (2014) Comparison
of seven chemical pretreatments of corn straw for improving
methane yield by anaerobic digestion. PLoS ONE 9(4):¢93801.
https://doi.org/10.1371/journal.pone.0093801

Suresh A, Seo C, Chang HN, Kim YC (2013) Improved volatile fatty
acid and biomethane production from lipid removed microal-
gal residue (LRpAR) through pretreatment. Bioresour Technol
149:590-594. https://doi.org/10.1016/j.biortech.2013.09.123

Taboada-Santos A, Braz GHR, Fernandez-Gonzalez N, Carballa M,
Lema JM (2019) Thermal hydrolysis of sewage sludge partially
removes organic micropollutants but does not enhance their
anaerobic biotransformation. Sci Total Environ 690:534-542.
https://doi.org/10.1016/j.scitotenv.2019.06.492

Taherzadeh MJ, Jeihanipour A (2012) In: Mudhoo A (ed) Recalcitrance
of lignocellulosic biomass to anaerobic digestion. Biogas Pro-
duction, pp 27-54. https://doi.org/10.1002/9781118404089.ch2

Taherzadeh MJ, Karimi K (2008) Pretreatment of lignocellulosic
wastes to improve ethanol and biogas production: a review. Int J
Mol Sci 9(9):1621-1651. https://doi.org/10.3390/ijms9091621

Tedesco S, Barroso TM, Olabi AG (2014) Optimization of mechanical
pre-treatment of Laminariaceae spp. biomass-derived biogas.
Renew Energ 62:527-534. https://doi.org/10.1016/j.renene.2013.
08.023

Tsapekos P, Kouhias PG, Angelidaki I (2015) Biogas production from
ensiled meadow grass; effect of mechanical pretreatments and
rapid determination of substrate biodegradability via physico-
chemical methods. Bioresour Technol 182:329-335. https://doi.
org/10.1016/j.biortech.2015.02.025

Tulun S, Bilgin M (2019) Enhancement of anaerobic digestion of waste
activated sludge by chemical pretreatment. Fuel 254:115671.
https://doi.org/10.1016/j.fuel.2019.115671

Tyagi VK, Lo SL (2013) Sludge: A waste or renewable source for
energy and resources recovery? Renew Sust Energ Rev 25:708—
723. https://doi.org/10.1016/j.rser.2013.05.029

United Nations Department of Economic and Social Affairs, Population
Division (2022) World Population Prospects 2022: summary of
results. UN DESA/POP/2022/TR/NO. 3, United Nations, New
York

Vu HT, Min B (2019) Enhanced methane fermentation of municipal
sewage sludge by microbial electrochemical systems integrated
with anaerobic digestion. Int J Hydrogen Energ 44(57):30357—
30366. https://doi.org/10.1016/j.ijhydene.2019.09.163

Wagland ST, Godley AR, Tyrrel SF (2011) Investigation of the
application of an enzyme-based biodegradability test method
to a municipal solid waste biodrying process. Waste Manage
31:1467-1471. https://doi.org/10.1016/j.wasman.2011.02.025

Wandera SM, Qiao W, Jiang M, Mahdy A, Yin D, Dong R (2019)
Enhanced methanization of sewage sludge using an anaerobic
membrane bioreactor integrated with hyperthermophilic biologi-
cal hydrolysis. Energ Convers Manage 196:846-855. https://doi.
org/10.1016/j.enconman.2019.06.054

Wei W, Wang Q, Zhang L, Laloo A, Duan H, Batstone DJ, Yuan Z
(2017a) Free nitrous acid pre-treatment of waste activated
sludge enhances volatile solids destruction and improves sludge
dewaterability in continuous anaerobic digestion. Water Res
130(1):13-19. https://doi.org/10.1016/j.watres.2017.11.050

Wei W, Zhou X, Wang D, Sun J, Wang Q (2017b) Free ammonia pre-
treatment of secondary sludge significantly increases anaerobic
methane production. Water Res 118(1):12-19. https://doi.org/10.
1016/j.watres.2017.04.015

Wluka A, Huang Y, Coenen L, Dsikowitzky L, Schwarzbauer J (2021)
Structural diversity of organic contaminants in sewage sludge:
a comparison of sewage fingerprints from Germany and China.
Discov Water 1:4. https://doi.org/10.1007/s43832-021-00004-4

Worwag M, Kwarciak-Koztowska A (2019) 29- Volatile fatty acid
(VFA) yield from sludge anaerobic fermentation through a bio-
technological approach. Industrial and Municipal Sludge. In:
MNV P, de Campos Favas PJ, Vithanage M, Mohan SV (eds)
Emerging concerns and scope for resource recovery. Butter-
worth-Heinemann, pp 681-703. https://doi.org/10.1016/B978-
0-12-815907-1.00029-5

Xiao B, Qin Y, Zhang W, Wu J, Qiang H, Liu J, Li YY (2018) Tem-
perature-phased anaerobic digestion of food waste: a comparison
with single-stage digestions based on performance and energy
balance. Bioresour Technol 249:826-834. https://doi.org/10.
1016/j.biortech.2017.10.084

Xiong H, Chen J, Wang H, Shi H (2012) Influences of volatile solid
concentration, temperature and solid retention time for the

@ Springer


https://doi.org/10.1016/j.renene.2011.05.002
https://doi.org/10.1016/j.rser.2016.02.022
https://doi.org/10.1016/j.rser.2016.02.022
https://doi.org/10.1016/j.renene.2017.12.025
https://doi.org/10.1016/j.renene.2017.12.025
https://doi.org/10.1016/j.enconman.2020.113463
https://doi.org/10.1016/j.enconman.2020.113463
https://doi.org/10.1016/j.jenvman.2016.03.048
https://doi.org/10.1016/j.jenvman.2016.03.048
https://doi.org/10.20508/ijrer.v8i3.7725.g7431
https://doi.org/10.20508/ijrer.v8i3.7725.g7431
https://doi.org/10.1016/j.jes.2016.07.006
https://doi.org/10.1016/j.biortech.2017.08.089
https://doi.org/10.1016/j.biortech.2017.08.089
https://doi.org/10.3390/app10249141
https://doi.org/10.1016/j.jclepro.2021.130130
https://doi.org/10.1016/j.jclepro.2021.130130
https://doi.org/10.1016/j.rser.2019.02.024
https://doi.org/10.1371/journal.pone.0093801
https://doi.org/10.1016/j.biortech.2013.09.123
https://doi.org/10.1016/j.scitotenv.2019.06.492
https://doi.org/10.1002/9781118404089.ch2
https://doi.org/10.3390/ijms9091621
https://doi.org/10.1016/j.renene.2013.08.023
https://doi.org/10.1016/j.renene.2013.08.023
https://doi.org/10.1016/j.biortech.2015.02.025
https://doi.org/10.1016/j.biortech.2015.02.025
https://doi.org/10.1016/j.fuel.2019.115671
https://doi.org/10.1016/j.rser.2013.05.029
https://doi.org/10.1016/j.ijhydene.2019.09.163
https://doi.org/10.1016/j.wasman.2011.02.025
https://doi.org/10.1016/j.enconman.2019.06.054
https://doi.org/10.1016/j.enconman.2019.06.054
https://doi.org/10.1016/j.watres.2017.11.050
https://doi.org/10.1016/j.watres.2017.04.015
https://doi.org/10.1016/j.watres.2017.04.015
https://doi.org/10.1007/s43832-021-00004-4
https://doi.org/10.1016/B978-0-12-815907-1.00029-5
https://doi.org/10.1016/B978-0-12-815907-1.00029-5
https://doi.org/10.1016/j.biortech.2017.10.084
https://doi.org/10.1016/j.biortech.2017.10.084

88330

Environmental Science and Pollution Research (2023) 30:88313-88330

hydrolysis of waste activated sludge to recover volatile fatty
acids. Bioresour Technol 119:285-292. https://doi.org/10.1016/j.
biortech.2012.05.126

Xu J (2015) Chapter 9- Microwave pretreatment. In: Pandey A, Negi
S, Binod P, Larroche C (eds) Pretreatment of Biomass, Processes
and Technologies. Elsevier, pp 157-172. https://doi.org/10.1016/
B978-0-12-800080-9.00009-8

Yan Y, Feng L, Zhang C, Wisniewski C, Zhou Q (2010) Ultrasonic
enhancement of waste activated sludge hydrolysis and volatile
fatty acids accumulation at pH 10.0. Water Res 44(11):3329—
3336. https://doi.org/10.1016/j.watres.2010.03.015

Yang X, DuM, Lee DJ, Wan C, Zheng L, Lli G (2012) Chang JS (2011)
Enhanced production of volatile fatty acids (VFAs) from sew-
age sludge by p-cyclodextrin. Bioresour Technol 110:688-692.
https://doi.org/10.1016/j.biortech.2011.08.122

Yang G, Xu Q, Wang D, Tang L, Xia J, Wang Q, Zeng G, Yang Q, Li
X (2018) Free ammonia-based sludge treatment reduces sludge
production in the wastewater treatment process. Chemosphere
205:484-492. https://doi.org/10.1016/j.chemosphere.2018.04.
140

Ye Y, Nho HH, Guo W, Chang SW, Nguyen DD, Zhang X, Zhang J,
Liang S (2020) Nutrient recovery from wastewater: from technol-
ogy to economy. Bioresour Technol Rep 11:100425. https://doi.
org/10.1016/j.biteb.2020.100425

Yin Y, Liu YJ, Meng SJ, Kiran EU, Liu Y (2016) Enzymatic pre-
treatment of activated sludge, food waste and their mixture for
enhanced bioenergy recovery and waste volume reduction via
anaerobic digestion. Appl Energ 179:1131-1137. https://doi.org/
10.1016/j.apenergy.2016.07.083

Yue L, Chen J, Tang S, An X, Hua J, Dong H, Zhou J (2021) Ultra-
sound and microwave pretreatments promote methane production
potential and energy conversion during anaerobic digestion of
lipid and food wastes. Energy 228:120525. https://doi.org/10.
1016/j.energy.2021.120525

Zahedi S, Icaran P, Yuan Z, Pijuan M (2016) Assessment of free nitrous
acid pre-treatment on a mixture of primary sludge and waste
activated sludge: effect of exposure time and concentration.
Bioresour Technol 216:870-875. https://doi.org/10.1016/j.biort
ech.2016.06.038

Zaidi AA, Feng R, Malik A, Zhan SZ, Shi Y, Bhutta AJ, Shah AH
(2019) Combining microwave pretreatment with iron oxide nano-
particles enhanced biogas and hydrogen yield from green algae.
Processes 7:24. https://doi.org/10.3390/pr7010024

Zawieja I, Wiodarczyk R, Kowalczyk M (2019) Biogas generation
form sonicated excess sludge. Water 11(10):2127. https://doi.
org/10.3390/w11102127

@ Springer

Zhang Z, Chen H, Wei B, Zhang Y, Sugiura N, Maekawa T (2001) A
kinetic study on inhibition behavior of acetic acid and propionic
acid concentration on methane fermentation. Japanese J Water
Biol 37(4):135-140. https://doi.org/10.2521/jswtb.37.135

Zhang HY, Krafft T, Gao D, Zheng GD, Cai L (2018) Lignocellulose
biodegradation in the biodrying process of sewage sludge and
sawdust. Dry Technol 36(3):316-324. https://doi.org/10.1080/
07373937.2017.1326502

Zhang L, Loh KC, Zhang J (2019) Jointly reducing antibiotic resistance
genes and improving methane yield in anaerobic digestion of
chicken manure by feedstock microwave pretreatment and acti-
vated carbon supplementation. Chem Eng J 372:815-824. https://
doi.org/10.1016/j.cej.2019.04.207

Zhang J, Wang D, Li X, Liu X, Yang Q, Xu Q, Yang G, Duan A,
Fang Y (2023) Enhanced short chain fatty acids production from
anaerobic fermentation of primary sludge using free ammonia
pretreatment. J Clean Prod 389:135862. https://doi.org/10.1016/j.
jelepro.2023.135862

Zhao X, Luo K, Zhang Y, Zheng Z, Cai Y, Wen B, Cui Z, Wang X
(2018) Improving the methane yield of maize straw: focus on
the effects of pretreatment with fungi and their secreted enzymes
combined with sodium hydroxide. Bioresour Technol 250:204—
213. https://doi.org/10.1016/j.biortech.2017.09.160

Zhen G, Lu X, Kato H, Zhao Y, Li YY (2017) Overview of pretreat-
ment strategies for enhancing sewage sludge disintegration and
subsequent anaerobic digestion: current advances, full-scale
application and future perspectives. Renew Sust Energ Rev
69:559-577. https://doi.org/10.1016/j.rser.2016.11.187

Zheng T, Zhang K, Chen X, Ma Y, Xiao B, Liu J (2021) Effects of
low- and high-temperature thermal-alkaline pretreatments on
anaerobic digestion of waste activated sludge. Bioresour Tech-
nol 337:125400. https://doi.org/10.1016/j.biortech.2021.125400

Zieminski K, Frac M (2021) Methane fermentation process an anaero-
bic digestion of biomass: transformations, stages and microor-
ganisms. AfrJ Biotechnol 11(18):4127-4139. https://doi.org/10.
5897/AJBX11.054

Zou X, Yang R, Zhou X, Cao G, Zhu R, Ouyang F (2020) Effects of
mixed alkali-thermal pretreatment on anaerobic digestion per-
formance of waste activated sludge. J Clean Prod 259:120940.
https://doi.org/10.1016/j.jclepro.2020.120940

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.biortech.2012.05.126
https://doi.org/10.1016/j.biortech.2012.05.126
https://doi.org/10.1016/B978-0-12-800080-9.00009-8
https://doi.org/10.1016/B978-0-12-800080-9.00009-8
https://doi.org/10.1016/j.watres.2010.03.015
https://doi.org/10.1016/j.biortech.2011.08.122
https://doi.org/10.1016/j.chemosphere.2018.04.140
https://doi.org/10.1016/j.chemosphere.2018.04.140
https://doi.org/10.1016/j.biteb.2020.100425
https://doi.org/10.1016/j.biteb.2020.100425
https://doi.org/10.1016/j.apenergy.2016.07.083
https://doi.org/10.1016/j.apenergy.2016.07.083
https://doi.org/10.1016/j.energy.2021.120525
https://doi.org/10.1016/j.energy.2021.120525
https://doi.org/10.1016/j.biortech.2016.06.038
https://doi.org/10.1016/j.biortech.2016.06.038
https://doi.org/10.3390/pr7010024
https://doi.org/10.3390/w11102127
https://doi.org/10.3390/w11102127
https://doi.org/10.2521/jswtb.37.135
https://doi.org/10.1080/07373937.2017.1326502
https://doi.org/10.1080/07373937.2017.1326502
https://doi.org/10.1016/j.cej.2019.04.207
https://doi.org/10.1016/j.cej.2019.04.207
https://doi.org/10.1016/j.jclepro.2023.135862
https://doi.org/10.1016/j.jclepro.2023.135862
https://doi.org/10.1016/j.biortech.2017.09.160
https://doi.org/10.1016/j.rser.2016.11.187
https://doi.org/10.1016/j.biortech.2021.125400
https://doi.org/10.5897/AJBX11.054
https://doi.org/10.5897/AJBX11.054
https://doi.org/10.1016/j.jclepro.2020.120940

Biomass Conversion and Biorefinery (2026) 16:145
https://doi.org/10.1007/513399-026-07082-1

®

Check for
updates

ORIGINAL ARTICLE

Cellulolytic fungi from sewage sludge and their potential to improve
methane fermentation

M. Cwiertniewicz-Wojciechowska'® - G. Cema'® . A. Ziembinska-Buczynska'

Received: 13 February 2025 / Revised: 27 January 2026 / Accepted: 4 February 2026 / Published online: 16 February 2026
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2026

Abstract

Fungi possess strong cellulolytic abilities, producing enzymes that can biodegrade complex compounds like cellulose,
lignin, and hemicellulose. These abilities are valuable in industries, particularly those generating large amounts of waste,
such as wastewater treatment plants, where hard-to-degrade compounds hinder efficient waste processing. Inoculation of
the sewage sludge with autochthonous cellulolytic fungi may improve the hydrolysis and consequently methane yield,
produced during anaerobic digestion. The usage of autochthonous fungi is dictated by its easier implementation not only
at lab, but also at larger, industrial scale as a natural element of the substrate used. Moreover, such microorganisms usage
will be not only beneficial for the process efficacy, but also safer for total community integrity regardless to scale. For
the inoculation of sludge, twelve fungi strains with cellulolytic abilities were isolated, with seven capable of degrading
cellulose under both aerobic and anaerobic conditions. Five strains, which showed the highest and similar to each other
biodegradation effectivity in the pure cellulose degradation test were identified as Aspergillus terreus (3 strains) and
Aspergillus fumigatus (2 strains). All isolated anaerobic fungi have been confirmed to produce Carboxymethyl Cellulase
Assay for endo-fB-1,4-glucanase (CMCase) and Filter Paper Assay for saccharifying cellulase (FPU Assay/FPase). The
highest FPase (0.37 FPU/mL) was provided by G11 (4. fumigatus), and CMCase (1.49 U/mL) by G9 (A. terreus). The
most stable degradation of the pure cellulose in anaerobic conditions and temperature of 37 °C in a 30-day test was pro-
vided by Aspergillus terreus (G3) (8.57%). Utilizing Aspergillus terreus in the Automatic Methane Potential Test System
(AMPTYS) resulted in an 11% increase in methane yield compared to untreated sludge, indicating enhanced degradation of
organic matter during the anaerobic digestion. Methane yield in inoculated sludge was 164.2 N mL CH,/g VS, whereas
control samples showed 146.63 N mL CH,/g VS. These findings highlight the potential of cellulolytic fungi to improve
methane production from waste substrates.

Keywords Cellulose - Anaerobic digestion - Biomethane production - Cellulases - Aspergillus terreus - Aspergillus
fumigatus

1 Introduction acetate phase and methanogenesis. All four phases are

linked together, as products of one stage are used during

Sewage sludge is a type of biomass with high potential as
a substrate for energy production in biorefinery systems of
wastewater treatment plants [1]. It shows great prospects
for biogas production in the methane fermentation process,
which is a four-stage process: hydrolysis, acidogenesis,
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the following stage [2]. Thus, the effectiveness of meth-
ane production mainly depends on hydrolysis, where the
most difficult compounds are decomposed, and the effec-
tiveness of this process influences substrate availability for
further reactions [3]. The high level of hard-to-decompose
substances in wastewater and sewage sludges makes this
biomass relatively difficult to use for biogas production.
Moreover, hard-to-decompose sludges cannot be used fur-
ther, for composting or fertilizing, causing the necessity for
its burning. Thus, a large number of complex organic com-
pounds generates high costs and technical difficulties dur-
ing wastewater and sewage sludge treatment, challenging
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researchers and technologists in the way of improving its
treatment and methane production [4].

The most difficult to degrade in sewage sludges are lig-
nocellulose complexes and their individual components i.e.,
cellulose, hemicellulose and lignin. According to the litera-
ture, cellulose concentration is about 200 mg/L in municipal
wastewater, based on the amount of wastewater flowing into
the wastewater treatment plant (WWTP) [5, 6]. In conse-
quence, sewage sludges contain about 10-30% cellulose
based on suspended solids [7]. On the other hand, renewable
lignocellulose complex is considered as a great source for
biogas production [8]. It is economical and carbon-neutral,
and its composition provide valuable products for biofu-
els production and bio-sourced compounds [9, 10]. Thus,
searching for methods to improved lignocellulosic biomass
degradation, gives a possibility for its usage not only for
decrease of organic matter in digested sewage sludges, but
also for improved biofuels production.

There are different methods to manage the cross-linked
structure of the lignocellulose complex, i.e. chemical, phys-
ical or biological techniques of pretreatment of the sludges,
which provide degradation of the sludge components and
improvement of the quality of the sludge [11-14]. All of
them have their advantages and disadvantages, thus depend-
ing on the cost and equipment possibilities WWTPs decide
on different (single or combined) solutions [12]. Chemical
methods using acids (i.e. HCL, H;PO,, HNO;, HNO,), bases
(NaOH, KOH, Ca(OH),, Mg(OH),, CaO, NH,) or ionic lig-
uids gets most research interest due to their effectiveness in
biodegradation of complex matter [15, 16]. For the ligno-
cellulosic complex, acids provide degradation of cellulose
and hemicellulose, without any particular effect on lignin.
Thus, degradation only of freely present environment cellu-
lose can be received. Alkalis have a decomposition effect on
lignin and in smaller part on hemicellulose, thus facilitating
the release of cellulose from the lignocellulosic complex.
For the complex degradation, usually combined methods
are used with for example thermal-chemical treatment [17].
Although, despite high biomass degradational level, they
are dangerous to the environment and equipment, and their
presence can inhibit methanogenesis [18]. More secure
arrangements of chemical methods may be ionic liquids,
depicted as green chemistry During its generation, there are
little or no substances, that are harmful to humans and the
environment. Using ionic fluids for hydrolysis gives non-
covalent interactions between the lignocellulosic compo-
nents without its corruption. Expanded availability to the
cellulose, lignin and hemicellulose can be at that point influ-
enced by the cellulolytic enzymes. Essentially to the acids
or bases, ionic fluids must be recuperated after the hydroly-
sis handle, since indeed little sums of them may become a
chance within the improved utilize of hydrolyzed biomass
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i.e. through inhibition of methanogens [19]. The mechanical
pretreatment using physical and thermal pretreatment meth-
ods (i.e. microwaves, milling, griding, steam explosion) is
considered as the best choice for the industrial appliance,
providing high degradation level of organic matter, includ-
ing lignocellulosic and cellulosic biomass [20]. Moreover,
the mechanical pretreatment directly impact on the increase
of methane production improvement, as implementation of
physical methods provides disintegration of the lignocellu-
losic complex as a result of increased accessibility to the
surface area. Breaking the bonds of the complex allows the
microorganisms and the enzymes they produce to more eas-
ily access the individual components [21]. Yet those meth-
ods usually generates high investment and operating costs.
Latest trends occur to use environmental friendly options,
which can be biological methods using microorganisms and
enzymes which they produce have become more popular
[22, 23]. Their potential relates to the non-harmful impact of
this method on the equipment and environment. Moreover,
biological methods are considered to be equally efficient
as chemical or physical methods. In some cases, biologi-
cal pretreatment may outperform physical and chemical
pretreatment [14]. In the case of lignocellulosic biomass,
which is considered a limiting factor during anaerobic
digestion, biological methods provide effective de-lignifica-
tion of the lignocellulosic materials. Pretreatment allows to
expose carbohydrates for anaerobic digestion and increases
the access to cellulose [8]. The greatest disadvantage of
biological pretreatment is a longer period of sludge treat-
ment before anaerobic digestion, which makes this type
of method uneconomic for the industry [24]. Pretreatment
time significantly increases the time of the entire fermenta-
tion, making it an inefficient and unprofitable form for the
industry. Moreover, conducting additional hydrolysis in a
separate tank may be conceptually convenient, but it should
be remembered, that the anaerobic digestion is a simulta-
neous process and de-lignification products are converted
by other microorganisms and/or enzymes [25]. Pretreating
the sludge before anaerobic digestion may also lead to the
loss of fermentable carbohydrates as a result of its digestion
by microorganisms [26]. More efficient could be enriching
the community working in the inoculum with specialized
microorganisms and remodeling the current community by
creating an environment with microorganisms effectively
degrading lignin in the lignocellulose complex.

The biological methods for lignocellulosic biomass pre-
treatment use bacteria, fungi or enzymes that they produces
[27, 28]. Between bacteria and fungi, the latter mentioned
have great capability in the hydrolysis of sewage sludges,
due to their ability to produce a variety of enzymes and
thus degrade complex and problematic compounds, i.c.,
cellulose, hemicellulose and lignin [29, 30]. Among all
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microorganisms, fungi are the major cellulose or lignin
degrading microorganisms, converting cellulose and lig-
nocellulose biomass [31]. Its addition to the sewage sludge
can significantly improve cellulose degradation, as accord-
ing to the literature, there are not many cellulolytic micro-
organisms in sewage sludge, because that carbohydrate is
not the main component of the mixture [32]. Lignocellulose
complex degradation by fungi is conducted using differ-
ent mechanisms, depending if those organisms are brown,
white or soft rot fungi [33]. The recalcitrant structure resis-
tant to degradation (e.g. lignocellulosic materials) or com-
plex macromolecules hard to degrade, limits the methane
production during an anaerobic digestion, when conduct-
ing the process without any pretreatment. Hard for depo-
lymerization structure of lignocellulosic biomass is caused
with presence of hemicellulose and lignin protective barrier
around the cellulose, but also with the crystalline structure
of cellulose. The lignocellulose complex can be degraded by
enzymes produced by many aerobic and anaerobic microbes
to monosaccharides, first by the removal of lignin to provide
an access to hemicellulose and cellulose and their further
degradation [30]. An effective break down of lignin in agri-
cultural waste are considered white and brown rot fungi of
class Basidiomycetes, and other fungi i.e. Aspergillus ter-
reus, Trichoderma reesei, Phanerochaete chrysosporium,
Arillaria sp. or Polyporus sp [34—36]. Fungi are known for
breaking down organic matters during an anaerobic diges-
tion, providing metabolic precursors (such as H, and CO,)
and formate for methanogenesis and increasing efficiency
of the system [37]. Different species of Aspergillus are
able to produce various types of hydrolases that improves
hydrolysis of lignocellulosic substrates during the anaero-
bic digestion [38]. Moreover, fungi are more resistant for
the temperature changes and ammonium concentration in
comparison to the bacterial community, what can protect the
process from limitation of hydrolysis or inhibition of meth-
anogenesis resulted with accumulation of VFA [37]. It is
predicted, that Penicillum and Aspergillus can use polysac-
charides as substrates to produce VFAs, and further degrade
fatty acids and lipids during natural food fermentation,
resulting in improved fermentation in case of controlled
fatty acids accumulation [26, 39, 40]. VFAs are intermedi-
ate metabolites produced during acidogenesis and acetogen-
esis, as a result of microbial conversion of organic matter.
Those acetic, propionic and butyric acids can be potentially
used by fungi as a carbon source for their cultivation [41].
The improved degradation of organic matter directly impact
on the methane production. Other biological methods uses
microbial consortia, enzymes and co-digestion [42]. An
enzymatic hydrolysis significantly increases a methane
production (15-35% increase) and degradation of resistant
organic matter [43]. Biological methods gain more attention

also due to the fact that they can be specifically oriented
for the enhancing methane production and degradation of
particular matter, i.e. due to precisely chosen enzymes [44].
Bacterial degradation of lignocellulose complex in envi-
ronment is usually simultaneous with fungi. Bacteria can
degrade lignocellulose on their own but the process is very
slow. Microbial consortia and mixed cultures among cellu-
lolytic organisms can significantly improve conducted pro-
cesses. Bacterial cooperation with fungi, provides essential
vitamins and growth-promotors to plant-decaying fungi, or
enhance of mycelial growth as a result of atmospheric nitro-
gen fixing by some plant-inhabiting bacteria [33]. An addi-
tion of external precisely prepared organisms for biological
treatment can be replaced with inoculation of the biomass
with wastes during co-fermentation, providing high degra-
dation of organic compounds and an increase in methane
yield [45]. The disadvantage of the using biological method
despite its great potential in the methane production and
degradation of organic matter is upscaling. The isolation
and incubation of the bacteria or fungi is a long term process
which should be conducted in specially prepared conditions,
with the provision of a suitable culture medium, what gen-
erate costs among the culturing. Moreover, addition of the
organisms into the sludge demand proper preparation i.e.
removing the metabolites from the medium suspending the
microorganisms in the liquid for the inoculation. Biological
treatment using enzymes is a extremally expensive and also
demand long time for the production of demanded amount
of them. An alternative is simultaneous production of the
enzymes, what requires additional equipment and costs
for the investment and operating costs [44]. It is even con-
sidered as not suitable for upscaling [46], yet combining
multiple fungal species or co-cultivation with other micro-
organisms can help in scaling up [47].

Cellulose is a polymer resistant to degradation and its
decomposition needs to be performed in several steps. Total
enzymatic degradation of cellulose is possible with the
presence of the three enzymes: 1,4-D-glucan-4-glucano-
hydrolase or endoglucanase, 1,4-D-glucan-glucohydro-
lase or exoglucanase and D-glucoside-glucohydrolase or
B-glucosidase [48]. Fungi, which can be isolated as pure cul-
tures, produces those enzymes effectively and are present in
sewage sludges, belong usually to Penicillium, Trichoderma
and Aspergillus genera [49]. The presented study aimed to
isolate anaerobic cellulose-degrading fungi and verify their
ability to improve hydrolysis and methane production from
sewage sludges. As cellulose causes such difficulties in man-
agement, its degradation has remained a subject of intense
research and implementation of applications, which will
help to decrease the volume of problematic sludges [50].
Cellulose paper materials (as filter paper) are not as difficult
to degrade as lignocellulosic plant-based materials present
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in sewage sludges, because there are no lignin bonds which
protect the complex [24]. However, the free form of cellu-
lose is also present in sewage sludges, and it is reasonable to
use the fungus with the highest efficiency in pure cellulose
degradation, for verification of its influence on methane pro-
duction. Moreover, methane fermentation of sewage sludges
is a microbiological process during which different bacteria
and fungi work together to degrade various compounds,
thus the addition of the fungus specialized in cellulose deg-
radation may not only improve the hydrolysis of cellulose
but support the work of other microorganisms present in the
tested sludge. On the other hand, indigenous microorgan-
isms live with other bacteria and fungi in equilibrium. Any
disturbance in the harmony may limit or stop the process as
the composition of the consortium changes after inoculation
[22]. Isolated fungi are A. terreus and A. fumigatus. Both
are aerobic organisms but were isolated from the sludge
already working in an anaerobic chamber. Further verifica-
tion of their abilities provided effective degradation of cel-
lulose in anaerobic conditions. Due to that, we decided that
they can be able to degrade multimolecular compounds like
cellulose for a short time after inoculation. The anaerobic
environment during methane fermentation may be helpful.
Both used fungi are potentially hazardous to human health,
yet their presence in the beginning can improve anaerobic
digestion. Due to anaerobic conditions, later those fungi and
their spores cannot effectively work and exist in such con-
ditions, yet it is not certain that they won’t be present in in
the soil after redistribution of the sludges to the environ-
ment [51]. The proposed pretreatment of the sewage sludge
during anaerobic digestion may help increase the hydrolysis
of the sewage sludge, methane production and degradation
level of cellulose, using potentially dangerous fungi, which
may be neutralized in the process itself.

2 Materials and methods

2.1 Isolation and culturing of anaerobic cellulolytic
fungi

The fungi were isolated from sewage sludge (WWTP Gli-
wice) on Potato Dextrose Agar (PDA P-0134) and Malt
Extract Agar (MEA P-0415) (BTL, Poland) medium with
30 mg/L chloramphenicol without dilution and 10! - 107°.
All plates were duplicated and incubated both in anaerobic
and aerobic conditions at 37 °C for 7 days. After that time,
isolation of pure cultures using PDA and MEA medium
was performed. The transferring onto new medium was
performed every 3 days. Pure cultures were transferred and
incubated in 37 °C for 7 days onto carboxymethylcellulose
(CMC) medium with Congo Red (carboxymethylcellulose
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sodium salt 5 g/L, NaNO; 1 g/L, K,HPO, 1 g/L, KCl11 g/L,
MgSO, 0.5 g/L, yeast extract 0.5 mg/L, glucose 1 mg/L,
agar 17 g/L, Congo Red 1 g/L) to determine cellulolytic
potential. To provide anaerobic conditions, fungi were iso-
lated and cultured using a Bactronez-2 Anaerobic chamber
(Sheldon Manufacturing, USA). The composition of Anaer-
obic Mixed Gas for Bactronez-2 was 5% H,, 5% CO,, and
90% N,, according to the manufacturer’s recommendations.
The humidity during the incubation was 40-50%. Cellulo-
lytic fungi able to degrade cellulose in aerobic and anaero-
bic conditions were transferred into liquid CMC medium
(carboxymethylcellulose sodium salt 5 g/L, NaNO; 1 g/L,
K,HPO, 1 g/, KCI 1 g/L, MgSO, 0.5 g/L, yeast extract
0.5 mg/L, glucose 1 mg/L) and incubated in 37 °C. The
mycelial culture floating on the surface of the liquid cul-
tures was separated from the medium with centrifugation
(4000 rpm for 10 min). The sediment as mycelium sediment
was weighed and used for the determination of methane
production. The weight of each mycelium sediment rep-
licate was 0.2+£0.01 g. The OD600 was measured using a
UV-VIS UV5100 spectrophotometer (BioSens, Poland) in
each liquid flask before centrifugation was 1+0.02.

2.2 DNAisolation from fungal strains

For DNA isolation, fungi were transferred in liquid CMC
medium (carboxymethylcellulose sodium salt 5 g/L, NaNO,
1 g/, K,HPO, 1 g/L, KC1 1 g/L, MgSO, 0.5 g/L, yeast
extract 0.5 mg/L, glucose 1 mg/L) in anaerobic conditions
in Bactronez-2 and protected with parafilm. Then, fungi
were incubated for 7 days at 37 °C. After incubation, fungal
DNA was isolated using an A&A Genomic Mini AX Yeast
(A&A Biotechnology, Poland) according to the manufactur-
er’s protocol. The concentration of the DNA was quantified
using a Qubit® Fluorometer (Invitrogen, USA), and stored
at —20 °C. Isolated DNA was used for PCR amplification
and Sanger sequencing.

2.3 DNA sequencing-based identification of fungi

For molecular identification and phylogenetic studies, the
preferred barcode in fungi classification is the Internal
Transcribed Spacer (ITS) region, as it has high interspe-
cies and low intraspecies variability. These fragments are
used successfully as molecular markers in genus and spe-
cies identification [44]. By PCR, the ITS1/ITS4 region was
amplified with primers ITS1F - TCCGTAGGTGAACCT
GCGG and ITS4R - TCCTCCGCTTATTGATATGC [52].
The PCR reaction was performed in a reaction volume of
30 uL, containing 18.2 pL water, 6 pL reaction buffer, 1,3
pL of each dNTP, 1,2 uL MgCl,, 1 pL of each primer, 0.3
uL of GoTaq® DNA Polymerase (Promega, Poland), and a
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Table 1 Characteristics and iden-  Marking ~ Fungus name Strain DNA sequence identities, (%) Size of the NCBI
tification of the isolated anaerobic | 4ed in designation clearing GenBank
fungi. Size of the clearing zone as  {he text zone, (mm) accession
aresult of growing and metabo- number
lite production by fungi strains - - -
on tEe CMC megium %vith congo G2 et . ot oL . 1+0 -
Red, oo- a full cover of media G3 Aspergillus SO11 100 to the Aspergillus terreus 5+1 PQ066109
plate by a clear zone terreus MTO077141.1
G5 Aspergillus AKF2 100 to the Aspergillus terreus PQO066110
terreus KJ685810.1
G6 n.i. n.i. n.i. o0 -
G9 Aspergillus 1z11 100 to the Aspergillus terreus 4=1 PQO066111
terreus KT803070.1
G10 Aspergillus C1946 100 to the Aspergillus fumiga- 4+1 PQO66112
Sfumigatus tus MK623263.1
G11 Aspergillus V-2 99.67 to the Aspergillus ter- 5+2 PQO066113
n.i- non identified Sfumigatus reus MK490926.1

.. | 4_G10_Aspergiilus_fumigotus_C1946
84}

+9_MKE23263.1_Aspergillus_fumigatus_isolate_C1946_small_subunit_ribosomal_RNA_gene_partial_sequence

100
-

 ¢5_G11_Aspergillus_fumigatus_V-2

-

e 10_MK490926.1_Aspergillus_fumigatus_strain_V-2_small_subunit_ribosomzl_RNA_gene_partial_sequence

r+2_G5_Aspergilllus_terreus_AFK2

52
.

«7_KJEB85810.1_Aspergillus_terreus_strain_AKF2_185_ribosomal_RNA_gene_partial_sequence

100

“1.1_G3_Aspergilius_terreus_S011

414 3_G9_Aspergillus_terreus_lz11

18
.

r,: 6_MTO077141.1_Aspergillus_terreus_strain_SO11_small_subunit_ribosomal_RNA_gene_partial_sequence

+8_KT203070.1_Aspergillus_terreus_strain_lz11_18S_ribosomal_RNA_gene_partial_sequence

Fig. 1 Phylogenetic dendrogram of isolated fungi. The dendrogram was made with the NJ method [53]. Scale: 0.08. The Bootstrap set-up for the

NJ method was 100

1 uL of DNA. PCR was run for 35 cycles in the DNA ther-
mal cycler - BioRad C1000 Touch thermal cycler (Bio-Rad,
USA). Conditions during denaturation: 95 °C for 8 min,
amplification: 95 °C for 30 s., 60 °C for 40 s., 72 °C for
40 s., and denaturation 72 °C for 5 min. Products of the
PCR were visualized using agarose gel electrophoresis (1%,
w/v) under UV light. PCR products for sequencing were
dispatched to Genomed company (Poland). Species identi-
fication was performed by Sanger sequencing and analysis
of the bacterial genome based on the ITS1 sequence frag-
ment. PCR products were subjected to matrix purification,
sequencing of both DNA strands of the ITS1 fragment, and
sequence analysis (assembled in consensus and compared
with the GeneBank database, Standard Nucleotide BLAST).

Sequence analysis was performed using the ABI Prism
“BigDye” Terminator Cycle Sequencing kit (Applied Bio-
systems™, ThermoFisher Scientific, USA). Sequences were

compared to the NCBI GenBank deposited sequences using
the BLASTn algorithm. Moreover, obtained sequences were
deposed in the NCBI GenBank. The accession numbers are
collected in Table 1.

Based on the DNA sequences the dendrogram was pre-
pared (Fig. 1). The method used for dendrogram construc-
tion was the Neighbor-Joining (NJ) method, as it is the most
widely used distance-based algorithm for cases where the
rate of sequence similarity is not extremely high or low. The
Neighbor-Joining method allows us to outline the phyloge-
netic relationship between the sequences [53].

2.4 Pure cellulose degradation
Growth of the fungi was performed in the liquid CMC

medium and incubated in 50 mL Falcon tubes for 7 days
at 37 °C. After incubation samples were centrifuged for
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40 min at 4400 rpm, and the supernatant was poured off.
Samples with fungi were placed into mineral medium with
mineral Koijm medium (Na,HPO,x12 H,O 3.78 g/L,
KH,PO, 0.5 g/L, NH,CI5.0 g/L, MgSO,*7 H,0 0.2 g/L,
yeast extract 0.01 g/L) and Whatman® filter paper (Sigma-
Aldrich, USA) as a carbon source to determine the cellulo-
lytic potential. The test was conducted for 30 days at 37 °C
with 110 rpm shaking in anaerobic conditions in triplicates.
Anaerobic conditions were created by displacing oxygen
with nitrogen gas. Determination of the cellulolytic poten-
tial of microorganisms was performed according to PN-
92/P-50,092. The procedure assumes the use of 1+0.001 g
sample weight. The samples were placed in flasks and each
sample was flooded with a mixture consisting of 6 mL acet-
ylacetone, 2 mL dioxane and 1.5 mL hydrochloric acid. The
flasks were placed in a boiling water bath for 30 min, ensur-
ing that the bottom of the flask was submerged in water.
After incubation, 3040 mL of methyl alcohol was added,
and the whole sample was transferred to a funnel, connected
to a vacuum pump. Then, the sample was washed with 40
mL of dioxane, 40 mL of hot distilled water, again with 40
mL of dioxane and 40 mL of ethanol. After each addition
of the rinsing agent, the liquid drained freely, and the resi-
due was extracted using a vacuum. The last wash was per-
formed with 40 mL of ethyl ether and again left to drain
freely; the excess was extracted using a vacuum pump. The
sample crucibles were transferred to a drying oven and dried
at 105 °C for about 3 h. Concentration was calculated with
the Eq. 1:

mq

C= (1)

mg * dryness

Where: m, is the mass of the sample after the analysis, and
m, is the mass of the sample before analysis. Dryness is
99%.

2.5 Enzyme assay procedure

Fungi are known as effective enzyme producers. In the
case of cellulolytic abilities, necessary is determination of
the amount of cellulose-degrading enzymes. The enzyme
assays for two cellulolytic enzymes isolated from obtained
pure cultures of fungi in this experiment were performed.
The enzymes: filter paper cellulase activity (FPase), and
carboxymethylcellulase (endoglucanase), were examined
by methods, recommended by the International Union of
Pure and Applied Chemistry (IUPAC) [54]. After 7 days of
incubation at 37 °C, fungi with the Whatman® filter paper
for FPase and 2% sodium carboxymethylcellulose (Sigma-
Aldrich, USA) in Koijm medium (20 mL) were centrifuged
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at 4400 rpm for 10 min and the supernatant was transferred
into the new tubes. The centrifuged fungi and filter paper
were flooded with 20 mL of citrate buffer, to dilute enzyme
solutions and homogenize cells in case any enzymes were
cell bounded (pH = 4.8, Chempur, Poland) and incubated
for 2 h, and centrifuged as previously. The mixed superna-
tant was used as an enzyme mixture.

2.5.1 Filter paper cellulase (FPase) activity

The hydrolytic ability of mixed enzymes, used for the
hydrolysis of cellulolytic biomass is determined using
Ghose’s [54] procedure. The total activity of cellulase was
assayed by measuring the filter paper assay (FPase) using
Whatman® filtration paper (Sigma-Aldrich, USA) liberated
in the reaction mixture. For the determination of cellulases
assay of the enzyme preparations 1 mL of 0.05 M Na-citrate
buffer (Chempur, Poland), pH 4.8 and Whatman filtration
paper no. 1 (50 g) were added to a test tube. Then, 0.5 mL of
diluted enzyme was added to the tube. Two dilutions were
made of each enzyme sample. Concentrations of the glucose
to determine the standard curve were 2.0, 3.3, 5.0, 6.7 mg/
mL. The tubes were incubated at 50 °C for 1 h. At the end
of the incubation, the cellulase reaction was stopped by the
addition of 3.0 mL of 3, 5- dinitrosalicylic acid (DNS) (Pol-
Aura, Poland) with glucose as a standard. All tubes were
boiled at 100 °C for exactly 5.0 min in a vigorously boiling
water bath. Finally, after the colored solution was diluted
with 20 mL of H,O, the absorbance at 540 nm was mea-
sured. One unit of FPase is defined as an amount of enzyme
which releases 1 umol of glucose per minute.
FPA was calculated using Eq. 2:

FP .
FpAiU — 0737 )
mL E

Where: E is the concentration of the enzyme released from
0.5 mg of glucose from filter paper in 1 h.

2.5.2 Carboxymethylcellulase (CMCase) activity

For determining the CMCase activity (endoglucanase activ-
ity) was used Ghose’s [54] procedure. A volume of 0.5 mL
of the enzyme was diluted in 0.5 mL citrate buffer and incu-
bated for 30 min at 50 °C. Then, 3 mL of 3, 5-dinitrosalicylic
acid (DNS) was added and well mixed with the samples.
The prepared mixture was boiled at 100 °C for 5 min and
transferred to cold water. After cooling, 20 mL of deion-
ized water was added, and well mixed. The absorbance was
measured at 540 nm wavelength. The absorbance was deter-
mined in relation to glucose production during the reaction,
using a glucose standard curve. The concentration of the
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enzyme is estimated by plotting glucose liberated against
enzyme concentration. One unit of CMCase is defined as
an amount of enzyme which releases 1 pmol of glucose per
minute.

CMC concentrations were calculated using the following
Eq. 3:

U 0.185
cMC (mL) _ 3)

FEc

Where: Ec - enzyme concentration to release 0.5 mg of
glucose.

2.6 Methane production potential test

Fungi that occurred with the most stable growth were used
in the Automatic Methane Potential Test System (AMPTS)
(BPC Instruments, Sweden), to determine its impact on the
sewage sludges on biomethane production. The test was
performed in 3 replicates with 0.2 g fungi G3 (A4spergil-
lus terreus) and without bioaugmentation. The volume of
one replicate was 400 mL in a 0.5 L bottle. The test lasts
for 24 days at 37 °C. As a substrate for the AMPTS was
the sludge taken from the wastewater treatment plant (Gli-
wice, Poland), and directed to the methane digester: gravity-
thickened preliminary sludge mixed with thickened surplus
sludge. The sludge proportions were 65% of surplus sludge
and 35% of preliminary sludge. Municipal sludge from the
digester was used as the inoculum for the test. The test was
performed with (1) inoculum+mixed sludge+ fungus G3),
(2) inoculum+ fungus G3, (3) inoculum+mixed sludge and
(4) inoculum. The ratio of mixed sludge and inoculum for
the methane production was 1:3. In the Fig. 4 we present the
comparison between inoculum+mixed sludge inoculated
and non-inoculated (control) with fungi G3.

The amount of the sludges used for the AMPTs was
determined based on the total solids (TS) of the sludges.
The total solids (TS) value was determined by overnight
oven drying at 105 °C. After drying, the porcelain crucible
with sludge was placed in a desiccator to cool and weighted.
The volatile solids were determined by placing the porce-
lain crucible into a muffle furnace and drying it at 550 °C
for 2 h. After drying, samples were left in a desiccator to
cool and weighted. The VS and TS were calculated using
Egs. 4 and 5:

weigh dried at 105° C'
wet weigh

TS (%) = % 100 )

dried weigh at 105° C' — dried weigh at 550° C'
VS (%TS) = 100
(%TS) dried weigh at 105° C' ¥ (5)

The TS and VS were determined to calculate the amount of
substrate and inoculum for the test. TS and VS parameters
are presented in Table S1 (see supplementary materials).

Methane production was conducted for substrate/inocu-
lum=1:3 ratio.

The initial TS of inoculum without the addition of mixed
sludge or fungus G3 was used to calculate the real amount
of produced biomethane. The real amount of methane yield
was calculated using Eq. 6:

My — M,

Methane yield N mL CH,/gVS) = 3
Vs

(6)

Where: M; is a mean of daily methane production of inocu-
lum, concerned as a control sample.

M, is the daily methane production from a treated sam-
ple, and Syy is a substrate VS/COD amount [g].

2.7 Cellulose concentration in sewage sludge

Cellulose concentration and loss were determined using the
modified procedure according PN-92/P-50,092 as described
in Sect. 2.4. For cellulose concentration in sewages, sam-
ples of sludge with and without inoculation with cellulolytic
fungi were used, to determine its impact on methane pro-
duction and cellulose concentration. Determination of the
cellulose concentration and degradation was verified at the
beginning and end of the AMPTS (24 days, 37 °C). Concen-
tration was calculated with the Eq. 1. The control sample
in the test was mixed (65% of surplus sludge and 35% of
preliminary sludge) sludge. The test was performed in trip-
licates for each tested variant.

2.8 Statistical analysis

All results are presented as the mean+standard deviation
(SD) from the experiments performed in triplicates. The
standard deviations of mean values were calculated using
the Microsoft Office Excel 365 function. STATISTICA was
used for statistical significance analysis (StatSoft, Inc. STA-
TISTICA (data analysis software system), version 13. www.
statsoft.com). ANOVA to determine the significance of the
difference between the influence of the 4. terreus (G3) in
the degradation of pure cellulose and cellulose contained in
sewage sludge, and the influence on methane production.
The significant level of p-value was <0.05.
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3 Results and discussion
3.1 Isolation of the fungi

During this experiment, 12 fungal strains were isolated from
sewage sludge and cultured in the laboratory in acrobic and
anaerobic conditions using MEA and PDA medium. Cellu-
lolytic abilities were tested using media with carboxymeth-
ylcellulose medium (CMC) as a source of carbon. Among
all isolated fungi, 7 were able to grow and degrade cellu-
lose in aerobic and anaerobic conditions in the Bactronez-2
Anaerobic chamber. Five of them were identified as Asper-
gillus sp. and two were non-identified in Sanger sequencing.

3.2 ldentification and characteristics of the isolated
fungi

Determination of the cellulolytic fungi was performed
using Kongo Red dye added to a solid carboxymethylcel-
lulose (CMC) medium. Kongo Red dye added to a CMC
medium allows to determine the ability of microorganisms
to degrade cellulose by visible decolored zones around the
colonies producing cellulolytic enzymes (Figure S2 and
S3, see supplementary materials). The clearing zone seen
on plates allowed to confirm the cellulolytic ability of iso-
lated microorganisms. Bright spots on plates were measured
after 7 days of incubation and presented in Table 1. Figures
S2 and S3 (supplementary materials) show the plates after
incubation prolonged up to 14 days.

DNA of all 7 anaerobic fungi were isolated for their
identification in Sanger sequencing. Results showed that
3 isolated fungi were Aspergillus terreus (100%) and two
Aspergillus fumigatus (100 and 99.67%). The dendrogram
based on the sequence was constructed by the NJ (Neigh-
bor-Joining) method (Fig. 1) and shows that G3, G5, G9,
G10 and G11 are located in the node of Aspergillus.

Fungi G2 and G6 were not identified, due to heteroge-
neous sequence readings. Based on their growth on the
CMC medium, appearance under the microscope after lac-
tophenol blue staining, and effectiveness in cellulose deg-
radation, similar to identified fungi, they could belong to
Aspergillus sp. Strains G3, G5 and G9 were growing simi-
larly on the CMC medium with and without Congo Red.
On the medium, colonies grew from beige to cinnamon
buff, with the release of yellow pigments (Figure S1, see
supplementary materials), which is characteristic of 4. ter-
reus [55]. Strains G10 and G11 also showed similar growth
as black colonies on the plates with CMC and Congo Red
medium (Figure S2, see supplementary materials) with
characteristics for 4. fumigatus greenish conidia.

According to the literature, fungi from the genus Asper-
gillus are commonly dominant in difficult environments i.e.,
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sewage sludges, contaminated soils, or industrial wastes
[56]. Aspergillus sp. representatives are aerobic organisms,
yet they can grow in the environment with limited access to
oxygen, showing even better growth of Aspergillus hyphae
with 6 0,~10% CO, than with the access to the room air
[57]. Literature suggest that fungi can adapt to prevail-
ing O, conditions [58], and show enzymatic activity e.g.,
B-glucosidase production) in the context of anaerobic silage
fermentation [59]. Moreover, Stief et al. [60] determined,
that Aspergillus terreus (isolate An-4) is capable of dissimi-
latory nitrate reduction to ammonium under anoxic condi-
tions. Both A. terreus and A. fumigatus are acute threats to
human health. Aspergillus fumigatus has a high potential for
tissue invasion, causing diseases due to mycotoxin produc-
tion [55]. The most common places to isolate 4. fumigatus
are hospitals, garden decaying materials, and soil of vastly
different environments, from the northern tundra to the trop-
ics [61-63]. Worldwide, the highest number of these fungi
was detected in Europe [64]. Aspergillus terreus can cause
human diseases, usually resistant to the antifungal drug
amphotericin B [65]. It can be found in soil, plants, or ani-
mal tissues, as an effect of infecting and colonizing plants’
roots by producing a secondary metabolite called terrain
[66].

Aspergillus representatives are aerobic organisms, thus
surviving during an AD (organisms and spores) is challeng-
ing for them, yet we found them in the digester sludge as
they can tolerate lower oxygen concentrations. Presence of
the fungi and other organisms is required for an efficient
process. Although, when the organisms are pathogenic, it
would be convenient if they would not survive an anaerobic
digestion. Some fungi are able to persist through the whole
AD process, but even then, the abundance of the commu-
nity change, depending on the nutrients availability and
fungal ability to adapt to the bioreactor environment [37].
Moreover, despite they can survive, it is not clear whether
they are active. Obi et al. [67] observed that an anaerobic
digestion does not impact the abundance of obligate aero-
bic fungi, and Aspergillus was observed among all anaero-
bic digestion process, but after an AD they noticed drastic
reduction in the diversity of Aspergillus. From the other
point of view in research conducted by Guo et al. [68] the
addition of Aspergillus sydowi 8 L-9-F02 had an beneficial
effect in increasing Methanosaeta and Metanobacterium
abundance leading methanogenesis, improvement of extra-
cellular polymeric substances and coenzyme F420 concen-
tration. On the other hand, lovastatin secreted by Aspergillus
terreus and other Aspergillus strains can inhibit growth of
Methanobrevibacter smithii and the CH, production [69].
There are not much studies that describe fungal presence
in anaerobic digestion and its impact on the microbial com-
munity structure [37, 51, 70, 71], thus it is necessary to
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Fig. 2 Cellulose concentration
change after 30-day treatment
with 7 cellulolytic strains in
anaerobic conditions: G3, G5
and G9 identified as A. terreus,
and G10, G11- A. fumigatus
respectively. Error bar represent
standard deviation
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verify the path of the fungi among the phases of methane
fermentation closely. With this in mind, we would like to
draw special attention to the necessity of sewage sludge
hygienisation, in order to inactivate potentially pathogenic
microorganisms found in sewage sludge in large quantities.
They are a potential threat to the environment when used for
agricultural purposes. Considering used biomass, the users
should be always aware of the risk and focused on minimiz-
ing the danger.

3.3 Cellulolytic abilities of isolated fungi

Fungi are well-known as microorganisms that degrade
organic matter, showing the ability to synthase cellulases
during growth on cellulosic materials [72]. The ability of
isolated fungi to degrade cellulose is demonstrated on plates
with CMC medium and Congo red, as referenced in Figure
S3 (see supplementary materials). Among the twelve iso-
lated fungi strains, seven demonstrated cellulolytic abilities
under both anaerobic and aerobic conditions, as detailed in
Table 1. Five strains have shown similar biodegradation lev-
els in the 30-day test with the cellulose test (presented in
Fig. 2).

The research of cellulose degradation was determined in
a liquid test, with filter paper as a substrate. The obtained
results are presented in Fig. 2.

Two strains (G3 and G5) identified as A4. terreus provided
the highest degradation of pure cellulose among all tested
strains. Post hoc Turkey HSD test revealed nonsignificant
difference between all cellulose degradation changes, using
isolated fungi. The highest loss of cellulose was noticed for
the strain named G3 (4. terreus) at 8.57%. A lower ability
was observed in the test with strain G5 (4. terreus) 7.89%.
Yet, the degradation percent of those two strains, with stan-
dard deviation on level 5% suggests very similar result
in cellulose degradation. 4. terreus G9 and A. fumigatus
G11 provided cellulose degradation by 6.1% and 6.62%,
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Table 2 FPase and CMC activity determined for A. ferreus and A.
fumigatus

Marking used in  Fungus name FPase activity CMC
the text (FPU/mL) activity
(U/mL)
G3 A. terreus 0.34 1.1
G5 A. terreus 0.32 1.16
G9 A. terreus 0.25 1.49
G10 A. fumigatus 0.36 1.02
G11 A. fumigatus 0.37 0.99

respectively. The lower ability for pure cellulose degrada-
tion was observed in the test with 4. fumigatus G10- 5.85%.
That suggest that all Aspergillus strains degradation abil-
ity in these conditions is on the similar level, slightly bet-
ter for Aspergillus terreus. The differences in ability of the
cellulose degradation are not significant between the tested
strains but are not the result of measurement errors. Isolated
cellulolytic fungi were able to grow on the plate together,
as a mix of microorganisms and to grow and effectively
degrade cellulose after separating pure culture. Thus, con-
firmed was their ability to work with other microorganisms.

3.4 Enzyme assays

Aspergillus spp. are considered to play an important role
in lignocellulose degradation as producers of enzymes and
organic acids for industrial purposes [73]. Aspergillus ter-
reus was determined as able to biodegrade lignocellulose
wastes and cellulose residues. FPase and CMC (endogluca-
nase) activity are presented in Table 2.

Results presented in this paper show CMCase production
at level 1 U/mL. The CMC and FPu results for G3 and G5
are very close, what as in the test with cellulose degrada-
tion, indicates no significant differences in their abilities.
Other authors confirm higher CMCase production by the
same fungi but using different types of sludges and biomass.
That is caused by the amount of amorphous and crystalline
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cellulose. The endoglucanases prefer to degrade amorphous
parts of the cellulose [74]. Shahriarinour et al. [75] veri-
fied the potential of cellulase production by A4. terreus. They
cultured the fungus in different medium compositions with
delignified oil palm empty fruit bunch fiber as a substrate.
Results showed FPase activity of 0.76 U/mL and CMCase
activity of 8.64 U/mL with yeast extract (6 g/L) and del-
ignified oil palm empty fruit bunch fiber (10 g/L). More-
over, they noticed that the addition of Tween 80 (2 mL/L)
increased the production of cellulase by two times, com-
pared to the culturing without Tween 80 [75]. Tween 80, as
it is a non-ionic surfactant, can help in enzyme recycling
during enzymatic hydrolysis of lignocellulose and decrease
of amount of enzyme that needs to be used for hydrolysis
of cellulose [6]. Sohail et al. [48] verified the potential of 4.
terreus to produce cellulases with different sources of cel-
lulose, among others CMC, and filter paper. They noticed
an increase in endoglucanase and FPase production during
culturing with CMC (as it is a water-soluble form of cel-
lulose) (0.38 U/mL) and an increased level of B-glucosidase
(0.56 U/mL) in presence of salicin, due to presence of an
extra complex source of carbon [48].

Other research determined the potential for degradation
of the lignocellulolytic biomass by Aspergillus fumigatus
isolated from the compost [76]. The authors used lignocel-
lulolytic materials as a substrate in solid-state fermenta-
tion, determining CMCase and FPase activity. The highest
concentrations of enzymes were 526.3 and 144.6 U/g dry
matter for CMCase and FPase at 50 °C, 80% initial mois-
ture and pH 4.0, confirming good cellulase activity in tem-
perature in the range of 40-55 °C and pH between 4.5 and
5.5. Results obtained by those researchers show more effec-
tive enzyme production than any other reports provided for
this genus. Such great results were obtained on corn straw,
while far lower on other substrates. The reason for that is
that corn stover is highly contained with hemicellulose and
other compounds, such as nitrogen, phosphorus, potassium
or magnesium. Moreover, organic sources of nutrients are
more suitable to produce lignocellulolytic enzymes than
their inorganic representatives [76]. This gives a great
opportunity for our isolated fungi, as sewage sludges con-
tain large amounts of organic substances. Based on the
obtained results, the amount of the produced cellulolytic
enzymes depends strictly on the biomass used as a source
of carbon. Moreover, the most effective production of the
enzymes by fungi will be fulfilled in conditions similar to
the environment from which it comes.

Degradation of cellulose and lignocellulosic biomass
using fungi remain as sustainable alternative to other used
methods, yet low microbial enzyme production rate lim-
its its use in industries and agriculture waste management
and biofuel production. The low enzyme activity can be
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increased using various methods, i.e. random mutagenesis
via exposing fungi to physical mutagens like radiation or
chemical mutagens [36] or using gene-editing methods such
as CRISPR-Cas9 [77].

3.5 Methane production using automatic methane
potential tests system

Methane production efficacy was investigated using the
AMPTSs test. The methane production was recorded for 24
days. Production was stable and undisturbed for the whole
process, except day 17 when an insignificant drop in meth-
ane yield was noticed. The decline was due to a short-term
equipment problem. Presented in Fig. 3 the methane pro-
duction and increased methane yield after inoculation with
fungi G3 (Aspergillus terreus) confirm its positive appliance
in the process. In the current study, the biochemical meth-
ane potential (BMP) for the inoculated samples is higher by
17.57 N mL CH,/g VS (about 11%) for the whole process,
showing 164.2 +7.07 N mL CH,/g VS (p <0.05). The BMP
without the inoculation was 146.63 + 16.12 N mL CH,/g
VS. Obtained increase in methane production is compa-
rable to increase in methane yield obtained by Noonari et
al. [78]. The authors tested supernatant from the culturing
3 different Aspergillus fungi as pretreatment of rice straw,
incubated together for 7, 15 and 30 days, and obtained
increase in methane yield between 10 and 13% using 7 days
pre-pretreatment. We did not conducted incubation of fungi
together with the sludge before anaerobic digestion, thus
comparison of the results suggests that our method using
mycelia added directly to the methane production process,
without the pre-pretreatment can provide the same results
as using pre-pretreatment, that allow to shorten the time.
Moreover, the authors noticed that using Aspergillus terreus
provided the highest methane production, comparing to A.
niger and A. sojae.

Based on the results for cellulose degradation and
enzyme assay, we can suspect that results for methane pro-
duction using other A. ferreus (G5 or G9) strain would give
as close effect. Considering the results for 4. fumigatus as
well, we could assume that under these conditions similar
methane yield increase would be obtained for any strain of
Aspergillus.

This research verifies whether the inoculation of sewage
sludge with a single fungal strain influences the improve-
ment of the overall fermentation process. Lima et al. [79]
provided in their research, that enzymatic hydrolysis with
A. terreus assures higher methane yield production than
raw sewage by 47%. Although, Basak et al. [26] verified
the influence of the Aspergillus fumigatus pretreatment of
polysaccharidic wastes in a dual-stage process during the
production of the hydrogen (5-20%), methane (80-95%)
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and mixture (biohythane), and observed 214.13 mL/g VS
of the biogas yield. Their results confirm that fungi from
the genus Aspergillus are effective and have great poten-
tial to enhance different gas production in anaerobic diges-
tion. Ali and Sun [80] determined that pretreatment of the
cellulosic biomass provided increased methane production
from 102.6 to 125.9 mL/gVS, providing about 22% of the
enhanced production. The authors used mixed pretreatment
of chemical (2.5% NaOH and 2.5% NH,OH), mechanical
(milling) and biological (combination of the 4. ferreus and
Trichoderma viride) methods. Pérez-Rodriguez et al. [81]
also verified the influence of the mixed pretreatment (chem-
ical and biological) in the hydrolysis of the agricultural
biomass (raw corn cob). They determined that alkali (0.4%
sodium hydroxide) and fast extrusion followed by enzy-
matic hydrolysis (enzymatic cocktail produced by Aspergil-
lus) treatment provided the highest increase of the methane
yield by 22.3% in comparison to the methane yield obtained
in anaerobic digestion of the raw corn cob. Noonari et al.
[78] determined, that pretreatment of the buffalo dung and
rice straw in co-digestion with the addition of Aspergillus
niger, Aspergillus sojae and Aspergillus terreus provides an
increase in the methane yield. The heaviest increase in meth-
ane production was observed in pretreatment with 4. terreus
(about 15% after 7 days, 63% after 15 days and 43% after 30

Biochemical methane potential

H Control Sewage sludge + G3

days). The increase in methane yield obtained for treatment
using fungal mycelia is comparable to other pretreatment
methods. Pagés-Diaz et al. [82] received increase in meth-
ane yield up to 11-13% for the slaughterhouse wastewater
treated with granular biochar. In other research, addition of
biochar provided increase in biogas yield over 30%, when
the used biomass was dairy manure [83]. Anaerobic diges-
tion of thermally pretreated sewage sludge or sludge filtrate,
co-digested with food wastes, provided an increase in meth-
ane yield between 9.7 and 69.7% and 11-101.1.1% respec-
tively [84]. In reference to the lignocellulosic biomass, the
increase in yield production is determined between 10 and
60% using mechanical pretreatment, 30-85% using chemi-
cal pretreatment, 5-65% using thermal pretreatment and
between 15 and 100% using biological pretreatment [44].
Comparing results obtained in the test and presented in
the literature on the treatment of wastes with Aspergillus ter-
reus and Aspergillus sp. it is confirmed that using this strain
as a biological method provides similar results to combined
pretreatment (using chemical or mechanical methods). The
biological pretreatment methods give promising results and
additionally are well received due to their non-toxicological
and environmentally friendly character, and low energy
requirements. Although the long pretreatment time caused
by the rate of biological hydrolysis is a great disadvantage
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Fig.4 Cellulose degradation 100 B
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of biological methods, mixed pretreatment may be a reason-
able solution from the economic point of view [85]. Thanks
to that, it could be possible to decrease the amount of energy
requirements and the amount of harmful chemicals.

Based on the literature, it can be observed that the overall
result of methane production depends on various impacts,
i.e. availability of the substrates, composition of the inocu-
lum or activity of the microorganisms. The differences in
methane yield increases are noticeable, although not repeti-
tive for every kind of biomass. Sun et al. [86] noticed in
their research, that the degradation rate of cellulose and
straw differ depending on the used inoculum. That indicated
that the microbial community in inoculum differs between
the wastewater treatment plants significantly. Due to that,
using fungi at different WWTPs will have different impact
on the community structure and hydrolysis efficiency. They
observed methane production between 307 + 54 to 376 + 8
N mL CH,/g VS for cellulose and from 233 + 38 to 316 +
37 N mL CH,/g VS for straw. Thus, using the same micro-
organisms in pretreatment may not provide a similar result
for every kind of waste or sewage.

3.6 Degradation of cellulose in sewage sludge

The degradation of cellulose contained in sewage is more
difficult than the degradation of pure cellulose, as it occurs
in the environment mainly in the form of a lignocellulosic
complex [7]. Moreover, in the environment present there are
other compounds that could be more attractive as a source
of carbon to the G3 fungus, than the cellulose. Degrada-
tion of cellulose present in sewage sludge by fungi was car-
ried out in sewage sludge taken from the same wastewater
treatment plant from which the fungi were isolated. Thanks
to that, we provided them potentially familiar environ-
ment. The mixed sludge used for the test was preliminary
and thickened sludge, as previously. Additionally, we used
sludge from the digestor as an inoculum, which provided
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continuously working microorganisms for methane fermen-
tation. As presented in Fig. 4 the highest cellulose degrada-
tion was observed in samples with the addition of fungus G3
(16.13%). The degradation was higher by over 7% than in
samples with mixed sludge and inoculum. The verification
of cellulose degradation using fungi G3 revealed increased
removal of cellulose contained in lignocellulosic complex.
In reference to that, we can assume, that addition of this
fungus, under used conditions improves cellulose through:
(1) direct consumption of cellulose contained in the sludge,
released from the lignocellulosic complex as a result for
mixing the sludge during the treatment or (2) release of the
cellulose from the complex. Aspergillus terreus produces
effective cellulases, hemicellulases or ligninases, thus both
solutions are possible [87, 88]. Nevertheless, the degradation
of cellulose by microorganisms present in the inoculum was
at level 9%. Erdal and Hakkarainen [89] noticed that during
the 28-day test in closed bottles, microorganisms present in
the raw sewage were able to degrade 28% of cellulose, and
58% after prolonging the test up to 110 days. When the test
was led as semicontinuous flow-activated sludge, the deg-
radation of the carboxymethyl cellulose was over 90%. The
obtained results show that in samples with lower concentra-
tions of cellulose, there is observed higher methane yield.
Thus, the obtained results suggest that the addition of the
fungus G3 provided more effective degradation of organic
substances by microorganisms present in the inoculum and
did not disturb the anaerobic digestion process. It could be
suspected that fungus G3 was able to adapt to the already
balanced consortium, enhancing its effectiveness. This part
of the experiment requires further investigation.

The total degradation of cellulose during methane fer-
mentation lasts several weeks, thus during the conventional
anaerobic digestion at the wastewater treatment plant, less
than 60% of the cellulose can be decomposed at a solids
retention time of 4-5 weeks [90, 91]. Obtained results sug-
gest that even short-time biological treatment of the sewage
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sludge during anaerobic digestion increases the amount of
degraded cellulose and improves the production of the bio-
methane. The issue of improper composition of fermented
sludge is a common problem, which causes difficulties with
the management of sewage sludges. The use of microor-
ganisms and enzymes that they produce could improve the
anaerobic digestion effectiveness. However, in the case of
biological pretreatment, it is hard to scale the process due
to the size of the digesters, and microbial growth time.
The solution for that could be the usage of a well-defined
amount of mycelium, taken from the surface of the liquid
fungal culture. The mycelium formed by fungi targets and
degrade organic pollutants, conducting transport of nutri-
ents and enzymes. Moreover, mycelium releases extracel-
lular enzymes and acids able to break down the cellulose
and lignin [52, 92]. For effective and efficient use of the
proposed solution, the application would demand continu-
ous fungal cultivation with an additional tank at the WWTP,
what would provide undisturbed growth of fungi, produc-
ing concentrated amount of active enzymes and metabolites
released by mycelium.

3.7 Statistical analysis

All experiments were conducted in triplicates. The ANOVA
one-way was conducted for the tests of cellulose degra-
dation and methane production. Table S2-S4 (see supple-
mentary materials) presents ANOVA used to examine the
significance of the differences between cellulose concentra-
tion and methane production in the sludge treated with the
fungus G3.

The difference among strains regarding pure cellulose
degradation was insignificant. Statistical analysis confirms
the significance of the differences between the influence of
the fungus G3 on pure cellulose degradation and cellulose
contained in sewage sludge, which proves that, despite iso-
lated A. terreus is able to degrade different forms of cellu-
lose, the effectiveness of the degradation differs. Moreover,
findings revealed that cellulose degradation and methane
production was significantly different considering the vari-
ants with addition of G3 fungus into the sludge with indige-
nous microorganisms and without. The experimental design
focused primarily on screening for cellulolytic potential
under anaerobic conditions, and the methane potential was
evaluated only for the most promising isolate (G3). Due to
the limited number of replicates and the qualitative nature
of the screening stage, a statistically sound comparison
between strains was not feasible within the scope of this
study.

4 Conclusion

Fungi isolated from the sewage sludge can degrade pure cel-
lulose and cellulose present in sewage sludge at various effi-
cacy. Inoculation of the sewage sludges with the mycelium
of indigenous fungi gives the potential for enhanced meth-
ane production during the methane fermentation process in
wastewater treatment plants. The addition of Aspergillus
terreus (G3) for improvement of the methane fermentation
process provides an increase of the methane yield by about
11% in the tested sludge, while simultaneously enhancing
cellulose degradation in the sewage sludge by over 6%.
The usage of this method can provide shortening the time
needed for biological methods consisting of long-term pre-
treatment. Its application can be combined with mechanical
methods, to enhance the methane yield, or other microor-
ganisms. Moreover, inoculation of sewage sludge with
fungi, not the cellulolytic enzymes that they produce, gives
more opportunities, as those fungi may improve the degra-
dation of other organic compounds. Despite that Aspergil-
lus terreus is characterized as aerobic fungi, in this study
it was able to degrade cellulose in aerobic and anaerobic
conditions. Thus, its abilities should be also verified in
short pretreatment (i.e. HRT= 1d) before anaerobic diges-
tion without any other supporting pretreatment method.
The determined enzymatic activity of isolated fungi was
not spectacular, yet its addition provided an increase in cel-
lulose degradation and methane production. Thus, further
research should be expanded with treatment of the sludge
using other isolated fungal species, or combining them into
a mixed culture as one of the solution for increasing its
effective methane production increase. Moreover, it should
be also verified if inoculation of the sludge with fungal in
different form, for example using immobilized strains, will
provide improved methane production. Further research
in the field of the potential pathogenicity, the fate of the
inoculated strain in the total community, and the commu-
nity structure in the fermentation chamber are required. We
are planning to improve conducted research with verifica-
tion of the abundance of the Aspergillus during anaerobic
digestion, considering the organisms and spores. Moreover,
it is needed to verify the possibility of scaling up the process
considering all obstacles.
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Abstract

Sewage sludge is a key biomass in wastewater treatment plants, where anaerobic digestion enables energy recovery
in the form of methane. However, the initial phase of digestion is often limited by the slow hydrolysis of complex
organic matter. This study investigates the potential of enzymes produced by autochthonous microbial consortia,
naturally occurring in digested sewage sludge, to enhance methane production during anaerobic digestion. The
effects of non-immobilized and immobilized autochthonous enzymes were evaluated in batch methane potential
tests and compared with commercial cellulolytic enzymes.

The application of non-immobilized autochthonous enzymes increased methane yield by up to 21.7% compared
to untreated sludge, while immobilization on activated carbon provided a more stable but less pronounced
enhancement. The methane production achieved with autochthonous enzymes was comparable to that obtained
with commercial enzyme preparations. Although no significant differences in cellulose degradation were observed,
enzymatic addition accelerated the initial phase of methane production, leading to shorter effective digestion times.
These results indicate that enzymes derived from autochthonous sludge microorganisms can serve as a low-input
strategy to improve anaerobic digestion performance without the need for external enzyme supplementation.

Keywords: activated carbon; anaerobic digestion; autochthonous enzymes; enzyme immobilization; methane
production; sewage sludge

1. Introduction

Current global challenges related to the increasing demand for heat and electricity combined with fossil fuel
depletion, have intensified the search renewable and environmentally friendly energy sources. At the same time,
enormous amounts of sewage sludge, which are considered an efficient biomass source, are produced at the
wastewater treatment plants and need to be properly managed. Across the EU, around 2—3 million tons of sewage
sludge are produced annually, which represents a major management challenge and a potential substrate for
biomethane production [13]. This biogas may be used as a source of energy by WWTPs or sold to be used as a
Renewable Natural Gas (RNG) for transportation. An anaerobic digestion of sewage sludge provides effective
biogas production and stabilizes sludge properties for further use. However, due to the high content of sewage
sludges, its effective treatment is often limited without additional pretreatment step (Wan et al., 2022). Among
different ways for sewage sludge pretreatment, including mechanical, chemical, and biological approaches,
enzymes treatment has been reported to enhance the hydrolysis of complex organic compounds, improve biogas
production, while remaining non-detrimental to equipment and the environment [52]. Among the organic
components present in sewage sludge, cellulose constitutes a significant fraction of the total dry organic matter.
utilization of cellulose requires its conversion into glucose. Moreover, cellulose in sewage sludge is typically
embedded within a lignocellulosic matrix, which limits its accessibility due to its crystalline and amorphous
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structure [5]. Thus, the complex structure of lignocellulosic matter limits its biodegradability and poses challenges
for efficient conversion during anaerobic digestion. Current studies confirm significantly improved disintegration
of hard-to-degrade compounds using a various enzymatic approach, including enzyme mixtures or single
hydrolytic enzymes [37, 48, 53]. Enzymatic pretreatment can increase soluble chemical oxygen demand and
improve volatile fatty acids yield in fermentation [2]. An important aspect of enzymatic pretreatment is also the
stability of the enzymes. The sludge environment and processes that are led during anaerobic digestion can cause
the denaturation of enzymes used for enzymatic pretreatment; thus, their properties can be stabilized using
immobilization. The appropriate selection of a carrier can further enhance anaerobic digestion performance, with
activated carbon being one of the inorganic materials commonly applied for this purpose. Due to its inorganic
character, it does not increase the organic load of the sludge, and its properties can promote acidogenesis and
methanogenesis by stabilizing the microbial consortium, resulting in increased methane yield [20, 56, 63]. During
anaerobic digestion, the microbial community in sewage sludge cooperate in the bioconversion of complex organic
matter into methane and carbon dioxide. From the other point of view, methane fermentation is a biological process
in which microorganisms cooperate in equilibrium. That equilibrium can be disturbed by treatment, i.e., due to a
high concentration of ammonia, causing inhibition of methanogenesis or even stopping methane production [7].
WWTPs search for solutions that will increase the potential of the used sewage sludge and limit the costs that they
need to spend on its management. This study focuses on enzymatic treatment during methane fermentation of a
mixture of thickened primary and waste activated sludge (WAS), with the following objectives: 1) assessment of
the impact of enzymatic treatment on the anaerobic digestion process, 2) comparison of enzymatic treatment using
non-immobilized and immobilized enzymes with an activated carbon as a carrier, 3) comparison of enzymes
derived from autochthonous microorganisms isolated from digested sludge with commercial enzyme preparations.
Moreover, during the test, selected indicators related to organic matter transformation and changes in extracellular
polymeric substances (EPS) were analyzed.

2. Materials and methods

Figure 1 presents a schematic overview of the study deign. The whole experiment consists of three phases. First,
digested sludge was collected from the WWTP and used as a source material for the enrichment of the
autochthonous cellulolytic bacteria. In the second stage, the microbial community was characterized using NGS
and determined their cellulolytic enzymatic activity was assessed using Ghose’s saccharification procedure [15].
At the end, we isolated enzymes produced by a mixed bacterial culture. In a third stage, both the autochthonous
enzyme preparation and a commercial cellulolytic enzyme preparation were immobilized on activated carbon. The
impact of the enzymes in non-immobilized and immobilized forms was tested for 15 days using Automatic
Methane Potential Test System II (AMPTS II). Samples were collected at the beginning and the end of the test, to
analyze changes in EPS and cellulose concentration, and methane yield.
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Figure 1. Schematic diagram of the steps taken to achieve the implementation of the planned experiment.

2.1. Enrichment and cultivation of the autochthonous cellulolytic microorganisms

Cellulolytic autochthonous microorganisms were isolated from the mixed sewage sludge (SS) collected from the
communal WWTP (Gliwice, Poland). Mixed culture of autochthonous microorganisms was isolated by several
series of passaging on bacteriological media (CMC medium - contained carboxymethylcellulose sodium salt 5 g/L,
NaNO3 1 g/L, K2HPO4 1 g/L, KC1 1 g/L, MgS04 0.5 g/L, yeast extract 0.5 mg/L, glucose 1 mg/L). Mixed sludge
consisted of thickened primary and waste activated sludge (35%:65%). 10 mL of SS and 40 mL of liquid medium
(CMC) were incubated for 7 days at 37°C and 100 rpm in a 50 mL tube. To remove oxygen, samples were flushed
with N2. A new medium was provided every 7 days. The culture was centrifuged for 1 minute at 3000 rpm,
suspended in sterile 0.9% NaCl in triplicate to remove metabolites. Then, microbial culture and sterile 0.9% NaCl
were mixed together in a ratio of 1:1 and incubated as described above. Samples were collected for DNA isolation
into sterile Eppendorf tubes and protected with RNA/ater solution (Invitrogen™, ThermoFisher Scientific, USA)
in a ratio of 2:1, where 1 part was a sludge sample. After 21 days of the experiment, the inoculation on solid
medium (CMC medium solidified with bacteriological agar 17.0 mg/L) was performed to verify the possibility of
isolating a pure culture and incubation on plates. The remaining culture was fed with the new portion of liquid
CMC medium and incubated at 37°C and 100 rpm.

The cellulose-degrading ability of the microorganisms was confirmed by inoculating 0.1 mL of the liquid mixed-
culture on Congo-Red agar media containing CMC medium solidified with agar (CMC medium solidified with
agar 17 g/L and Congo Red 1g/L), pH 6.8-7.2.

After isolation, samples were stored at -20°C until later use.

2.2. Metataxonomic analysis of enrichment bacterial culture

Metataxonomic analysis was performed on total bacterial DNA isolated from the autochthonous mixed culture.
DNA was isolated using the GeneMATRIX Soil DNA Purification Kit, according to the manufacturer's protocol
(EurX, Poland). Metataxonomic sequencing was performed under contract by the Genomed company (Poland).
The metagenomic analysis of bacterial and archaeal communities was performed based on the hypervariable V3-
V4 region of the 16S rRNA gene. The primer pair for amplification was 341F and 785R [51]. The PCR reaction
was performed using Q5 Hot Start High-Fidelity 2X Master Mix (conditions according to the manufacturer's
instructions) (New England Biolabs). Sequencing was performed on a MiSeq, paired-end (PE), 2x300nt, using
[llumina’s v3 kit, according to the manufacturer’s protocol. Automatic ascending data analysis was performed on
a MiSeq sequencer using MiSeq Reporter (MSR) v2.6 software. Bioinformatic analysis to ensure the classification



of reads to the species level was carried out with QIIME 2, based on sequences referential base Silva 138. A
programming package was also used to distinguish sequences of biological origin from those newly created during
the sequencing process. This package was also used to derive unique sequences of biological origin, or so-called
amplicon sequence variants (ASV).

2.3. Extraction of the enzymes

Enzyme extraction was performed by using 50 mL of the mixed microbial culture isolated for this experiment
(ODs00>0.9) and 150 mL of the CMC medium, incubated at 37°C with shaking: 160 rpm for 2 days, and 120 rpm
for the following 5 days. The mixed culture was deprived of oxygen by displacing it with nitrogen (for 3 minutes).
Further steps of the extraction were performed based on Kokila et al. [30]. Extraction was performed using heat at
80°C and centrifugation [25]. Enzymes were isolated with Na-citrate buffer (Pol-Aura, Poland; 0.05 M, pH 6) at
aratio of 1:2, 1:3, 1:4, and 1:5, where 1 part was a buffer. Reaction was performed for 30 minutes at 37°C and 120
rpm. The samples were then centrifuged at 10000 rpm for 15 minutes, and the supernatant was used as a source of
enzymes [27, 46].

The protein content was determined using Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific, USA),
according to the manufacturer's protocol for the test-tube procedure.

2.3.1.  The activity of isolated enzymes based on filter paper assay (FPase) and endoglucanase (CMC)

The enzyme activity of filter paper assay (FPase) and endoglucanase (CMC) was determined using Ghose’s
procedure [15]. The total activity of cellulase was assayed by measuring the filter paper assay using Whatman®
filtration paper (Sigma-Aldrich, USA) liberated in the reaction mixture. Cellulase assay was determined with the
preparation of 1 mL of 0.05 M Na-citrate buffer (Pol-Aura, Poland), pH 6, and 2-3 cm Whatman filter paper no. 1
(Sigma-Aldrich, USA), added to a test tube. We prepared two dilutions (1:2 and 1:5) of each enzyme sample with
glucose as a standard. Concentrations of glucose for the standard curve were 0.2, 1, 2.5, and 5 mg/mL. The tubes
were incubated at 50°C for 1 hour, and then the cellulase reaction was terminated by the addition of 3.0 mL of 3,5-
dinitrosalicylic acid (DNS; Pol-Aura, Poland). All tubes were boiled at 100°C for 5.0 min in a vigorously boiling
water bath. Finally, the obtained solution was diluted with 20 mL of H20, and the absorbance was measured at
540 nm. One unit of FPase is defined as an amount of enzyme that releases 1 pmol of glucose per minute.

FPA was calculated using Equation 1:
FPU _ 037

=2 (1)

mL E

FPA

Where: E is the concentration of the enzyme released from 0.5 mg of glucose from filter paper in 1h. The
calculations were performed according to the Ghose procedure [15].

For endoglucanase (CMC) activity, enzymes were incubated for 3 minutes in 0.5 mL Na-citrate buffer at room
temperature. Then, the 0.5 mL of 2% CMC with 0.05 M sodium citrate buffer was added to the enzyme, mixed,
and incubated for 30 minutes at 50°C. After the incubation, 3 mL of 3.5-DNS was added and mixed with the
sample to determine reducing sugars [40]. The prepared mixture was boiled at 100°C for 5 minutes. After cooling
down, 20 mL of deionized water was added and mixed with the sample. The absorbance was measured at 540 nm
wavelength in reference to glucose production during the reaction, using a glucose standard curve. The
concentration of the enzyme is estimated by plotting glucose liberated against enzyme concentration. One unit of
CMCase is defined as an amount of 1 umol of glucose liberated per ml of enzyme per minute.

CMC concentrations were calculated using Equation 2:
cmc U = 0185 @)
mL

Ec

Where: Ec - enzyme concentration to release 0.5 mg glucose.

2.4. Enzymes immobilization

Immobilization of the mix of isolated enzymes and commercial enzymes (Celllic CTec2, Novozymes) was
performed on activated carbon (Sigma-Aldrich, USA). Enzymes were prepared for immobilization in 5 different
concentrations: initial, diluted in proportions 1:2, 1:3, 1:4, and 1:5 with Na-citric buffer (Pol-Aura, Poland; 0.05
M, pH 6).



2.4.1.  Physical immobilization of enzymes on activated carbon

Activated carbon (0.4 g), commercial enzymes or isolated enzymes diluted in citric buffer (1:2, 1:3, 1:4, 1:5; v/v)
(0.5 mL) were stirred in a 25 mL round-bottom flask in a thermostatic shaker (250 rpm) at 20°C for 3 h. Then,
biomaterials were filtered off, washed with citric buffer (3x10 mL), and dried under vacuum using a Schlenk line
(25°C, 24 h).

2.4.2.  Thermogravimetric analysis (TGA)

Thermal characteristics of the enzymes immobilized on the activated carbon were determined using the
TGA/SDTA 851 Mettler-Toledo thermogravimeter. Tests were performed from 25°C to 800°C at a heating rate of
10°C/min in a steam of nitrogen (60 mL/min). Samples of approximately 10 mg were introduced into 70 pL
aluminium oxide crucibles. The obtained TGA data were analyzed using the Mettler-Toledo STARe System SW
15.00.

2.5. Verification of methane production using the Automatic Methane Potential Test System (AMPTS)

The sewage sludge for the test was taken from the communal wastewater treatment plant (Gliwice, Poland).
Sewage sludge for the Methane Potential Test was mixed sludge: thickened primary sludge mixed with waste
activated sludge. The sludge proportions were 65% of WAS sludge and 35% of primary sludge. Digested sludge
from the anaerobic digester was used as the inoculum for the test. The test was conducted in the Automatic Methane
Potential Test System (AMPTS) (BPC Instruments, Sweden) According to the procedure, the test was carried out
until the daily gas production dropped below 5 NmL/d [33]. Each replicate for the methane production test was
carried out in a 500 mL bottle with a working volume of 400 mL. The test was performed with enzymes isolated
from the cellulolytic autochthonous bacteria and the cellulase enzyme blend (Cellic CTec2) with 200 FPA U/g
(SAE0020, Sigma-Aldrich, USA), both immobilized and non-immobilized [22]. The concentration of the
commercial enzyme was a minimum of 1200 U/mL for the 50mL package size, according to the manufacturer’s
information. Based on the manufacturer recommendations, for usage of the commercial enzyme regarding
cellulose concentration, and further preliminary test for three different Cellic CTec2 concentration (0.2, 0.5 and
1%) (data not shown) we estimated the amount of immobilized and non-immobilized enzymes. The enzymes were
dosed at a level of 1% of the TS. All samples were flushed with nitrogen gas for one minute to ensure anaerobic
conditions and then incubated at a mesophilic temperature of 37°C. AMPTS settings included a mixer speed of
60%, with 60 seconds on and 180 seconds off intervals. At the beginning and the end of the test, all samples were
centrifuged for 20 minutes at 3300 rpm and filtered through a 0.45 um filter membrane (ChemLand, Poland).
Control samples containing only inoculum (without substrate or enzymes) were used to determine net biomethane
production, with Equation 3.

NmMLCH,
gvs

_ Mp—-M;y

Methane yield (

) )

Sys

Where M is the mean of the daily methane production of the inoculum, considered as a control sample,
Mz is the daily methane production from a treated sample, and Svs is a substrate volatile solids/chemical oxygen
demand (VS/COD) amount [g].

2.6. Extracellular polymeric substances (EPS)

Extraction of tightly bound extracellular polymeric substances was performed by the heating method according to
Raszka et al. [44] after Karapanagiotis et al. [25]. Samples of sewage sludge were centrifuged at low speed (20
minutes, 3000 rpm). The supernatant was poured off, and the sludge pellets were resuspended in distilled water to
the initial volume. Well-mixed samples were placed into a water bath (80°C) for 1 hour. After the incubation, the
samples were centrifuged first at 3000 rpm, and then at 3300 rpm for 20 minutes each time. The remaining extract
was analyzed for proteins and saccharides. The protein substance concentration (PN) was determined using the
BCA Protein Assay Kit (ThermoFisher Scientific, USA). Determination of polysaccharides (PS) was performed
using the modified Dubois et al. (1956) [11] method, where instead of 80% phenol, we used 5% phenol as described
by Raunkjer et al. [45] as a safer but still effective compound. The results were compared for immobilized and
non-immobilized enzymes, in reference to Cellic CTec2. Absorbance was measured with wavelength A=490 nm.



2.7. Cellulose concentration in sewage sludge

Cellulose concentrations were determined using the PN-92/P-50092 for cellulose contained in lignocellulosic
complexes, by dissolving the lignin. The procedure uses CH;:COCH2COCH3, C4HsO2, HC1, CH30H, C2HsO2Hs.
1+0.001 g of each sample was placed in flasks and flooded with a mixture consisting of 6 mL acetylacetone, 2 mL
dioxane, and 1.5 mL hydrochloric acid. The flasks were placed in a boiling water bath for 30 minutes, provided
that the bottom of the flask was submerged in water. After incubation, 30-40 mL of methyl alcohol was added,
and the sample was transferred to a funnel, connected to a vacuum pump. Samples were washed with 40 mL of
dioxane, 40 mL of hot distilled water, again 40 mL of dioxane, and 40 mL of ethanol. After each washing, the
liquid drained freely, and the residue was extracted using a vacuum. The last wash was performed with 40 mL of
ethyl ether and again left to drain freely. The excess was extracted using a vacuum pump. The samples in crucibles
were transferred to a drying oven and dried at 105°C for about 3 h. Concentration was calculated using Equation
4:

C=—1t 4)

mo*dryness
Where: mq is the mass of the sample after the analysis, and mo is the mass of the sample before analysis. Dryness
is 99%.

2.8. Statistical analysis

The experimental results were expressed as the mean + standard deviation for each triplicate experiment. The data
processing was conducted by the Microsoft Office Excel 365 function. R software (https://www.r-project.org).
Two-way ANOVA was used to test the significance of results for immobilized and non-immobilized enzymes,
and also for the immobilized enzymes and activated carbon, regarding physicochemical parameters. For methane
concentration, the Kruskal-Wallis test was used. The significance level of the p-value was <0.05.

3. Results and discussion

3.1. Isolation, identification, and characteristics of the bacterial mixed culture

Biochemical cycles performed by microorganisms in nature are based on microbial cooperation; thus, it is widely
known that in the environment, microbes cooperate while living in communities. Their proper growth and
development depend not only on the substrate availability but also on the ecophysiological relationships among
various groups of microbes cooccurring in their biotope. These relationships are not possible to be mimic in
laboratory conditions. That is why most environmental bacteria, among which a large part could be
biotechnologically useful, cannot be obtained as pure cultures in lab conditions. Moreover, even if the obtained
pure culture is able to grow and degrade a particular substrate (i.e., cellulose) in laboratory conditions, their
development and enzymatic activity are relatively low and ineffective in comparison to their performance in the
community. Such a situation probably occurred in this experiment. What is more, after re-inoculation of the
obtained bacteria onto fresh medium, these microbes lost their abilities for effective cellulose degradation and/or
could not degrade cellulose, which could be explained by the lack of microbial cooperation mentioned above.
Metataxonomic sequencing of the sludge samples allowed to indicate the most abundant group of microorganisms
present in the samples. In this group at the genus level: Bacteroides sp., Dysgonomonas sp., Petrimonas sp.,
Proteiniphilum sp., Desulfovibrio sp., Pleomorphomonas sp., Paracoccus sp., Bordetella sp., Castellaniella sp.,
Limnobacter sp., Alicycliphilus sp., Klebsiella sp., Pseudomonas sp., Stenotrophomonas sp., Sphaerochaeta sp.
were indicated.

The composition of a community created as a mixed culture of isolated bacteria (by genus), producing cellulolytic
enzymes, used in this study, is presented in Figure 2.
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Figure 2. The relative abundance of bacteria at the genus level in the cellulolytic community isolated from the
sewage sludge from the digester. Sequences that accounted for less than 1% of the community were grouped into
the category “Others”.

The community was able to be cultured in the medium with the sodium carboxymethylcellulose as a source of
carbon, consisting of various bacteria, with abilities useful in the hydrolysis of macromolecular organic
compounds. The dominant bacterial genus in the sludge samples is Proteiniphilum, representing the
Porphyromonadaceae family. Porphyromonadaceae are known to be able to degrade complex carbohydrates,
proteins, and peptides. Moreover, they participate in the production of volatile fatty acids during acidogenesis [18].
Granada et al. [17] noticed that representatives of Porphyromonadaceae were linked with the high methane
production in their research and characterized those microorganisms as bacteria that drive biogas production from
slaughterhouse wastewater anaerobic digestion, containing blood, manure, hair, fat, feathers, and bones.

The second most abundant genus was Alcaligenes, which is a heterotrophic microorganism able to oxidize and
remove ammonia from wastewater [14, 57]. Although most of the Alcaligenes representatives are acrobic bacteria,
some strains are capable of anaerobic respiration in the presence of nitrite and nitrate [3]. Zheng et al. [64] noticed
in their research that Alcaligenes sp., Pseudomonas sp., and Clostridium sp. were the key microorganisms that
took part in sludge hydrolysis improvement and enhanced short-chain fatty acids production, as they are able to
excrete extracellular proteases.

Bacteroides sp. abundance was 8.78% in total. Bacteroides graminisolvens is a strictly anaerobic bacteria able to
utilize saccharides [42]. The strains produce acetate and propionate [19, 31].

Limnobacter spp. strains are considered to contribute to the anaerobic oxidation of the methane community,
providing sulfate from sulfur oxidation [6].

The bacteria from the genus Paracoccus, also abundant in the sludge samples, have a high potential for volatile
fatty acids production from the waste-activated sludge [67].

Some strains from the genus Stenotrophomonas have high nitrogenase activity and are able to grow on a nitrogen-
free culture medium [24, 43]. Various research confirms positive results for nitrate reduction, citrate utilization, or
hydrolysis of various carbons [16].

Klebsiella sp. produces large amounts of extracellular polymeric substances, which can help protect the microbial
community from stressful conditions and can be helpful in the degradation of organic matter. Bacteria from this
genus can degrade lipids and increase methane production [35, 48].

Some bacteria from the genus Desulfovibrio sp. can remove COD by breaking down the organic compounds,
sulfate, and/or using nitrate as a terminal electron acceptor [32].



Bordetella sp. in a mixed culture takes part in the degradation of various cellulosic materials and increases methane
production [62].

Dysgonomonas degrade saccharides and produce short-chain fatty acids [29, 59]. They are able to degrade various
substrates, i.e., lignin, alginate, or naphtha [21, 28].

Pleomorphomonas sp. are nitrogen-fixing bacteria [60]. Damo et al. verified them as phosphate-solubilizing
bacteria [8]. It plays a role in lignocellulose degradation [9]. Pleomorphomonas oryzae is able to consume glucose
anaerobically [12].

Pseudomonas sp. is considered to play a key role during anaerobic digestion for all main methanogenic pathways,
mainly due to carbohydrate hydrolysis [4]. Moreover, they can produce and secrete alkaline proteases, an important
enzyme for the hydrolysis of sludge proteins [26].

Alicycliphilus representatives can use low-molecular-weight organic acids and amino acids as carbon and nitrogen
sources [38, 39]

Also, representatives of Sphaerochaeta are able to ferment mono- and polysaccharides [47].

Bacteria present in the mixed culture show some similarities, i.e., utilizing a broad range of saccharides, or like
Alcaligenes sp., Pseudomonas sp., and Dysgonomonas sp., showing enhanced short-fatty acids production. Despite
the bacteria with lower abundance having similar abilities to the bacteria with higher abundance, their presence in
a bacterial mixture suggests that it is still possible for them to grow and use some nutrients, and their presence is
supportive. Moreover, most of the identified microorganisms are not strictly cellulolytic, but anaerobic and able
to degrade various organic compounds, which helps in using products from cellulose degradation. Thus, their
presence in the mixed culture and the enzymes that they produce may be supportive for the hydrolysis process due
to the degradation of various organic compounds.

3.2. Characteristics of cellulolytic enzymes and the effect of immobilization

The TGA analysis allowed us to confirm the presence of enzymes on the surface of the activated carbon carrier.
After the first immobilization, performed for cellulases, the enzyme content on the carrier was 6.06% for enzymes
isolated from autochthonous bacteria and 22.28% for the commercial enzyme (Cellic CTec2). Dilution of the
enzymes using citric buffer did not affect immobilization efficiency. The amount of enzymes immobilized with
the activated carbon for the conducted tests was balanced. The literature confirms positive application of the
activated carbon to absorb various components and compounds, i.e., heavy metals, ammonia, or sulfates [41], but
also proteins, VFAs, or polysaccharides [23]. That, as a result, enhances methane production [1, 58]. The enzyme
content detected on the carrier indicates free spaces, which can be filled with compounds present in the tested
environment, which can enhance the process [63].

The determined concentration of the protein assay was 3.1 mg/mL. Isolated mixed autochthonous bacteria
produced enzymes, whose activity of FPA is 1.69 FPU/mL and CMC 11.27 U/mL, which, according to the
literature, effectively increases cellulose enzymatic degradation [68].

3.3. Verification of methane production in the sludges, using the Automatic Methane Potential Test System
In Figure 3, we present the methane production obtained with immobilized and non-immobilized enzymes. During
tests with immobilized enzymes, methane yield increased in all treated samples compared to the untreated control.
The methane yield of the control sample was 137.09+49.02 NmL CH4/gVS. Samples treated with immobilized
commercial enzymes showed a methane yield of 174.02+7.28 NmL CH./gVS, while those treated with
immobilized isolated enzymes reached 163.1+1.36 NmL CH4/gVS. This corresponds to a 27% increase for
commercial enzymes and an 18.9% increase for isolated enzymes relative to the control. Samples treated with
activated carbon produced 6.75% more methane than the control. In contrast, samples treated with non-
immobilized enzymes showed substantially higher methane yields: 274.1+7.14 NmL CH4/gVS for commercial
enzymes and 233.99+17.5 NmL CH4/gVS for isolated enzymes.

The methane yield in untreated samples was 192.32+11.24 NmL CH4/gVS. For non-immobilized enzymes, the
increase in methane yield was higher than that observed for immobilized enzymes. Relative to the control, methane
yield increased by 21.7% for isolated enzymes and by 43% for commercial enzymes. The differences in methane
yield observed between control samples (untreated samples in the immobilized and non-immobilized enzyme
experiments) are due to sewage sludge being collected at two different times. Because of equipment limitations, it
was necessary to divide the experiment into two sets: one for immobilized enzymes and one for non-immobilized
enzymes, to allow for replication.



Although the two-way ANOVA test indicates that there is a non-significant difference in the methane potential
regarding the used enzymes, significance lies in whether we use immobilized or non-immobilized (p<0.05). That
indicates that enzymes produced by microorganisms present in the sludge can enhance methane production on a
similar level as commercial enzymes and provide cheaper solutions for sludge treatment.

In samples with immobilized enzymes, we can observe that after 7 days of AMPTS, the isolated enzymes obtained
the same level of methane production as commercial enzymes, and then the production of biomethane in those
samples remained at the same level until the end of the test. That suggests that the addition of those immobilized
isolated enzymes in the used dose can enhance the methane production for 7 days, and after this time, further
improvement needs another inoculation. For non-immobilized enzymes, the concentration of produced methane is
the same for isolated and commercial enzymes for the first 3 days, and then again, the peak time of the daily biogas
production is visible on day 5. After that time, we can see stabilization or even a slight decrease in methane
production, which can be related to consumption of VFA [34, 36, 65].

Methane production with addition of immobilized enzymes
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Figure 3. Methane production over time, measured in the sewage sludge treated with immobilized and non-
immobilized enzymes in the Automatic Methane Potential Test (AMPTS).



Based on the methane production day by day, we can assume that using isolated enzymes caused increased
degradation around the 4" day using immobilized and non-immobilized enzymes, and additionally, the 7" day for
immobilized enzymes, causing increased sudden acidification as a result of VFA production, which inhibited the
effective process [10]. That may also suggest that the immobilization delayed or stabilized the effect of the
enzymatic impact. From around the 8" to 9" day, methane production was stable in all samples.

3.4. Tightly bound EPS

Tightly bound extracellular polymeric substances (Figure 4) concentration was determined for sludges treated with
immobilized and non-immobilized enzymes (Figure 3). The PN was the dominant component of EPS, and the PS
concentration was relatively low. The protein concentration decreased during anaerobic digestion from an initial
concentration of 2183.6 mg/g VSS to 583.9 mg/g VSS for untreated samples and 547.52 mg/g VSS treated with
isolated enzymes and commercial enzymes (404.22 mg/g VSS). For saccharides, the concentration decreased from
87.6 mg/g VSS to 61.6 mg/g VSS for untreated samples, 52.1 mg/g VSS for samples treated with immobilized
isolated enzymes, and 39.1 mg/g VSS for samples treated with immobilized commercial enzymes. The decrease
in the EPS concentration can be caused by the adsorption of the extracellular polymeric substances on activated
carbon, which was also observed by Sun et al. [49]. They also noticed an enhanced methane production (by 10%)
connected with the EPS removal within the first 6 h of the reaction. In our preliminary research, we noticed a
decrease in EPS concentration in samples with activated carbon during the 4 h test. That is similar to Sun et al.
[40] observation, although they used GAC (granulated activated carbon), and we used powdered activated carbon.

Jiang et al. [23] noticed that higher molecular weight substances, i.e., proteins and saccharides, are better adsorbed
on granular activated carbon than small molecules such as VFA or glucose. Even though we are using powdered
activated carbon, maybe the lack of changes in VFA concentration in samples with immobilized enzymes and
activated carbon, could also be caused with the absorption of the multimolecular substances on the carrier.
Although, that hypothesis should be verified in a test with measuring VFA concentration in a time.

A decrease in the EPS concentration (Figure 4) in samples with enzymes can be caused with adsorption on the free
spaces of the carrier. The decrease in EPS concentration is also observed in samples with non-immobilized
enzymes. From the initial 1193.22 mg/g VSS for proteins, the concentration decreased to 806.4 mg/g VSS for
untreated samples, 768.12 mg/g VSS for isolated enzymes, and 774.8 mg/g VSS for commercial enzymes. The
concentration of the EPS saccharides (PN) remained at a similar level in all samples, as the initial concentration
was 87.6 mg/g VSS, and determined in untreated samples with enzymes was 86.21 mg/g VSS, 87.3 mg/g VSS for
isolated enzymes, and 85.7 mg/g VSS for commercial enzymes. EPS concentrations were determined only at the
beginning and at the end of the test; therefore, the observed changes are interpreted in reference to literature data
indicating limited variation of tightly bound EPS during anaerobic digestion [61]. On the other hand, the decrease
in PN/PS ratio is also noticed in samples with untreated inoculum, but that can be a result of degradation of the
EPS caused by a lack of additional substrate before anaerobic digestion.
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Figure 4. Proteins and saccharides ratio, measured in the sewage sludge treated with immobilized and non-
immobilized enzymes, before and after methane production. Io- inoculum before the AMPTS, SSo- mixed sludge
(thickened primary + waste activated sludge before the AMPTS), INE- sample of inoculum after AMPTS, I + SS
+ IE- inoculum + mixed sludge + isolated enzyme, I + SS + CE- inoculum + mixed sludge + commercial enzyme,
[ + IE- inoculum + isolated enzymes, I+CE- inoculum + commercial enzymes, [ + SS + carb- inoculum + mixed
sludge + activated carbon.

The highest EPS decrease among the samples is noticed in sludge with immobilized isolated enzymes with mixed
sludge as a substrate and immobilized enzymes with inoculum, without the addition of a substrate. EPS
concentration can be the factor that indicates the influence of the enzymes on the methane production in this
research, as the removal of EPS enhances the hydrolysis and further the fermentation of the sludge [54].

Table 1 presents the PN/PS ratio of sludges treated with enzymes. The PN/PS ratio decreases for all samples,

regardless of the treatment. The greatest decrease is observed for the sludge treated with activated carbon and is
similar to the samples with commercial immobilized enzymes unfed with mixed sludge. PN/PS ratio for untreated
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with enzymes mixed sludge (9.48 and 9.35) was lower than in samples of inoculum (11.13 and 10.24), suggesting
that the addition of the new portion of substrate for the inoculum caused stable degradation of EPS, whereas in
samples without addition of the mixed sludge, previously stored EPS was degraded after depletion of
multimolecular organic compounds.

Table 1. PN/PS ratio of sludges before and after an Automatic Methane Potential Test (AMPTS), treated with
immobilized and non-immobilized isolated and commercial enzymes. I- Inoculum, 10- at time “0”, INE- after
AMPTS, SS- mixed sludge, IE- isolated enzyme, CE- commercial enzyme, carb- activated carbon.

10 INE I+SS I+SS+IE I+SS+CE I+IE I+CE  I+SS+carb

Immobilized 13.6 11.13 948 10.51 10.35 8.68 7.78 7.88
Non- 136 1024 935 8.79 9.04 9.03 84l -
immobilized

The impact of the enzymes, depending on their form (immobilized or non-immobilized) and type (commercial or
isolated), is statistically significant with a p-value<0.05.

3.5. Effect of enzyme pretreatment on the cellulose concentration in the sewage sludges

The PN-92/P-50092 norm for the cellulose concentration allows for the determination of the concentration of
cellulose released from the lignocellulosic complex by dissolving the lignin. Due to that, the results must be
considered in reference to the initial concentration of cellulose in the inoculum and to the I + SS. The concentration
of free cellulose decreased after AMPTS in all samples, regardless of enzyme or activated carbon addition. The
extent of cellulose reduction was similar across all treatments (approximately 90%, considering standard
deviation), indicating that neither enzymes nor activated carbon significantly affected cellulose content within the
lignocellulosic complex. The observed decrease relative to the initial inoculum is most likely due to microbial
activity in the sludge.

A more pronounced decrease in cellulose concentration was observed following the addition of immobilized
commercial enzymes to the inoculum, suggesting that enzyme application after digestion or at a different stage
than fresh sludge addition may enhance the degradation of complex organic compounds. This effect may result
from prior microbial disruption of the lignocellulosic structure, increasing cellulose accessibility. Mixing during
the AMPTS test may have further contributed by reducing structural recalcitrance and facilitating microbial
degradation.

Overall, cellulose degradation appears to be driven primarily by microbial processes rather than by the used
treatments. PS analysis indicated no increased saccharide production, suggesting that the applied doses of
cellulolytic enzymes and activated carbon did not significantly influence digestion. Although both immobilized
and non-immobilized enzymes enhanced methane production, this effect is likely due to microbial stabilization or
support rather than increased conversion of cellulosic compounds.

Table 2 shows the cellulose concentrations of sludges used in the AMPTS tests. In samples treated with non-
immobilized commercial enzymes, approximately 10% cellulose degradation was observed in all cases except
[+SS+IE. This suggests that activated carbon may protect immobilized enzymes from the degradative conditions
of digested sludge. In samples treated with non-immobilized isolated enzymes, the observed changes may result
from the utilization of other organic compounds rather than direct cellulose degradation. Because lignin is removed
during cellulose analysis, the measured cellulose content represents total cellulose in the sludge. Therefore, the
absence of differences between initial and final cellulose concentrations may be due to the release of cellulose
from the lignocellulosic complex rather than its degradation during the methane potential test.

Table 2. Cellulose concentrations determined before and after an Automatic Methane Potential Test (AMPTS) for
the inoculum (digested sludge) and a mix of the thickened primary and waste activated sludge, treated with
immobilized and non-immobilized enzymes: isolated and commercial. I- Inoculum, 10- at time “0”, INE- after
AMPTS, SS- mixed sludge, IE- isolated enzyme, CE- commercial enzyme, carb- activated carbon.
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Cellulose concentration (% TS)

Type of sludge and/or mix of Immobilized enzymes Non-immobilized enzymes
sludge with enzymes
10 31.20+3.63 30.52+0.81
INE 28.28+1.84 28.61+0.33
I+SS 29.93+0.69 27.53+£1.94
[+SS+IE 28.09+1.92 22.58+0.75
I+SS+CE 28.87+0.96 27.98+0.79
I+carb 27.88+1.0 -
I+IE 28.17+3.38 29.64+2.63
I+CE 11.21+0.37 28.56+0.88

The statistical analysis indicates that the differences between immobilized and non-immobilized isolated enzymes
are significant (p-value = 0.01117). As the concentration of PS (Figure 4) was almost unchanged in the samples
before and after AMPTS, we can assume that there was a degradation of organic compounds with the production
of saccharides, which were consumed at the same time and remained at the initial level.

Based on the results of the produced biogas and degraded cellulose, it is not possible that the enzymes and activated
carbon did not influence the anaerobic digestion at any level. The lack of differences can be caused by the amount
of used enzymes, which was sufficient to enhance the degradation at the beginning of the process, but with time,
the microorganisms already present in the sewage sludge were able to degrade similar level to the organic matter,
but from easily accessible matter. It is possible that in treated and untreated samples, different compounds were
degraded. This is confirmed by the literature, which argues that the addition of activated carbon enhances the
hydrolysis and methane production [55, 56]. Additionally, the lack of differences could be caused by the nature of
the enzymes. In reference to the non-immobilized enzymes, introduced enzymes could be degraded by proteases
produced by the microorganisms of the sewage sludge [50. 66].

4. Conclusion

In this study, we analyzed the influence of the enzymes isolated from the cellulolytic autochthonous bacteria,
commercial enzymes, non-immobilized and immobilized on an activated carbon as a carrier and activated carbon
itself on methane production. The enzymatic treatment during anaerobic digestion resulted in increased methane
production using immobilized and non-immobilized enzymes, with the used dose of enzymes equal to 1% per TS.
Although no significant differences were observed between commercial and isolated enzymes, the form of enzyme
application (immobilized vs non-immobilized) significantly affected methane production. Using isolated enzymes
provided an increase of 18.9% (using immobilized enzymes) and 21.7% (using non-immobilized enzymes). The
treatment used did not influence the cellulose concentration in the lignocellulose complex. Further research needs
to investigate combining enzymatic pretreatment with different mechanical methods for increased decomposition
of lignocellulosic biomass.
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Streszczenie

Wykorzystanie réznego typu enzymoéw hydrolitycznych stanowi obiecujaca alternatywe lub forme
wspomagania obecnie stosowanych metod obrébki osadéw sciekowych. Zastosowanie biologicznych
metod moze w znaczacy sposdb wspomdc degradacje wielkoczasteczkowych zwigzkéw organicznych
obecnych w osadach sciekowych i tym samym zwiekszy¢ efektywnos¢ procesu fermentacji oraz ilos¢
produkowanego biogazu. Celem prowadzonych badan byta weryfikacja wptywu biologicznej obrébki osadu
za pomocg enzymow celulolitycznych na efektywnos¢ hydrolizy surowca do fermentacji. Poréwnane
zostato dziatanie immobilizowanych i nieimmobilizowanych enzyméw: produkowanych przez bakterie
osadu sciekowego, oraz mieszaniny komercyjnych enzyméw celulolitycznych. Ocene efektywnosci wptywu
badanych enzyméw na hydrolize osadow sciekowych dokonano na podstawie steienia polimeréow
zewnatrzkomorkowych (EPS), lotnych kwaséw tluszczowych (LKT) i chemicznego zapotrzebowania na tlen
(ChZT). Wyniki uzyskane podczas testu dostarczajg informacji na temat efektywnosci degradacji substancji
organicznych w trakcie hydrolizy. Otrzymane wyniki wskazujg na intensyfikacje hydrolizy po zastosowaniu
enzymow celulolitycznych produkowanych przez bakterie osadu sciekowego oraz mieszaning enzymow
komercyjnych. Immobilizacja enzyméw pozwolita na zwiekszenie stabilnosci enzymodw, zwigkszajac
jednoczesnie intensywnos¢ dziatania enzymdéw komercyjnych w badanym osadzie.

Stowa kluczowe: fermentacja metanowa, hydroliza, osady sciekowe, enzymy celulolityczne
1. Wprowadzenie

W trakcie procesu oczyszczania sciekow powstajg osady sciekowe, ktorych skiad zalezy scisle od rodzaju
sciekéw doptywajgcych do oczyszczalni. Odpowiednie zagospodarowanie osadéw stanowi dla zaktadéw
oczyszczania sciekow duzy problem, generujac koszty siegajace okoto 50% ogdlnych wydatkow. Jedng z
najpowszechniej stosowanych w Polsce metod, ktéra pozwala na pdiniejsze wykorzystanie osadéw
sciekowych jest fermentacja beztlenowa [5], czyli proces mikrobiologiczny, polegajgcym na rozkiadzie
substancji organicznych przez mikroorganizmy w warunkach beztlenowych, z wydzieleniem metanu [18].
Na proces skiadajg sie 4 etapy, z ktérych pierwszy - hydroliza jest najdtuzszy i to on ma wplyw na przebieg
cafej fermentacji. W trakcie hydrolizy rozkladane sa nierozpuszczalne zwigzki organiczne do prostych
zwigzkow rozpuszczalnych w wodzie, przy wykorzystaniu enzymoéw wytwarzanych przez mikroorganizmy
hydrolityczne [4; 11]. Prawidiowy i jak najbardziej efektywny przebieg hydrolizy warunkuje ilos¢
rozfozonych zwigzkéw organicznych, poniewaz to produkty hydrolizy wiasnie wykorzystywane sg w
kolejnych etapach fermentacji [18]. Fermentacja metanowa ma na celu zmniejszenie objetosci osadow i
ich stabilizacje. Niestety czesto zdarza sie tak, ze parametry osadéw po procesie fermentacji okreslane w
uwarunkowaniach prawnych, nie pozwalajg na wykorzystanie ich do wybranych celéw. Najczesciej
zwigzane jest to z duzg zawartoscig suchej masy organicznej w przefermentowanych osadach. Jedng z
substancji wplywajacg negatywnie na ten parametr jest celuloza, czyli trudno rozktadalny polimer
najpowszechniej wystepujacy w srodowisku [19]. Niemozliwo$¢ wykorzystania przefermentowanych
osaddéw, determinuje koniecznos¢ stosowania dodatkowych metod obrdbki osadéw sSciekowych przed
fermentacja, do ktdrych zaliczy¢ mozna chemiczne, termo-chemiczne, mechaniczne i biologiczne metody
[2]. Te ostatnie, zyskujg w ostatnim czasie coraz wieksza uwage, ze wzgledu na ich przyjazny srodowisku
charakter. Osady sciekowe sg zbiorowiskiem mikroorganizmdw, produkujgcych réznego rodzaju enzymy,
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ktore efektywnie rozkiadajg wiele substancji. Dlatego w prowadzonych badaniach podjeto decyzje o
weryfikacji wptywu celulolitycznych enzyméw na hydrolize osadéw sciekowych. Ze wzgledu jednak na to,
ze enzymy s dosy¢ wrazliwe i moga tatwo ulegac degradacji, zweryfikowane zostato ich dziatanie w formie
nieimmobilizowanej i immobilizowanej na nieorganicznym nosniku.

2. Materiaty i metody
2.1. Ekstrakcja i immobilizacja enzymow

Do ekstrakcji enzymow wykorzystano 50 ml mieszanej hodowli bakterii celulolitycznych i 150 ml ptynnego
podioza, w ktérym jedynym Zrédtem wegla byta karboksymetyloceluloza w postaci soli sodowej (5 g/L)
(Sigma-Aldrich). W tabeli 1 przedstawiono petny skfad wykorzystanego podioza. Hodowle prowadzono w
warunkach beztlenowych, w 37°C przez 7 dni z wytrzasaniem 100 rpm. Ekstrakcje przeprowadzono z
wykorzystaniem wirowania. Probke osadu wirowano przez 20 minut przy 2000 rpm w 4°C. Pozostata ciecz
nadosadowa stanowita Zrédto enzyméw. Oznaczono stezenie biatka, ktére wynosito 3089,3 mg/L.

Celem poréwnania efektywnosci wyizolowanych enzyméw w badaniach wykorzystano mieszaning
komercyjnie dostepnych celulolitycznych enzyméw zawierajgcych celulazy, B-glukozydazy i hemicelulazy
(Sigma Aldrich).

Tab. 1. Skfad podioza do hodowli bakterii celulolitycznych i produkcji enzymdéw w hodowli ptynne;j.

Sktadnik Stezenie, g/L
Karboksymetyloceluloza (CMC) | 5

NaNOs 1

K;HPO4 1

KCl 1

MgSOs 0,5

Ekstrakt drozdzowy 0,5

Glukoza 1

Wyizolowane enzymy poddano immobilizacji z wykorzystaniem nieorganicznego nosnika, jakim byt wegiel

aktywny.
2.2 Testy porcjowe krotkotrwatego wptywu enzymow na badane parametry osadu sciekowego

Immobilizowane i nieimmobilizowane enzymy dodano do 15 ml zmieszanego osadu sciekowego (osad
nadmierny zageszczony: osad wstepny zageszczony grawitacyjnie w stosunku 65%:35%) w temperaturze
37*C 120 rpm przez 60, 180 i 240 min. Do 15 ml osadu dodano odpowiednio 0,001g immobilizowanych
enzymow izolowanych lub komercyjnych i 500 yl nieimmobilizowanych enzymoéw izolowanych lub
komercyjnych.

2.2. Ekstrakcja polimerow zewnatrzkomorkowych (EPS)

Izolacje EPS prowadzono z wykorzystaniem ekstrakgji cieplnej przy 80°C i wirowania ([10]. Probke osadu
wirowano przez 20 minut przy 2000 rpm. Zlano ciecz nadosadowa, uzupetniono wodg destylowang do
objetosci poczatkowej probki, a nastepnie poddano ogrzewaniu przez godzine w 80°C. Po zakoriczonej
inkubacji ponownie uzupetniono odparowang ciecz do objetosci poczatkowej, probke wirowano przez 20
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min przy 2000 rpm oraz 20 min przy 3000 rpm. Supernatant uzyskany po wirowaniu stanowif ekstrakt
polimeréw zewnatrzkomérkowych.

2.3. Oznaczenie polimerow zewnatrzkomorkowych, lotnych kwaséw ttuszczowych i chemicznego
zapotrzebowania na tlen

W prébkach oznaczano EPS zwigzane, lotne kwasy tluszczowe i chemiczne zapotrzebowanie na tlen. EPS
oznaczano jako sume sacharydéw (PS) i biatek (PN). Oznaczenie zawartosci cukrow wykonano wedtug
Dubois i wsp., (1956). Zamiast 80% roztworu fenolu, wykorzystano fenol o stezeniu 5% [14]. Do oznaczenia
biatek wykorzystano gotowy zestaw Pierce™ BCA Protein Assay Kit i procedure probéwkowg zgodnie z
instrukcjg producenta (Thermo Fisher Scientific). Oznaczenie LKT i ChZT wykonano z wykorzystaniem
gotowych zestawdw zgodnie z instrukcjg producenta (Merck).

3. Wyniki i dyskusja

Przeprowadzone badania pozwolity poréwnac¢ wplyw enzymow celulolitycznych izolowanych z mieszanej
hodowli bakterii celulolitycznych bytujagcych w osadzie $ciekowym, oraz celulolitycznych enzymoéw
komercyjnych. Na rysunku 1 przedstawiono zmiany stezenia polimeréw zewngtrzkomoérkowych w
probkach niepoddawanych dziataniu zadnych czynnikéw (enzymoéw czy nosnika). Probki te stanowity
kontrole.
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Rys. 1. Zmiany stezenia EPS w czasie 0, 60, 180 i 240 min jako suma sacharydéw (PS) i biatek (PN) w
kontrolnej prébce osadu sciekowego, nienarazonego na dziatanie enzymow.

Na wykresie zaobserwowano wzrost stezenia EPS po 60 minutach inkubacji i nieznaczny spadek w
kolejnym wyznaczonym czasie pomiaru. Jedynym czynnikiem wplywajgcym na potencjalne zmiany w
stezeniach EPS w probie kontrolnej moglo by¢ wytrzasanie, ktére wymusito na mikroorganizmach
koniecznos¢ wzmozonej produkcji EPS celem ochrony przed zmianami w srodowisku. Ze wzgledu jednak
na to, ze oddzialywanie nie byto dla mikroorganizméw nadmiernie stresujace, w kolejnych godzinach nie
zaobserwowano wzrostu stezenia sacharydow i biatek, a sumaryczny poziom EPS zaczat sie stabilizowac.

Na rysunku 2 przedstawiono zmiany stezenia EPS w probkach wystawionych na dziatanie
nieimmobilizowanych enzymdw izolowanych z mieszanej hodowli bakterii celulolitycznych.
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Rys. 2. Zmiany stezenia EPS w czasie 0, 60, 180 i 240 min jako suma sacharydéw (PS) i biatek (PN) w
probce osadu sciekowego poddawanego na dziatanie nieimmobilizowanych enzymdéw izolowanych z
celulolitycznych mikroorganizméw osadu czynnego.

Po 180 minutach kontaktu osadu z enzymami obserwowany jest spadek stezenia EPS, co moze swiadczy¢
o degradacyjnym wplywie enzyméw na badane polimery zewnatrzkomdrkowe. Konsekwencjg degradaciji
EPS w osadzie sciekowym moze by¢ zakwaszanie osadu, co wspomaga hydrolize, a w konsekwencji proces
fermentacji metanowej [16]. Po 240 minutach stezenie EPS bylo nizsze o 38%, w poréwnaniu ze stezeniem
zmierzonym na poczatku eksperymentu.

W przypadku nieimmobilizowanych enzymoéw komercyjnych obserwowany jest wzrost stezenia EPS (rys.
3.). Najprawdopodobniej jest to odpowiedZ mikroorganizméw na stresujgce warunki, wywotane
wprowadzeniem do prébki enzyméw celulolitycznych lub zwiekszonej ilosci tatwo przyswajalnych
substancji, powstatych jako produkty rozkiadu zlozonych zwigzkéw przez enzymy [12]. W skiad
komercyjnej mieszaniny enzymoéw celulolitycznych wchodza celulazy, B-glukozydazy i hemicelulazy, ktére
efektywnie rozkladajg celuloze, hemiceluloze, ale takze inne cukry [6]. Na rysunku 4 przestawiony zostat
wplyw wegla aktywnego na stezenie EPS.
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Rys. 3. Zmiany stezenia EPS w czasie 0, 60, 180 i 240 min jako suma sacharydow (PS) i biatek (PN) w
probce osadu $ciekowego poddawanego na dziatanie nieimmobilizowanych celulolitycznych enzyméw
komercyjnych.
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Rys. 4. Zmiany stezenia EPS w czasie 0, 60, 180 i 240 min jako suma sacharydéw (PS) i biatek (PN) w
probce osadu $ciekowego poddawanego na dziatanie wegla aktywnego.

W przypadku wegla aktywnego obserwowany jest spadek stezenia EPS, co moze by¢ zwigzane z
wiasciwosciami wegla aktywnego, czyli zdolnoscig do sorbowania réznych substancji i zwigzkéw na swojej
powierzchni. Jiang i wsp. [2021] zaobserwowali, Ze lepiej adsorbuja sie na granulowanym weglu aktywnym
substancje o wigkszej masie czasteczkowej, tj. biatka, sacharydy, niz mate czasteczki, takie jak LKT czy
glukoza. Podobnie rezultaty obserwowane s3 w opisywanych przez nas badaniach, w ktorych
wykorzystywany byt sproszkowany wegiel aktywny. Wegiel aktywny sprzyja poprawie réznorodnosci
mikroorganizméw bytujacych w osadach sciekowych, poprawiajac stabilnos¢ struktury spotecznosci
najprawdopodobniej na skutek adsorpcji mikroorganizméw na powierzchni wegla aktywnego [8; 15].
Dzieki temu mikroorganizmy obecne w osadzie sa w stanie efektywniej hydrolizowa¢ dostepne zwigzki
organiczne, a przez to intensyfikowaé proces fermentacji metanowej [17].

Wplyw immobilizowanych enzyméw celulolitycznych przedstawiono na rysunku 5. Uzyskane stezenia
réwniez potwierdzaja degradacyjny wptyw enzymdw na obecne w osadzie polimery zewnatrzkomdérkowe.
W poréwnaniu z nieimmobilizowanymi enzymami, spadek stezenia EPS obserwuje sie juz w 60 minucie
testu. Spadek zaobserwowano réwniez przy wykorzystaniu samego wegla aktywnego, co moze swiadczy¢
0 wsparciu enzymatycznej obrébki przez nosnik sam w sobie. Powierzchnia wykorzystywanego nosnika nie
zostata w petni pokryta przez enzymy, pozostawiajgc na nim wolne przestrzenie, przez co w probkach z
immobilizowanymi enzymami obserwowany byt wptyw zaréwno enzymow jak i samego nosnika. Stezenie
EPS w prdbkach osadu sciekowego z immobilizowanymi enzymami izolowanymi spadio o 62% po 60
minutach kontaktu. W przypadku wykorzystania samego wegla aktywnego, maksymalny procent
degradacji zaobserwowano po 180 minutach kontaktu (o 36%).
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Rys. 5. Zmiany stezenia EPS w czasie 0, 60, 180 i 240 min jako suma sacharydow (PS) i biatek (PN) w
prébce osadu $ciekowego poddawanego na dziatanie immobilizowanych enzymdéw izolowanych z
celulolitycznych mikroorganizméw osadu czynnego.

Immobilizowane enzymy komercyjne pozwolity na degradacje EPS w 17% w ciggu pierwszych 60 minut. W
trakcie kolejnego pomiaru po 180 minutach, kontakt komercyjnych nieimmobilizowanych enzyméw
celulolitycznych doprowadzit do wzrostu produkcji EPS w badanym osadzie o 25% w stosunku do
poczatkowej zawartosci EPS w osadzie i o ponad 50% w stosunku do stezenia obserwowanego w czasie 60
min od rozpoczecia testu. Wzrost stezenia EPS moze swiadczy¢ by¢ spowodowany zmiang warunkéw
panujacych w srodowisko na skutek zwiekszonej degradacji zwigzkéw organicznych obserwowanych na
podstawie wyznaczonego stezenia ChZT (rys. 7), co przyczynito sie do zwiekszonej produkcji EPS. Obnizenie
stezenia EPS po 240 minutach kontaktu z enzymami moze by¢ konsekwencjg kontynuacji degradacyjnego
wplywu enzymow na EPS, ktorych wartosci uksztattowaly sie ponownie na poziomie stezenia
obserwowanego po 60 minutach inkubacji. W przypadku immobilizowanych enzyméw izolowanych i
komercyjnych widoczne s3 spadki stezenia EPS po 60 minutach i ponowny wzrost po 180 minutach. W
przypadku enzymow izolowanych spadek jest wiekszy, niz w przypadku enzyméw nieimmobilizowanych
co sugeruje wzmacniajacy i stabilizujgcy efekt dziatania wegla aktywnego. W przypadku enzymoéw
komercyjnych, immobilizacja enzymdéw na nosniku mogta wplynaé na ograniczenie intensywnego wptywu
na rozklad substancji organicznej, przez co mikroorganizmy nie zostaly wystawione na dziatanie
stresujgcych dla nich warunkéw. Wydluzanie czasu kontaktu enzyméw z osadem bezposrednio
wplywajacy na wydtuzanie czasu inkubacji w fazie stacjonarnej moze prowadzi¢ do obnizenia stezenia EPS
[13]. Ponowny spadek po 240 minutach testu mdgt byé spowodowany wyczerpaniem
wielkoczasteczkowych zwigzkéw organicznych obecnych w osadzie sciekowym, przez co enzymy zaczely
degradowac polimery zewnatrzkomérkowe.

Podobne wahania stezenia EPS, jak w przypadku immobilizowanych enzymoéw izolowanych,
zaobserwowano w prébkach z immobilizowanymi enzymami komercyjnymi, przedstawionymi na rys. 6.
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Rys. 6. Zmiany stezenia EPS w czasie 0, 60, 180 i 240 min jako suma sacharydéw (PS) i biatek (PN) w
probce osadu $ciekowego poddawanego na dziatanie immobilizowanych celulolitycznych enzyméw
komercyjnych.

Na wykresie przedstawiajgcym stezenie EPS w osadzie poddanym dziataniu immobilizowanych enzyméw
komercyjnych (rys. 6) widoczny jest spadek stezenia w 60 minucie i ponowny wzrost po 180 minutach
prowadzenia testu. Po 240 minutach kontaktu osadu z immobilizowanymi enzymami komercyjnymi
obserwuje sie spadek. Przebieg procesu dla immobilizowanych enzyméw izolowanych i komercyjnych jest
podobny, z t3 réinicg, ze w przypadku enzyméw komercyjnych zmiany stezenia sg wigksze. Po 240
minutach kontaktu enzymoéw komercyjnych z osadem, stezenie EPS spadio do poziomu obserwowanego
w probkach z weglem aktywnym po tym samym czasie, co moze sugerowac wyczerpanie sie enzymu na
nosniku lub jego denaturacje na skutek zakwaszenia srodowiska i wspomaganie procesu jedynie na skutek
dziatania samego nosnika. To sugerowaloby, ze immobilizacja enzymu komercyjnego nie zwieksza jego
stabilnosci. Spadek stezenia EPS w prébkach z dodatkiem immobilizowanych enzyméw izolowanych
obserwuje o 38% pomiedzy czasem 180 i 240 min. W przypadku enzyméw komercyjnych spadek stezenia
wynosi 45%.Wyniki stezenia EPS faczg sie rowniez z poziomem stezen lotnych kwasow tluszczowych
oznaczonych w prébkach. Procentowg zawartos¢ lotnych kwaséw ttuszczowych przedstawiono na rys. 7.
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Rys. 7. Procentowa zawartos¢ LKT w badanym osadzie sciekowym, poddanym dziataniu wegla aktywnego
i enzymow nieimmobilizowanych i immobilizowanych.
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Wzrost stezenia LKT prowadzi do zakwaszania osadu i swiadczy o efektywnej hydrolizie tluszczy. Na
rysunku 8 widoczny jest znaczny wzrost stezenia LKT w przypadku nieimmobilizowanych enzymoéw
komercyjnych. Obserwowany jest juz po 60 minutach, co potwierdza przypuszczenia o zakwaszaniu osadu.
Dodatek nieimmobilizowanych enzyméw komercyjnych doprowadzit do wzrostu stezenia EPS, ktdry
scharakteryzowany byt wczesniej jako odpowiedZ mikroorganizmoéw na stresujgce warunki. Mogly one
zosta¢ wiasnie wywotane naglym pojawieniem sie duzej ilosci lotnych kwasow tluszczowych, ktérych
stezenie w ciggu pierwszych 60 minut testu wzrosfo o ponad 1500%, a w 240 minucie o okoto 1856% w
poréwnaniu z probg kontrolng. Wzrost stezenia LKT w przypadku immobilizowanych enzymoéw
izolowanych byt wiekszy, niz w przypadku immobilizowanych enzyméw komercyjnych o 50% po 180
minutach trwania testu i 19% po 240 minutach trwania testu. Zmiany stezenia LKT zmierzone w prébkach
z immobilizowanymi enzymami izolowanymi 180 minucie odpowiadajg wzrostowi stezenia EPS, co bylo
najprawdopodobniej czynnikiem zmuszajgcym bakterie do produkcji EPS jako ochrony przed
niepozgdanym czynnikiem. W 240 minucie stezenie LKT obnizylo sig, jak i stezenie EPS. Stezenie LKT w
probkach z weglem aktywnym wzrosfo o 250% po 180 minutach trwania testu, co potwierdza doniesienia
literaturowe o zakwaszajgcym dziataniu wegla aktywnego na wczesnym etapie [17].

Parametrem pozwalajacym okresli¢ efektywnos¢ rozktadu substancji organicznej w osadzie bylo stezenie
chemicznego zapotrzebowania na tlen (rys. 8.).
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Rys. 8. Procentowa zawarto$¢ ChZT w badanym osadzie sciekowym, poddanym dziataniu wegla aktywnego
i enzymow nieimmobilizowanych i immobilizowanych.

Wszystkie badane czynniki wplynely na wzrost stezenia ChZT, co swiadczy o wzroscie biodegradowalnosci
osadu [1]. Ponownie najwieksze stezenie obserwowane bylo przy kontakcie osadu z nieimmobilizowanych
enzymami komercyjnymi. Wskazuje to na intensywny wzrost substancji organicznej, co laczy sie ze
wzrostem EPS. Wysoki poziom stezenia ChZT obserwowany byt rowniez w probkach z samym weglem
aktywnym i immobilizowanymi enzymami komercyjnymi. Dodatek wegla aktywnego sprawia, ze struktura
spotfecznosci mikroorganizmdéw osadu czynnego jest bardziej stabilna, przez co efektywniej wykorzystuje
materie organiczng [7]. W probkach z izolowanymi enzymami immobilizowanymi obserwuje sie mniejsze
stezenie ChZT, niz w prébkach z samym weglem aktywnym, co wskazuje na wspomaganie degradujgcego
dziatania enzymoéw izolowanych.

4. Podsumowanie
Enzymy celulolityczne produkowane przez autochtoniczne bakterie osadu $ciekowego i celulolityczne

enzymy komercyjne wspomagaja hydrolize i poprawiajg stopieri biodegradowalnosci osadu sciekowego.
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Na podstawie przeprowadzonych badar stwierdzono efektywng degradacje EPS w osadzie sciekowym,
poddanym dziataniu nieimmobilizowanych enzymoéw celulolitycznych produkowanych przez bakterie
osadu $ciekowego. Zaobserwowano réwniez, ze nawet krétkotrwaty kontakt osadu z enzymami wplywa
pozytywnie na degradacje substancji organicznych i poprawe hydrolizy badanych osadéw. Jednoczesnie,
sam wegiel aktywny efektywnie wspomaga hydrolize osaddw, przez co wykorzystanie go jako nosnika dla
enzymow celulolitycznych przynosi dodatkowg korzysé. Wykorzystanie wegla aktywnego jako nosnika
dodatkowo stabilizuje dziatanie enzymdéw produkowanych przez bakterie osadu sciekowego i enzymy
komercyjne. Uzyskane wyniki zachecajg do rozszerzenia badan o kolejne parametry charakteryzujgce
efektywnos¢ tego rodzaju obrébki osadu i weryfikacje mozliwosci przeskalowania eksperymentu.

Dodatkowe informacje

Badania wspierane przez Politechnike Slaska, Wydziat Inzynierii Srodowiska SUT 08/070/BKM24/0033
(BKM-715/RIE7/2024) w ramach subwencji na utrzymanie i rozwéj potencjatu badawczego Miodzi
Naukowcy. A. Ziembiriska-Buczyriska jest finansowana z projektu Politechniki Slaskiej nr:
08/070/BK_24/0031 (BK-217/RIE7/2024).

Literatura

1. Bohdziewicz J., Kuglarz M., Griibel K., The influence of microwave irradiation on the increase of waste
activated sludge biodegradability; Architecture, Civil Engineering, Environment, 4, 2011.

2. Cwiertniewicz-Wojciechowska M., Cema G., Ziembiriska-Buczyriska A., Sewage sludge pretreatment:
current status and future prospects; Environmental Science and Pollution Research, 30, 2023

3. Dubois M., Gilles K. A., Hamilton J. K., Rebers P. A., Smith F., Colorimetric method for determination
of sugars and related substances; Anal. Chem., 28, 1956

4. Eam T., Chaiprapat S., Charnnok N., Emhannced enzymatic hydrolysis and methane production from
subber wood waste usting steam explosion; Journal of Environmental Management, 235, 2019

5. Ferrer 1., Passos F., Romero E., Vazquez F., Font X., Optimising sewage sludge anaerobic digestion fo
resource recovery in wastewater treatment plants; Renewable Energy, 224, 2024

6. Gao D., Uppugundla N., Chundawat S., Yu X., Hermanson S., Gowda K., Brumm P., Mead D., Balan V.,
Dale B. E., Hemicellulases and auxiliary enzymes for improved conversion of lignocellulosic biomass to
monosaccharides; Biotechnology for Biofuels, 4, 2011

7. Guo Js., Xu YF., Review of Enzymatic Sludge Hydrolysis; J Bioremed Biodegrad 2, 2011

8. He Z-W., Tang C-C., Liu W-Z., Ren Y-X., Guo Z-C., Zhou A-J., Wang J., Yang C-X., Wang A-J., Enhanced
short-chain fatty acids production from waste activated sludge with alkaline followed by potassium ferrate
treatment; Bioresource Technology, 289, 2019

9. Jiang W., Liu H., Zhang Y., Cui M-h., Fu B,, Liu H-b., Insight into sludge anaerobic digestion with granular
activated carbon addition: Methanogenic acceleration and methane reduction relief; Bioresource
Technology, 319, 2021

10. Karapangiotis N. K., Rudd T., Sterritt R. M., Lester J. N., Extraction and characterization of extracellular
polymers in digested sewage sludge; ] Chem Technol Biotechnol, 44, 1989

11.Li Y., Chen Z., Peng Y., Huang W., Liu J., Mironov V., Zhang S., Deeper insights into the effects of
substrate to inoculum ratio selection on the relationship of kinetic parameters, microbial communities,
and key metabolic pathways during the anaerobic digestion of food waste; Water Research, 217, 2022

109



Wspétczesne Problemy Ochrony Srodowiska i Energetyki 2024

12. Liu X., Liu J., Deng D., Li R., Guo C., Ma J., Chen M., Investigation of extracellular polymeric substances
(EPS) in four type of sludge: Factors influencing EPS properties and sludge granulation; Journal of Water
Process Engineering, 40, 2021

13. LiuY., LvW.Z, Zhang Z.Q., Xia S.Q., Influencing characteristics of short-time aerobic digestion on spatial
distribution and adsorption capacity of extracellular polymeric substances in waste activated sludge; Rsc
Adv., 8,2018

14. Raunkjeer K., Hvitved-Jacobsen T., Nielsen P., Measurement of pools of protein, carbohydrate and lipid
in domestic wastewater; Water Research, 28, 1994

15. WangD., Huang Y., Xu Q., LiuX., Yang Q., Li X., Free ammonia aids ultrasound pretreatment to enhance
short-chain fatty acids production from waste activated sludge; Bioresource Technology, 275, 2019

16. Wang X., Zhang M., Zhou Z., Qu T., Ran J., Zhang J., Li X., Zhang L., Zhang A., Effect of extracellular
polymeric substances removal and re-addition on anaerobic digestion of waste activated sludge; Journal
of Water Process Engineering, 57, 2024

17. Wu F,, Xie J., Xin X., He J., Effect of activated carbon/graphite on enhancing anaerobic digestion of
waste activated sludge; Front. Microbiol., 13, 2022

18. Xiao L., Liu J., Kumar P. S., Zhou M., Yu J., Lichtfouse E., Enhanced methane production by granular
activated carbon: A review; Fuel, 320, 2022

19. Zhu Q., Dai L., Wang Y., Tan F., Chen C., He M., Maeda T., Enrichment of waste sewage sludge for
enhancing methane production from cellulose; Bioresource Technology, 321, 2021

110

10



e
=
0

B E
Z.
O
—
O
)
_<

Comparative Enzymatic Pretreatment of Sewage Sludge:
Physicochemical Parameters and Microbial Community

Effects

Journal:

Environmental Technology

Manuscript ID

Draft

Manuscript Type:

Original Article

Date Submitted by the
Author:

n/a

Complete List of Authors:

Cwiertniewicz—Wojciechowska, Magdalena; Silesian University of
Technology Faculty of Energy and Environmental Engineering

Wolny, Anna; Silesian University of Technology Faculty of Chemistry
Cema, G; Silesian University of Technology Faculty of Energy and
Environmental Engineering

Ziembinska-Buczynska, A; Silesian University of Technology Faculty of
Energy and Environmental Engineering

Keywords:

sewage sludge, autochthonous cellulolytic enzymes, commercial
cellulases, biological treatment, microbial community

MANUSCRIPTS

rlil SCHOLARONE

URL: http:/mc.manuscriptcentral.com/tent




Page 1 of 44

oNOYTULT D WN =

Hydrolysis of Organic Matter Enzymatic Treatment

; - Tested
37°C, anaerobic conditions Free B B =4 enzymes
-, ) L
e’ Autochthonous %
/ Bacteria
s (Sewage sludge) Free Immobilized on
activated carbo;
1]

o Autochthonous enzymes = Commercial  Immobilized enzymes

Free enzymes » Microbial diversity 1 Microbial 4 Microbial |
y richness richness |

1+SS+IEg | +SS

Physicochemical Parameters & o Strongestcorelationfor © © © (@ | o ® . .,
Microbial Community Structure free commercialenzymes © © © ® oo @ @
e Total Nitrogen (NHa™-N) ® Commercial CellicCTec2 *. 0| 0@ @
. o0 0
& Chemical Oxygen Demand (COD) broaden richness 000000
+ Autochthonous enzymes as an effective
alternative to commercial preparations
L i i iz

541x361mm (72 x 72 DPI)

URL: http:/mc.manuscriptcentral.com/tent



oNOYTULT D WN =

Page 2 of 44

Source and Isolation ;{P‘

e Anaerobic Digestion
' (AMPTS, 15 days)

37°C,
anaerobic conditions Isolated Commercial 37°C, anaerobic
enzymes enzymes
2 ) Digester i
sludge ‘ B — @ EE #
Enzyme Immobilized Inoculum: =)
Q extraction (on actlvatedcabotl) Titiriobilized on

activated carbon
Bacterial culture @ E I

isolated fromthe sludge [ m— Immaobilzedon
(non~immobilized4 activated carbon Free I Cab
v

b Anaerobic Digestion (AMPTS) 4J

- Correlation between physicochemical
parameters and microbial community.
- Response for the enzymatic
treatment.

1 Total Ammonium Microbial
# Nitrogen @ (NHa"N) ( Community
- = L
Fatty Acids

 Fointxute |
Figure 1. Schematic diagram of the steps taken to achieve the implementation of the planned

experiment.
The abbreviations used for the experimental variants are explained in Table 1.
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21 Figure 2. Total nitrogen concentration, measured in the sewage sludge treated with immobilized
and non-immobilized enzymes, before and after methane production measured in the automatic
methane potential test system (AMPTS). [;- inoculum before the AMPTS, SS,- mixed sludge
25 (thickened primary + waste activated sludge before the AMPTS), INE- sample of inoculum
26 after AMPTS, [ + SS + IE- inoculum + mixed sludge + isolated enzyme, I + SS + CE- inoculum
27 + mixed sludge + commercial enzyme, I + IE- inoculum + isolated enzymes, I+CE- inoculum
28 + commercial enzymes, [ + SS + carb- inoculum + mixed sludge + activated carbon. Note: Data
29 are presented as means =+ standard deviations (n = 4). Error bars represent the standard errors.
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Figure 3. Ammonium concentration, measured in the sewage sludge treated with immobilized
and non-immobilized enzymes, before and after methane production, measured in the automatic
methane potential test system (AMPTS). Iy- inoculum before the AMPTS, SSo- mixed sludge
(thickened primary + waste activated sludge before the AMPTS), INE- sample of inoculum
after AMPTS, [ + SS + IE- inoculum + mixed sludge + isolated enzyme, I + SS + CE- inoculum
+ mixed sludge + commercial enzyme, I + IE- inoculum + isolated enzymes, I+CE- inoculum
+ commercial enzymes, [ + SS + carb- inoculum + mixed sludge + activated carbon. Note: Data
are presented as means + standard deviations (n = 4). Error bars represent the standard errors.
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Figure 4. Volatile fatty acids concentration, measured in the sewage sludge treated with
immobilized and non-immobilized enzymes, before and after methane production measured in
the automatic methane potential test system (AMPTS). ;- inoculum before the AMPTS, SS,-
mixed sludge (thickened primary + waste activated sludge before the AMPTS), INE- sample of
inoculum after AMPTS, I + SS + IE- inoculum + mixed sludge + isolated enzyme, I + SS +
CE- inoculum + mixed sludge + commercial enzyme, I + IE- inoculum + isolated enzymes,
[+CE- inoculum + commercial enzymes, [ + SS + carb- inoculum + mixed sludge + activated
carbon. Note: Data are presented as means =+ standard deviations (n = 4). Error
bars represent the standard errors.
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Figure 5. Chemical oxygen demand concentration, measured in the sewage sludge treated with
immobilized and non-immobilized enzymes, before and after methane production measured in
the automatic methane potential test system (AMPTS). I,- inoculum before the AMPTS, SS,-
mixed sludge (thickened primary + waste activated sludge before the AMPTS), INE- sample of
inoculum after AMPTS, I + SS + IE- inoculum + mixed sludge + isolated enzyme, I + SS +
CE- inoculum + mixed sludge + commercial enzyme, I + IE- inoculum + isolated enzymes,
[+CE- inoculum + commercial enzymes, I + SS + carb- inoculum + mixed sludge + activated
carbon. Note: Data are presented as means = standard deviations (n = 4). Error
bars represent the standard errors.
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Figure 6. Microbial community structure at the phylum, regarding the 22 most abundant
groups of bacteria in the sludges. Sequences that accounted for less than 1% of the population
were grouped into the category “Others”.
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Figure 7. Pearson correlation coefficient between physicochemical parameters and microbial
abundance ratio in the consortia at the phylum level using isolated (A) and commercial (B)
enzymes. The red color indicates a decrease in one parameter with an increase in the second
parameter. The blue color indicates a relation between the increase or decrease of two
parameters simultaneously, microbial abundance and physicochemical parameters.
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Table S1. Abundance of the bacteria present in the sewage sludge, treated with immobilized, isolated, and commercial enzymes, among the

genus. 10- inoculum before the AMPTS, SSO- mixed sludge (thickened primary + waste activated sludge before the AMPTS), I + SS- sample of

inoculum and mixed sludge after AMPTS, during the test with addition of immobilized enzymes for remaining samples, I + SS + IE- inoculum +

mixed sludge + isolated enzyme, I + SS + CE- inoculum + mixed sludge + commercial enzyme).

10 SS0 1+SS [+SS+IE I+SS+CE
Acetothermiia 1.509% | Bacteroidales 1.009%

Acetothermiia 2.151% | Acetothermiia 2.668% | Acetothermiia 2.754%
Aminicenantales 1.227% | Bacteroides 2.016% | Aminicenantales 1.888% | Aminicenantales 1.791% | Aminicenantales 1.669%
Thermoanaerobaculum | 1.387% | Prevotella 8.991% | Thermoanaerobaculum 1.373% | Thermoanaerobaculum | 1.195% | Thermoanaerobaculum | 1.437%
Bacteroidetes 4.757% | Terrimonas 1.043% Bacteroidetes Bacteroidetes
vadinHA17 Bacteroidetes vadinHA17 | 7.94% | vadinHA17 6.548% | vadinHA17 6.61%
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Prolixibacteraceae; 3.524% | £ _Saprospiraceae; 6.671% | Prolixibacteraceae; Prolixibacteraceae; Prolixibacteraceae;
g uncultured g uncultured g uncultured 6.803% | g uncultured 5.992% | g_ uncultured 6.309%
DMERG64 2.021% | SJA-28 1.628% | DMER64 2.641% | DMER64 2.209% | DMERG64 2.518%
dBlvii28 wastewater- 4.321% | Arcobacter 1.124% | Blvii28 wastewater- Blvii28 wastewater- Blvii28 wastewater-
sludge group sludge group 6.066% | sludge group 5.756% | sludge group 5.663%
f Saprospiraceae; 2.575% | Butyrivibrio 2.305% | Saprospiraceae
g uncultured ;g uncultured 1.011% | Lentimicrobium 1.892% | Lentimicrobium 1.876%
Lentimicrobium 1.726% | Ruminococcus 1.012% | Lentimicrobium 1.963% | JS1 3.501% | JS1 3.149%
SJA-28 1.231% | Acidaminococcaceae; | 1.261%
g uncultured SJA-28 1.167% | Leptolinea 2.95% | Leptolinea 2.869%

JS1 1.643% | Leptotrichia 1.771% Anaerolineaceae; Anaerolineaceae;

JS1 1.318% | g_ uncultured 6.943% | g uncultured 7.076%
Leptolinea 1.776% | Nitrospira 2.648% Candidatus Candidatus

Leptolinea 1.997% | Cloacimonas 2.573% | Cloacimonas 2.774%
f _Anaerolineaceae; 5.393% | Novosphingobium 1.044% | Anaerolineaceae;
g uncultured g uncultured 4.065% | W5 1.355% | W5 1.419%
Candidatus 3.457% | Sphingomonadaceae; | 1.114%
Cloacimonas g uncultured Candidatus Cloacimonas 2.751% | Smithella 2.874% | Smithella 3.131%
W35 1.685% | f Comamonadaceae | 1.418% Syntrophales; Syntrophales;

f uncultured; f uncultured;

W5 1.839% | g_ uncultured 2.223% | g_ uncultured 2.306%
Smithella 1.856% | Rhodoferax 1.641% | Smithella 2.606% | Syntrophorhabdus 2.106% | Syntrophorhabdus 2.388%
o__Syntrophales; 1.153% | Dechloromonas 1.051% | Syntrophales;
f uncultured; f uncultured; Gracilibacteraceae, Gracilibacteraceae;
g uncultured g uncultured 2.308% | g uncultured 2.489% | g uncultured 2.334%
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Syntrophorhabdus 1.777% | SC-1-84 1.08% | Syntrophorhabdus 2.086% | Sedimentibacter 1.277% | Sedimentibacter 1.679%
f _Gracilibacteraceae; | 2.832% | Acinetobacter 2.801% | Gracilibacteraceae;
g uncultured g uncultured 2.642% | DTUO14 2.162% | DTUO014 2.185%
DTUO014 1.412% | Dokdonella 2.263% | Sedimentibacter 1.18% | Dojkabacteria 3.372% | Dojkabacteria 3.126%
Dojkabacteria 4.456% Spirochaetaceae; Spirochaetaceae;
DTUO14 2.185% | g uncultured 3.097% | g uncultured 3.153%
Spirochaetaceae; 3.119%
g__ uncultured Dojkabacteria 3.931% | ADurb.Bin063-1 1.398% | ADurb.Bin063-1 1.261%
Spirochaetaceae;
g uncultured 2.877%
ADurb.Bin063-1 1.327%
Table S2. Abundance of the bacteria present in the sewage sludge, treated with non-immobilized isolated and commercial enzymes, among the
genus. 10- inoculum before the AMPTS, SS0- mixed sludge (thickened primary + waste activated sludge before the AMPTS), I + SS- sample of
inoculum and mixed sludge after AMPTS, during the test with addition of immobilized enzymes for remaining samples, I + SS + IE- inoculum +
mixed sludge + isolated enzyme, I + SS + CE- inoculum + mixed sludge + commercial enzyme).
10 SS0 I+SS I+SS+IE I+SS+CE
5.25%
Acetothermiia 4.943% | Bacteroides 4.048% | Acetothermiia 4.549% | Acetothermiia 4.298% | Acetothermiia
Aminicenantales 1.817% | Macellibacteroides 1.821% | Aminicenantales 2.178% | Aminicenantales 2.268% | Aminicenantales 2.094%
Thermoanaerobaculum | 2.744% | 37-13 1.743% | Thermoanaerobaculum | 1.931% | Thermoanaerobaculum | 2.05% | Thermoanaerobaculum | 1.92%
Bacteroidetes Saprospiraceae; 1.192%
vadinHA17 4.836% | g_ uncultured 10.54% | 009E01-B-SD-P15 1.19% | 009E01-B-SD-P15 1.141% | 009E01-B-SD-P15
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Chitinophagales, 6.3%

Prolixibacteraceae; f uncultured; Bacteroidetes Bacteroidetes Bacteroidetes
g uncultured 4.07% | g uncultured 1.01% | vadinHA17 6.797% | vadinHA17 6.794% | vadinHA17

Prolixibacteraceae; Prolixibacteraceae; Prolixibacteraceae; 6.452%
DMER64 1.616% | NS9 marine group 1.265% | g uncultured 7.63% | g uncultured 8.194% | g uncultured
Blvii28 wastewater- 1.886%
sludge group 4.897% | Cloacibacterium 1.737% | DMER64 2.009% | DMER64 2.162% | DMER64
Saprospiraceae; Blvii28 wastewater Blvii28 wastewater- Blvii28_ wastewater- 4.974%
g uncultured 1.716% | SJA-28 1.807% | sludge group 5.763% | sludge group 5.07% | sludge group
Lentimicrobium 2.098% | Arcobacteraceae 1.214% | Lentimicrobium 2.866% | Lentimicrobium 2.759% | Lentimicrobium 2.928%
JS1 5.36% | Arcobacter 2.883% | SJA-28 1.71% | SJA-28 1.633% | SJA-28 1.081%
Leptolinea 1.987% | Leptotrichia 1.128% | JS1 2.242% | JS1 2.861% | JS1 5.781%
Anaerolineaceae; 1.831%
g uncultured 5.575% | Nitrospira 2.934% | Leptolinea 1.345% | Leptolinea 1.576% | Leptolinea
Candidatus Anaerolineaceae; Anaerolineaceae; Anaerolineaceae; 2.907%
Cloacimonas 1.223% | Aeromonas 2.795% | g uncultured 3.183% | g uncultured 3.038% | g uncultured

Candidatus Candidatus Candidatus 1.904%
W5 1.168% | Comamonas 1.056% | Cloacimonas 1.729% | Cloacimonas 1.709% | Cloacimonas
Smithella 2.819% | Dechloromonas 1.025% | W5 1.654% | W5 1.711% | W5 2.249%
Syntrophales; 2.785%
f uncultured; Candidatus
g uncultured 2.063% | Competibacter 1.122% | Smithella 2.531% | Smithella 2.58% | Smithella

Syntrophales; Syntrophales; Syntrophales; 2.905%

f uncultured; f uncultured; f uncultured;
Syntrophorhabdus 1.749% | Acinetobacter 3.492% | g_ uncultured 2.28% | g uncultured 2.462% | g__ uncultured
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Gracilibacteraceae; Verrucomicrobiaceae; 2.6%
g uncultured 1.886% | g uncultured 1.408% | Syntrophorhabdus 2.415% | Syntrophorhabdus 2.489% | Syntrophorhabdus
Gracilibacteraceae, 1.075%
DTUO014 1.616% g uncultured 1.724% | Izemoplasmatales 1.006% | Izemoplasmatales
Gracilibacteraceae; Gracilibacteraceae; 1.795%
Dojkabacteria 2.559% Sedimentibacter 1.714% | g uncultured 1.979% | g uncultured
Spirochaetaceae; 1.505%
g uncultured 1.977% DTU014 1.517% | Sedimentibacter 1.356% | DTUO14
LD1-PA32 1.141% Dojkabacteria 3.964% | DTUO14 1.485% | Dojkabacteria 2.498%
Spirochaetaceae; Spirochaetaceae; 2.404%
g uncultured 2.003% | Dojkabacteria 3.504% | g_ uncultured
Spirochaetaceae; 1.488%
ADurb.Bin063-1 1.164% | g__uncultured 1.938% | ADurb.Bin063-1
ADurb.Bin063-1
1.09%
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Table 1. Abbreviations of experimental variants used in the study
Abreviation Description

S50

10

INE

I+SS
I+SS+IE
I+SS+CE
I+IE
I+CE
I+SS+carb

mixed sludge before AMPTS

inoculum before AMPTS

inoculum after AMPTS

inoculum with mixed sludge

inoculum with mixed sludge and isolated enzyme
inoculum with mixed sludge and commercial enzyme
inoculum with isolated enzyme

inoculum with commercial enzyme

inoculum with mixed sludge and activated carbon
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Table 2. The microbial diversity indices, Shannon and Simpson, of bacteria present in the
sludge during the methane fermentation measured in an automatic methane potential test system
(AMPTS) with the addition of immobilized enzymes, with an average of observed OTUs. I-
Inoculum, SS- mixed sludge, IE- isolated enzyme, CE- commercial enzyme.
Shannon (H’) Simpson (S) Richness Average of observed OTUs

9 I+SS 4.69 0.98 603 200.04

10 [+SS+IE 4.61 0.98 474 193.79

[+SS+CE 4.74 0.98 678 219.74

oNOYTULT D WN =
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Table 3. Microbial diversity indices, Shannon and Simpson of bacteria present in the sludge
during the methane fermentation measured in an automatic methane potential test system
(AMPTS) with the addition of non-immobilized enzymes, with an average of observed OTUs.
I- Inoculum, SS- mixed sludge, IE- isolated enzyme, CE- commercial enzyme.

Shannon (H’)  Simpson (S) Richness Average of observed OTUs

I+SS 4.69 0.98 622 208.63
[+SS+IE 4.7 0.98 679 236.67
I+SS+CE 4.6l 0.98 612 228.79
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Abstract

Effective biological treatment of sewage sludge depends on the use of methods that support the
hydrolysis of organic matter. In this study, we evaluated the effects of enzymes isolated from
autochthonous cellulolytic bacteria naturally present in sewage sludge and compared them with
commercial cellulases (Cellic CTec2, Novozymes). We analyzed their influence on selected
physicochemical parameters of sludge and on microbial community structure. Both free
enzymes and enzymes immobilized on activated carbon were tested. The use of autochthonous
cellulolytic enzymes did not cause significant changes in the final values of the analyzed
physicochemical parameters and did not clearly disturb the microbial community structure.
However, the type of enzyme and the way it was applied affected microbial richness and
diversity. Immobilized isolated enzymes reduced community richness, while immobilized
commercial enzymes increased it. For non-immobilized enzymes, regardless of their origin, an
increase in microbial diversity was observed. Correlation analysis showed relationships
between most of the analyzed physicochemical parameters, except NH4-N, and the dominant
bacterial groups. The strongest relationships were found in variants with non-immobilized
commercial enzymes. These results suggest that autochthonous enzyme systems may be an

alternative to commercial preparations in the biological treatment of sewage sludge.

Keywords: sewage sludge, autochthonous cellulolytic enzymes, commercial cellulases,

biological treatment, microbial community

Key points:

e The effects of free and immobilized cellulolytic enzymes on sewage sludge were evaluated.
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e Enzymatic treatment influenced microbial diversity and correlations with physicochemical
parameters.

e Autochthonous enzyme systems may be an alternative to commercial preparations.

Introduction

The proper management of sewage sludge and digested sewage sludge is a common
problem, mainly due to their large amounts (Salva et al., 2025). It causes financial, technical,
and logistical problems for the wastewater treatment plant (WWTP). Due to that, there is a need
to improve proper sewage sludge management, which will help to decrease the amount of
digested sewage sludge, improve its quality, and decrease the costs that need to be covered for
the previously described purposes. Management of the sewage sludges demands stabilizing
their properties and their volume. For that, methane fermentation is usually used. Methane
fermentation is a microorganism-driven biological process consisting of four main stages:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. During hydrolysis, complex
organic compounds such as proteins, lipids, and carbohydrates are broken down into simpler,
water-soluble molecules, which are further converted into volatile fatty acids and alcohols. The
efficiency of the process depends on the balanced activity of microbial communities, and any
disturbance can inhibit methane production and overall process stability. (Li et al., 2023a, Liang
et al., 2021). Pretreatment or treatment methods lead to an increase in the hydrolysis of the
compounds contained in the sewage sludge by improving the degradation of macromolecular
organic substances. As the complex compounds are degraded during the hydrolysis, it is highly
important to conduct treatment in a way that won't disturb this phase. There is limited
information in the literature about the impact of the biological pre-treatment methods on the
shifts in microbial communities of the treated sewage sludge, as well as the correlations
between sludge communities and physiochemical parameters of this sludge, especially using
biological treatment with enzymatic mixtures.

Various chemical, mechanical, and biological methods are used to pretreat sewage
sludge and improve methane fermentation efficiency by enhancing the degradation of complex
organic compounds (Zhour et al., 2024). These methods differ in their impact on the process,
equipment, and environment. Although biological methods are the most environmentally
friendly, their high cost, time requirements, and technical limitations hinder their
implementation in WWTPs (Khanh Nguyen et al., 2021). These challenges, including the need
for additional equipment and limited sludge storage time, drive the search for more efficient

and cost-effective solutions. One promising approach is applying biological treatment during
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methane fermentation, which can reduce operational costs and provide an alternative to
conventional methods associated with high energy demand, harmful by-products, and
equipment degradation (Cwiertniewicz-Wojciechowska et al., 2023).

Sewage sludge contains diverse organic and inorganic components that influence
treatment efficiency and the final dry organic matter content. Cellulose, a major recalcitrant
polymer comprising up to 50% of insoluble wastewater fractions, significantly limits
degradation and biogas production (Djordjevi¢ova et al., 2023). Enhancing its hydrolysis is
therefore crucial for improving anaerobic digestion. While most studies focus on long-term
pretreatment, a more practical industrial approach is to support hydrolysis during anaerobic
digestion through in situ treatment of incoming sludge (Zhou et al., 2024). Biological methods
involve the use of bacteria, fungi, or their enzymes (Khanh Nguyen et al., 2021). Among these,
enzymatic treatment is most suitable for industrial applications due to its simplicity and safety.
Given the high cellulose content of sewage sludge, cellulolytic enzymes are particularly
advantageous, as they enhance cellulose degradation and thereby improve the breakdown of
other organic compounds (Wang et al., 2020).

However, due to enzyme instability, high cost, and the variable, often harsh conditions
of sewage sludge, immobilization on inorganic carriers is a promising strategy. Immobilization
enhances enzyme stability, reusability, and recyclability (Bijoy et al., 2022). Activated carbon
is an effective carrier due to its large surface area, high pore volume, and low toxicity, as well
as its ease of use and low cost (Torres et al., 2017). Its addition during methane fermentation
has been shown to increase methane production, enhance volatile fatty acid utilization, and
stimulate microbial activity (Ma et al., 2020; Aamir and Hassan, 2025). Furthermore, to reduce
costs and support circular economy principles, biochar derived from biomass pyrolysis can be
used as an alternative carrier (De Almeida et al., 2022).

Presented research verifies the impact of the enzymatic treatment, supported and
stabilized with activated carbon as an immobilization carrier, on the physiochemical parameters
of the sewage sludge before and after the 15-days test, and check the shifts in the microbial
community structure caused with: 1) inoculation of the sewage sludge with enzymes, 2)
inoculation of the sewage sludge with enzymes immobilized on the activated carbon as a carrier,
3) changes among the physiochemical parameters of sewage sludge. The paper reveals the
impact of enzymatic treatment on the physicochemical parameters of the sludge during the 15-
day test and presents an investigation of the potential changes in community structure caused

by the enzymatic treatment, which can influence the methane production efficacy. A 15-day
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test was conducted using the Automatic Methane Potential Test (AMPTS), as a system to ensure

conditions of mimicking methane fermentation.

Materials and methods

Figure 1 shows the experimental scheme used in this study. In a first step, sludge
collected from the digester of a municipal wastewater treatment plant was used as the source
material for the isolation of autochthonous cellulolytic bacteria. The obtained mixed culture
was then incubated under controlled conditions, and the enzymes produced by these
microorganisms were extracted. In the next stage, the isolated enzymes were immobilized on
activated carbon used as a carrier, and their effects were compared with those of commercial
cellulolytic enzyme preparation. Free and immobilized enzymes were then applied in batch tests
performed under anaerobic conditions using the Automatic Methane Potential Test System
(AMPTS). Samples were collected before and after a 15-day test to determine: total nitrogen
(TN), ammonium nitrogen (NH4-N), chemical oxygen demand (COD), volatile fatty acids

(VFA), and a bacteria community structure.

Figure 1. Schematic diagram of the steps taken to achieve the implementation of the planned
experiment.

The abbreviations used for the experimental variants are explained in Table 1.

Table 1. Abbreviations of experimental variants used in the study

Isolation of an autochthonous mixed culture capable of degrading cellulose

To isolate the cellulolytic autochthonous microorganisms, sewage sludge (SS) from the
communal WWTP (Gliwice, Poland) was used. Mixed -culture of autochthonous
microorganisms was isolated by several series of passaging on bacteriological media (CMC
medium- contained carboxymethylcellulose sodium salt 5 g/L, NaNO, 1 g/L, K,HPO, 1 g/L,
KCl11 g/L, MgS0, 0.5 g/L, yeast extract 0.5 mg/L, glucose 1 mg/L). Mixed sludge consisted of
thickened primary and waste activated sludge (35%:65%). SS and liquid medium (CMC) were
mixed in a ratio of 1:4 and incubated for 7 days at 37°C and 100 rpm. To remove oxygen,
samples were flushed with N,. A new medium was provided every 7 days. The culture was
centrifuged for 1 minute at 3000 rpm, suspended in sterile 0.9% NaCl in triplicate to remove
metabolites. Then, microbial culture and sterile 0.9% NaCl were mixed in a ratio of 1:1 and

incubated as described above. Samples of sludge were collected for DNA isolation into sterile
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Eppendorf, and protected with RNAlafter (Invitrogen™, ThermoFisher Scientific, USA).
Solutions were mixed in a ratio of 2:1, where 1 part was microbial culture. After 21 days of the
experiment, the inoculation on solid medium (CMC solidified with agar 17.0 g/L) was
performed to verify the possibility of isolating a pure culture and incubation on plates. The
remaining culture was fed with the new portion of liquid CMC medium and incubated at 37°C
and 100 rpm.

The cellulose-degrading ability of the microorganisms was confirmed by inoculating 0.1 mL of
the liquid mixed-culture on Congo-Red agar media containing CMC medium solidified with
agar (CMC with agar 17 g/L and Congo Red 1g/L), pH 6.8-7.2.

After isolation, samples were stored at -20°C until later use.

Extraction of the enzymes from the autochthonous mixed culture

50 mL of the autochthonous mixed culture, able to degrade cellulose (OD4,,>0.9), and 150 mL
of the CMC medium were mixed and incubated at 37°C. For the first 2 days at 160 rpm, and
the next 5 days at 120 rpm. The mixed culture was deprived of oxygen by displacing it with
nitrogen (for 3 minutes). Extraction was performed using heat at 37°C and a centrifuge (Hossain
et al., 2021). Enzymes were isolated with Na-citrate buffer (Pol-Aura, Poland) (0.05 M, pH 6)
at a ratio of 1:2, 1:3, 1:4, and 1:5, where 1 part was a buffer. Reaction was performed for 30
minutes at 37°C and 120 rpm. The samples were then centrifuged at 10000 rpm for 15 minutes,
and the supernatant was used as a source of enzymes (Khan et al., 2017; Ravichandran and
Vimala, 2012).

The protein concentration was determined using Pierce™ BCA Protein Assay Kit
(ThermoFisher Scientific, USA), according to the manufacturer's protocol for the test-tube

procedure.

Enzyme immobilization with activated carbon as a carrier

For the immobilization, a mix of enzymes isolated from the sewage sludge microbial
community and the enzyme blend of cellulases (Cellic CTec2, Novozymes) was used. Enzymes
were prepared for immobilization in 5 different concentrations: initial, diluted in proportions
1:2, 1:3, 1:4, and 1:5 with citric buffer. 0.4 g of activated carbon as a carrier; commercial and
isolated enzymes were stirred in a 25 mL round-bottom flask in a thermostatic shaker at 250
rpm, 20°C for 3 hours. After this time, biomaterials were filtered off, washed with a citric buffer

(3x10 mL), and dried under vacuum using a Schlenk line (25°C, 24 h).

URL: http:/mc.manuscriptcentral.com/tent



oNOYTULT D WN =

Analytical methods for sewage sludge during the long-term test

For the batch experiment, mixed sludge composed of thickened primary sludge and waste
activated sludge (35%:65%) was used as a substrate, while sludge from the digester was used
as a substrate. The substrate and an inoculum were mixed in a ratio of 1:3 based on volatile
suspended solids (VSS). The sludge was treated with free and immobilized isolated enzymes;
free and immobilizated commercial enzymes, activated carbon alone, and untreated samples
were used as a control. The experiment was carried out for 15 days using the Automatic
Methane Potential Test System (AMPTS, BPC Instruments AB, Sweden). Samples were
collected at the beginning and the end of the test for determination of TN, NH4-N, VFA, COD.
For physicochemical analyses, the liquid fraction of the samples collected before and after the
15-day test. TN, NH4-N, COD, and VFA were determined using photometric tests (MERCK
Millipore, USA) and spectrophotometer (MERCK Spectroquant® NOVA60, USA) according

to the manufacturer's protocol.

Metataxonomic analysis of environmental samples

For the metataxonomic analysis of the sludge, samples were collected at the beginning and the
end of the 15-day test. Samples were stored using RNA/ater in a ratio of 3:1, where one part
was a sludge sample. DNA isolation was performed using GeneMATRIX Soil DNA
Purification Kit, according to the manufacturer's protocol (EurX, Poland). The metagenomic
analysis of total prokaryotic communities was performed based on the hypervariable V3-V4
region of the 16S rRNA gene. The primer pair for amplification was 341F and 785R (Thijs et
al., 2017). The PCR reaction was performed using Q5 Hot Start High-Fidelity 2X Master Mix
(conditions according to the manufacturer's instructions) (New England Biolabs). Sequencing
was performed on a MiSeq, paired-end (PE), 2x300nt, using I[1lumina’s v3 kit, according to the
manufacturer’s protocol. Automatic ascending data analysis was performed on a MiSeq
sequencer using MiSeq Reporter (MSR) v2.6 software. Bioinformatic analysis to ensure the
classification of reads to the species level was carried out with QIIME 2, based on sequences
referential base Silva 138. A programming package was also used to distinguish sequences of
biological origin from those newly created during the sequencing process. This package was
also used to derive unique sequences of biological origin, or so-called amplicon sequence
variants (ASV) sequences. As a quantitative measure of community richness, Shannon and
Simpson's diversity indices were used.

All sequences are deposed in NCBI under the link
http://www.ncbi.nlm.nih.gov/bioproject/1347622.
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Statistical analysis

The experimental results for physicochemical methods were expressed as the mean +
standard deviation for each triplicate experiment. The data processing was conducted by the
Microsoft Office Excel 365 function. R software (https://www.r-project.org). Two-way
ANOVA was used to test the significance of the results for immobilized and non-immobilized
enzymes, and for the immobilized enzymes and activated carbon, regarding physicochemical
parameters. The significance level of the p-value was <0.05. For the Shannon index, we
calculated the Hutcheson t-test, with the significance level of the p-value <0.05. Pearson
correlation analyses were carried out between the environmental factors using the 17 most

abundant phyla.

Results
Effect of enzyme treatment on sewage sludge hydrolysis and physicochemical parameters

Total nitrogen concentration

The concentration of nitrogen determined in the samples of sludge before and after the
anaerobic digestion indicates a stable process, because there are no noticeable changes in the
concentration of total nitrogen. The concentration of TN in the inoculum, as a sludge from the
digester, remained at 1873.3 mg/L. Figure 2 presents the changes in total nitrogen

concentration, depending on the applied treatment.

Figure 2. Total nitrogen concentration, measured in the sewage sludge treated with immobilized
and non-immobilized enzymes, before and after methane production measured in the automatic
methane potential test system (AMPTS). ;- inoculum before the AMPTS, SS,- mixed sludge
(thickened primary + waste activated sludge before the AMPTS), INE- sample of inoculum
after AMPTS, [ + SS + IE- inoculum + mixed sludge + isolated enzyme, [ + SS + CE- inoculum
+ mixed sludge + commercial enzyme, I + IE- inoculum + isolated enzymes, [+CE- inoculum
+ commercial enzymes, | + SS + carb- inoculum + mixed sludge + activated carbon. Note: Data

are presented as means + standard deviations (n = 4). Error bars represent the standard errors.

Statistical analysis confirmed there are no significant differences between immobilized

and non-immobilized enzyme samples regarding total nitrogen concentration (p-value>0.05).

URL: http:/mc.manuscriptcentral.com/tent



oNOYTULT D WN =

Although the p-value calculated using immobilized enzymes and activated carbon was 0.0511.
F= 4.21 [0:4.2565]. The test was confirmed using Tukey-Kramer, indicating there is no

significant difference between the means of any pair.

Ammonium nitrogen concentration

In an anaerobic digestion system, the total ammonia nitrogen (TAN) is mainly
composed of free ammonia nitrogen (FAN) and ionized ammonium nitrogen (NH,*) (Dai et al.,
2017). Due to its high ability to penetrate the cell membranes, free ammonia nitrogen is the
dominant inhibitor of microorganisms (Yang et al., 2024). Microorganisms working in the
anaerobic chamber need nitrogen in the form of ammonium to produce new cell mass, and its
presence is also an important parameter for the buffer capacity in an anaerobic reactor (Chavez-
Rico et al., 2022). In all samples, we did not notice FAN greater than 0.49 mg/L (in a sample
with immobilized commercial enzymes, inoculum, and mixed sludge), and lower than 0.27
mg/L (in a sample with immobilized isolated enzyme and inoculum). The concentration of NHy-
N is presented in Figure 3.

Figure 3. Ammonium concentration, measured in the sewage sludge treated with immobilized
and non-immobilized enzymes, before and after methane production, measured in the automatic
methane potential test system (AMPTS). I,- inoculum before the AMPTS, SS,- mixed sludge
(thickened primary + waste activated sludge before the AMPTS), INE- sample of inoculum
after AMPTS, [ + SS + IE- inoculum + mixed sludge + isolated enzyme, I + SS + CE- inoculum
+ mixed sludge + commercial enzyme, I + IE- inoculum + isolated enzymes, I+CE- inoculum
+ commercial enzymes, [ + SS + carb- inoculum + mixed sludge + activated carbon. Note: Data

are presented as means + standard deviations (n = 4). Error bars represent the standard errors.

Statistical analysis confirmed there are no significant differences between immobilized and
non-immobilized enzyme samples regarding NH,-N concentration (p-value>0.05). P-value for
NH,-N concentration using immobilized enzymes and activated carbon was p = 0.0002013.

According to Tukey-Kramer, the means are significantly different.

Volatile fatty acids concentration

Figure 4 presents the concentration of volatile fatty acids, which decreased during the 15-day

test from 329.3+3.9 mg/L up to ~300 mg/L in samples with immobilized enzymes.
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Figure 4. Volatile fatty acids concentration, measured in the sewage sludge treated with
immobilized and non-immobilized enzymes, before and after methane production measured in
the automatic methane potential test system (AMPTS). I;- inoculum before the AMPTS, SS,-
mixed sludge (thickened primary + waste activated sludge before the AMPTS), INE- sample of
inoculum after AMPTS, I + SS + IE- inoculum + mixed sludge + isolated enzyme, I + SS +
CE- inoculum + mixed sludge + commercial enzyme, I + IE- inoculum + isolated enzymes,
[+CE- inoculum + commercial enzymes, [ + SS + carb- inoculum + mixed sludge + activated
carbon. Note: Data are presented as means + standard deviations (n = 4). Error bars represent

the standard errors.

There are no statistically significant differences, both between immobilized and non-
immobilized enzymes, but also between isolated enzymes, commercial enzymes, and activated

carbon as a carrier (p-value>0.05)

Chemical Oxygen Demand

For the immobilized enzymes, the concentration of COD after AMPTS remains at a similar
level, around 6000 mg/L (~270 mg/g VSS) in samples with activated carbon, commercial and
isolated enzymes, as well as in the sample without treatment, with an initial 1468.3 mg/L (44
mg/g VSS). The greatest increase in the COD concentration presented in the Figure 5 is visible
in samples with inoculum and enzymes (17116.6+1100 mg/L (778.03 mg/g VSS) for isolated
enzymes, 14925+544 mg/L (678.41 mg/g VSS) for commercial enzymes), confirming the
suggestion that the use of the immobilized enzymes would increase treatment of organic
compounds remaining in digested sludge during post-treatment in anaerobic conditions. In
preliminary tests, an increase in COD concentration was observed during the first 4 hours after
inoculation with enzymes. In samples with immobilized isolated enzymes, the concentration of
COD after 240 minutes was 73% greater than in the initial sample. In samples with commercial
immobilized enzymes, we noticed an increase of 470%. The addition of activated carbon caused

an increase in COD concentration by 704%.

During the 4 h test, we did not notice any significant changes in the control samples
(Cwiertniewicz-Wojciechowska et al., 2024). In the research described in this paper, at the end
of the test, the concentration of both treated and untreated samples was at a similar level. Based

on the preliminary test, we assume that the addition of the enzymes and activated carbon as a
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carrier enhances the treatment of the sewage sludge in the beginning, but process elongation
allows for obtaining similar results for untreated and treated sludges (Wu et al., 2022). A similar
situation is observed with non-immobilized enzymes. The concentration of COD for untreated
sludge with enzyme samples was 3097.5+32.02 mg/L (169.26 mg/g VSS), treated with isolated
enzymes 3077.5+29.8 mg/L (168.17 mg/g VSS), and with commercial enzymes 2900+73.94
mg/L (158.47 mg/g VSS). The results determined during preliminary tests with non-
immobilized enzymes, in the case of isolated enzymes, we observed an increase by 272%, while
for commercial enzymes, 1792% (Cwiertniewicz-Wojciechowska et al., 2024). In reference to
the obtained results, further research should focus on determining the detailed composition of
the sludge during anaerobic digestion, which will help to better understand the rate of sludge

degradation treated with those enzymes.

Figure 5. Chemical oxygen demand concentration, measured in the sewage sludge treated with
immobilized and non-immobilized enzymes, before and after methane production measured in
the automatic methane potential test system (AMPTS). I;- inoculum before the AMPTS, SS,-
mixed sludge (thickened primary + waste activated sludge before the AMPTS), INE- sample of
inoculum after AMPTS, I + SS + IE- inoculum + mixed sludge + isolated enzyme, I + SS +
CE- inoculum + mixed sludge + commercial enzyme, I + IE- inoculum + isolated enzymes,
[+CE- inoculum + commercial enzymes, I + SS + carb- inoculum + mixed sludge + activated
carbon. Note: Data are presented as means + standard deviations (n = 4). Error bars represent

the standard errors.

Results for COD concentration are statistically significant regarding the usage of immobilized
enzymes and the activated carbon - p-value was 0.00242 (p<0.05). Based on that, we can
confirm the influence of enzymes immobilized with activated carbon in reference to the
activated carbon, regarding the COD concentration. The impact of the immobilization on the

concentration of the COD shows p-value=0.5851, F=8.8919 [0, 10.128].

Microbial diversity in the sludge community after inoculation with enzymes

In Tables 2 and 3, we present the Shannon (H”) and Simpson (S) diversity indices calculated
for the results of metataxonomic analysis of the sludge microbial communities used in the
AMPTS, and the number of observed OTUs. The Shannon index informs about the richness of
the community, and the Simpson index measures the probability that two individuals drawn

from the sample will belong to the same species. OTU number gives information about the
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number of closely related individuals. We compared results for the Shannon index, using the
Hutcheson t-test. Based on the determined p-values, there are no significant differences between
samples [+SS, but the differences between samples treated with immobilized, non-immobilized,
isolated, and commercial enzymes are statistically significant, p-value <0.05. Based on the H’
and S indices, it could be suspected that the addition of the enzymes or the carrier didn’t disturb
the equilibrium of the microorganisms present in the sewage sludge, but in reference to the
richness and average of observed OTUs we can see the increase in diversity and richness in the
sludge treated with immobilized commercial enzymes, and non-immobilized isolated enzymes.
Among all tested samples, H” and S’ indicate high biodiversity among the tested samples, with
no dominant individual. In Supplementary Material, we show an abundance of the bacteria
present in the sewage sludge, treated with enzymes, among the genus (See Supplementary
Materials, Table S1 and Table S2). Although inoculation of the sludge using immobilized
isolated enzymes (I+SS+IE, Table 2) caused a decrease in diversity and richness, as well as

treatment using a non-immobilized commercial enzyme (I+SS+CE, Table 3).

Table 2. The microbial diversity indices, Shannon and Simpson, of bacteria present in the
sludge during the methane fermentation measured in an automatic methane potential test system
(AMPTS) with the addition of immobilized enzymes, with an average of observed OTUs. I-

Inoculum, SS- mixed sludge, IE- isolated enzyme, CE- commercial enzyme.

Table 3. Microbial diversity indices, Shannon and Simpson of bacteria present in the sludge
during the methane fermentation measured in an automatic methane potential test system
(AMPTS) with the addition of non-immobilized enzymes, with an average of observed OTUs.

I- Inoculum, SS- mixed sludge, IE- isolated enzyme, CE- commercial enzyme.

Figure 6 shows the microbial community structure at the phylum level regarding the 22
most abundant bacteria in the sludges. The most abundant among all samples are 2 phyla:
Bacteroidota (Bacteroidetes), which enhances biogas production and degrades lignocellulosic
biomass in various environments (Wright and Klieve, 2011; Tukanghan et al., 2021), and in the
mixed sludge, also Proteobacteria, whose presence is crucial in anaerobic digestion due to the
degradation of organic molecules, by consumption of glucose, propionate, butyrate, and acetate
(Guo et al., 2015; Kara Murdoch et al., 2018). The Pearson correlation also determined that the

results are statistically significant (p (2-tailed) < 0.05). Also, the obtained results indicate that
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the addition of the activated carbon and enzymes in the used doses does not impact positively

or negatively on the microbial community structure during the 15-day test.

Figure 6. Microbial community structure at the phylum, regarding the 22 most abundant
groups of bacteria in the sludges. Sequences that accounted for less than 1% of the population

were grouped into the category “Others”.

Pearson correlation (Table 3) determined that some changes in the concentration of single
physicochemical parameters were significantly correlated to the changes in the microbial
consortium, and changes in the microbial consortium have a strong correlation with
physicochemical parameters. The red color indicates a decrease in one parameter with an
increase in the second parameter. The blue color indicates a strong relation between the increase
or decrease of two parameters simultaneously, microbial abundance and physicochemical

parameters.

In reference to the isolated enzymes, the correlation results show that immobilization of
enzymes changes the correlation between certain bacteria and determined physicochemical
parameters. In samples treated with isolated immobilized enzymes, we can see that the
concentration of NH4-N, VFA, and COD depends on the microbial abundance, and the
correlation is negative. It is similar in samples treated with non-immobilized enzymes, except
for VFA and COD concentration, where we can see that an increase in the abundance causes
an increase in the concentration of those parameters, or vice versa. That would suggest an
increased activity of those bacteria in response to the addition of the isolated non-immobilized

enzymes.

Figure 7A shows the Pearson correlation between samples treated using immobilized and non-
immobilized isolated enzymes, and Figure 7B shows the Pearson correlation coefficient
between physicochemical parameters and microbial abundance ratio in the consortia treated

using commercial enzymes.

Figure 7. Pearson correlation coefficient between physicochemical parameters and microbial
abundance ratio in the consortia at the phylum level using isolated (A) and commercial (B)

enzymes. The red color indicates a decrease in one parameter with an increase in the second
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parameter. The blue color indicates a relation between the increase or decrease of two

parameters simultaneously, microbial abundance and physicochemical parameters.

Discussion

Nitrogen in anaerobic digestion is an important factor for the formation of new microbial
biomass, and in the form of ammonia for stabilization of the pH value in the reactor (Fricke et
al., 2007). Moreover, it is a compound that is the most susceptible to transformations, affecting
the risk of unproductive losses, with the production of metabolic products, ie. NH;, NH,*, N,O,
NO, or NO;, which may cause problems (Mdller, 2015; Fricke et al., 2007). The decomposition
of organic matter results in nitrogen release, as proteins, amino acids, and urea are the main
carriers of nitrogen (Suschka and Griibel, 2014).

The total nitrogen is mostly conserved during anaerobic digestion but can decrease up
to 10% (Chavez-Rico et al., 2022). Schievano et al. (2011) showed a decrease of N
concentration between 5-20%, suspecting the gaseous NH; migration with the biogas flux.
Moreover, they suggest the possibility of losses caused by the partial organic/inorganic matter
sedimentation, struvite formation (Siciliano et al., 2020), and precipitation and subsequent
retention (Massé et al., 2007). In the test with immobilized enzymes, we observed a decrease
in total nitrogen concentration in samples with the mixed sludge, but also in samples with
inoculum and enzymes (Figure 2). In a sample with the immobilized enzymes, a stronger
decrease (more than 10%) can be caused by the adsorption of the nitrogen on the surface of the
activated carbon (Zhu et al., 2012; Kabuba et al., 2023). In the sample with non-immobilized
commercial enzymes, there is an increase in total nitrogen concentration, which suggests that
the enzymes enhanced the amount of nitrogen after its addition into the sewage sludge, as a
result of the decomposition of the matter present in the mixed sewage sludge.

As aresult of protein degradation during anaerobic digestion, the nitrogen present in the
sewage sludge is converted into ammonium nitrogen (NH,*-N). Due to that, the concentration
of ammonium nitrogen increases, and its typical content is about 60-80% of the total nitrogen
in the digestate (Morozova et al., 2020; Manau et al., 2021). Low concentrations of NH,* favor
anaerobic digestion, and high concentrations can lead to digestive system failure and lessen the
effectiveness of the entire fermentation process (Wang et al., 2023). An increase in the NH,-N
(Figure 3) we observe only in samples with immobilized isolated enzymes with mixed sewage
sludge, in inoculum with immobilized isolated enzymes, and samples with activated carbon,
which suggests improvement of protein degradation during the anaerobic digestion in 15 days

of the process. For the remaining samples with immobilized enzymes, the concentration of NH,-

URL: http:/mc.manuscriptcentral.com/tent



oNOYTULT D WN =

N is at a similar level to the concentration in the inoculum in the beginning. In a sample with
non-immobilized enzymes, NH,-N concentration remains unchanged in samples with
commercial enzymes and mixed sludge after the AMPTS. The initial concentration of NH,-N
in mixed sludge was 19.9 mg/L.

The ammonium nitrogen is a sensitive form of nitrogen, and temperature, pH, and
hydration state of the sludge affect the NH,-N concentration. The addition of the commercial
cellulases could increase solubilization of the sewage sludge, resulting in increased degradation
of organic compounds and the appearance of humic acids, which are considered inhibitors of
the methane fermentation process (Fernandes et al., 2014; Azman et al., 2015). Moreover, too
low or too high concentration of the enzymes used for the sludge treatment also inhibits
anaerobic digestion (Bhatnagar et al., 2019).

An increase in the VFA leads to acidification of the sludge because of effective
hydrolysis of the lipids, but can stop the methanogenesis (Ma et al., 2020). The concentration
of the VFA (Figure 4) in mixed sludge with immobilized enzymes remains at a similar level for
all samples after AD. In the preliminary test (Cwiertniewicz-Wojciechowska et al., 2024),
where we verified the short-term impact of the enzymatic treatment on the sewage sludge,
similar to the one described in this paper, we confirmed that the addition of the enzymes impact
on the increased production of the VFA. We observed an increase in VFA concentration during
the 4 h test in all samples, except the samples untreated with enzymes. The concentration of
VFA in samples treated with immobilized isolated enzymes increased by 128%, and with
immobilized commercial enzymes by 85% (Cwiertniewicz-Wojciechowska et al., 2024). That
suggests that enzymatic treatment enhances the degradation of organic compounds. The VFA
concentration in control samples was at a similar level as in treated samples after an AD, which
suggests that treatment of the sludge with an enzyme can decrease the time needed to obtain
the same results. An increase in VFA concentration is the same for inoculum and in samples
with mixed sludge as a substrate, indicating that the substrate was not used efficiently by
microorganisms. The increase of VFA concentration (396.25+56.4 mg/L (18.01 mg/g VSYS)) is
noticed in the sample with inoculum and immobilized commercial enzymes. That can suggest
that the addition of this commercial mix of cellulolytic enzymes can enhance the production of
VFA when the enzymes are inoculated into a digester at a different time than the addition of
the fresh sludge for the digestion, or can enhance post-treatment of the digested sludges, i.e.,
during composting. Literature confirms the involvement of activated carbon in anaerobic
digestion, i.e., the acidifying effect of activated carbon at an early stage (Wu et al., 2022), while

at the same time shows alleviating excessive acidification by accelerating VFA consumption
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(Ma et al., 2020). In preliminary tests, we observed an increase in VFA production by 24%
using only activated carbon as an immobilization carrier. That result is similar to the obtained
increase of 25% when using treatment with non-immobilized isolated enzymes. Although
treatment with non-immobilized commercial enzymes provided an increase in VFA
concentration by 1856% during the 4 h test (Cwiertniewicz-Wojciechowska et al., 2024).
Comparing the results for VFA concentration of samples with immobilized and non-
immobilized enzymes, the concentration in those first mentioned was similar among all samples
and differed between samples with non-immobilized enzymes. The presence of activated
carbon as a carrier may have been dominant in the process, so the effect of enzymes on the VFA
consumption was not observed. On the other hand, the addition of activated carbon and
immobilized enzymes could impact the activity of microorganisms present in the sewage
sludge, inhibiting the biodegradation of multimolecular organic compounds (Jiang et al., 2021).
The concentration of VFA after AMPTS in samples treated with non-immobilized enzymes
remained at a level detected in the initial inoculum. The concentration of VFA in samples with
non-immobilized isolated and commercial enzymes was lower by 61% than in samples with
immobilized enzymes. Thus, the lower concentration of the VFA in samples with non-
immobilized enzymes could be related to the increased consumption of acetic acid to produce
methane, undisturbed with the presence of activated carbon (Dong et al., 2023). The addition
of enzymes, in the beginning, could have helped to decompose organic matter, allowing
microorganisms to effectively use created products as a substrate. Moreover, different ratios of
VFA production between samples with immobilized and non-immobilized enzymes can be
caused by different abundance of microorganisms in the sludge, which is presented in Figure
4. In section 2.2, we present the correlation between microorganisms and the determined
factors.
The decrease in the VFA concentration in the sludge with non-immobilized enzymes is noticed
in all samples. The obtained result indicates effective anaerobic digestion. The addition of the
non-immobilized enzymes may have an impact on the increase in degradation of the organic
matter, resulting in the depletion of the matter to degrade, accelerating the fatty acids
consumption and the fast end of acidogenesis (Ma et al., 2020). Then, the increase of fatty acids
and the acidic environment led to degradation of enzymes and/or inhibition of the bacteria,
which can degrade complex macromolecules into small organic molecules.

According to the literature, activated carbon promotes the improvement of the diversity
of microorganisms residing in sewage sludge, improving the stability of the community

structure, most likely due to the adsorption of microorganisms on the surface of activated
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carbon. As a result, the microorganisms present in the sludge are able to hydrolyze the available
organic compounds more efficiently, thus intensifying the methane fermentation process (He
etal., 2019; Wang et al., 2019; Wu et al., 2022). Yet in our results, greater community richness
is presented in the sludges treated with non-immobilized enzymes (Table 3) than immobilized
enzymes (Table 2). We cannot confirm increased diversity caused by the addition of activated
carbon in our research, as there was no observed increase in diversity in samples with
immobilized enzymes during the 15-day test. In samples with immobilized isolated enzymes,
we can see a decrease in richness and average number of OTUs, with a slight decrease in H’
index, in reference to the sludge untreated with enzymes or treated with commercial enzymes.
Nevertheless, the potential shifts in microbial communities should be verified in a longer test.
We have observed that on the abundance of the dominant phylum, Bacteroidota, a greater
impact had a type of enzyme, not immobilization. In samples treated with commercial
immobilized and non-immobilized enzymes, the abundance of Bacteroidota had increased,
whereas in samples treated with isolated non-immobilized enzymes the abundance decreased.

The greatest difference between commercial and isolated enzymes can be noticed in the
concentration of TN and VFA in samples treated with immobilized enzymes. In the first case,
we can see that in isolated enzymes, there is a strong, positive correlation between bacteria and
the concentration of the total nitrogen. Among isolated immobilized enzymes, the correlation
between bacteria abundance and TN is mostly positive. In samples with commercial enzymes,
correlation is negative, which confirms a decrease in the abundance of some phyla, like
Caldatribacteriota and Chloroflexi (Figure 6). In the second case, VFA concentration in
samples treated with isolated enzymes is negative, and in samples treated with commercial
enzymes, positive, suggesting that the concentration of the VFA rises with an increase in
microbial abundance, all except Caldisericota and Chloroflexi. In samples treated with non-
immobilized commercial enzymes, the correlation mostly depends on the individual bacteria,
indicating an impact of the enzymatic treatment on them. Based on that, we assume that the
presence of the activated carbon, solo and with an enzyme immobilized onto it, protected and
supported the work of the whole community of the sewage sludge from the intensive impact of
the enzymes. The impact of the enzymatic treatment on the individuals may disturb the methane
fermentation process, as an enhancement or decrease of the abundance of one phylum may
disturb the balance or degrade enzymes originally produced by the microbial consortia from the

sewage sludge (Zhou et al., 2024).
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Phylum Acetothermia presents a strong correlation with all physicochemical parameters except
NH,-N and cellulose concentrations using immobilized isolated enzymes. Regarding
commercial enzymes, Acetothermia shows a strong correlation with all parameters except NH.-
N and methane yield in samples with non-immobilized enzymes. The correlation was confirmed
by Hao et al. (2018), who verified that members of this phylum conduct fermentation of
peptides, amino acids, and simple sugars to acetate, formate, and hydrogen, indicating that
changes in the abundance of those bacteria are related to the changes in the concentration of
determined parameters. Acidobacteriota shows a strong correlation with all parameters except
TN, NH,-N, and COD, in samples treated with non-immobilized isolated enzymes.
Acidobacteriota correlates with TN and VFA-non-immobilized, and with NH,-N and
immobilized commercial enzymes. Representatives of this phylum are not well studied in
reference to their abundance in the wastewater treatment process; however, they were already
described in anaerobic digestion chambers (Hao et al., 2018). Kristensen et al. (2021)
determined that members of Acidobacteriota show potential involvement in nitrogen and
phosphorus removal. Moreover, they are a group of microorganisms that show various
metabolic capabilities to break down organic matter and support other microbial communities,
which conduct methane production (Li et al., 2021). De sousa e Silva et al. (2025) noticed an
increase in the abundance of Acidobacteriota, but Chloroflexi and Bacteroidota were also
connected with the greater methane production. Actinobacteriota shows a strong correlation
among all determined parameters in samples with isolated enzymes. Phylum Actinobacteriota
shows a correlation with TN and VFA with non-immobilized commercial enzymes.
Armatimonadota correlates with all parameters except NH,-N using non-immobilized
commercial enzymes. Armatimonadota is described as capable of performing acetogenesis and
participating in nitrogen and sulfur cycling, confirming a strong correlation between their
abundance and determined physicochemical parameters (Carlton et al., 2023). In samples with
commercial enzymes, Bacteroidota correlates strongly with VFA and COD concentration
determined in samples with immobilized enzymes, and for NH,-N with non-immobilized
enzymes. Bacteroidota were the most abundant phylum among all samples, indicating effective
acidogenic fermentation (Pefia-Picola et al., 2024). Bacteria from this phylum are one of the
main cellulose degraders (Chen et al., 2017). The abundance of the Bacteroidota decreased in
samples with immobilized enzymes when comparing the initial and final abundance. In samples
with non-immobilized enzymes, the abundance of those bacteria increased. That may suggest
that the presence of non-immobilized enzymes caused increased hydrolysis of complex organic

matter (Jackson et al., 2020). Caldatribacteriota shows a strong correlation with VFA and COD
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in samples treated with immobilized isolated enzymes. There is also an increased abundance of
this phylum (Figure 6) in a sample of non-immobilized isolated enzymes. Caldatribacterioitas’
abundance decreased in samples treated with immobilized and non-immobilized commercial
enzymes, in reference to not enzymatically treated sludge. In samples with commercial
enzymes, those bacteria correlate with NH,-N and COD concentration in samples with non-
immobilized enzymes. Members of this phylum can utilize a broad spectrum of carbohydrates,
including cellulose, and they participate in the degradation of the organic matter, which can be
used by the methanogens (Zhang et al., 2023). Caldisericota is not well described in literature.
According to Mori et al. (2009), it is an anaerobic, thermophilic, and thiosulfate-reducing
bacterium. We observed its strong correlation with TN, VFA, and COD concentration in
samples treated with immobilized isolated enzymes. Moreover, Caldisericota abundance
correlates with TN, NH,-N with immobilized commercial enzymes, with VFA, and COD using
non-immobilized enzymes. An abundance of Chloroflexi is strongly related to TN, NH,-N,
VFA, and COD, with the presence of non-immobilized isolated enzymes. Those bacteria are
commonly found in full-scale anaerobic reactors and can ferment carbohydrates or amino acids
(Bovio-Winkler et al., 2021). In samples with commercial enzymes, Chloroflexi correlates with
NH.,-N and COD concentration using non-immobilized enzymes. Cloacimonadota abundance
1s related to TN, VFA, and COD concentration treated with immobilized and non-immobilized
enzymes, and with NH,-N only in samples treated with non-immobilized enzymes, when
considering isolated enzymes. In samples with commercial enzymes, Cloacimonadota
correlates with VFA and COD concentration when sludge was treated with non-immobilized
enzymes, and methane yield in samples treated with immobilized enzymes. Similarly to
Chloroflexi, they use amino acids as carbon and energy sources during anaerobic digestion
(Johnson and Hug, 2021). Desulfobacterota shows a strong correlation with all parameters
regarding treatment with isolated immobilized and non-immobilized enzymes. Calculated is
also a strong correlation between Desulfobacterota and all determined parameters except TN
and NH,-N in samples with commercial non-immobilized enzymes. Members of this phylum
can transfer electrons to other microorganisms present in the community, which later use the
electrons to reduce carbon dioxide to methane (Zheng et al., 2021). Phylum Firmicutes show a
strong correlation with TN and NH,-N in samples treated with isolated immobilized enzymes,
and with VFA with non-immobilized enzymes. When samples were treated with commercial
enzymes, Firmicutes correlated strongly with NH4-N concentration with immobilized enzymes,
and with VFA and COD concentration with non-immobilized enzymes. Chen et al. (2016)

noticed that Firmicutes and Bacteroidetes abundance, despite VFA concentration, is also
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related to organic loading rate and methane production. Those microorganisms break down
complex organic matter, using the produced cellulases, lipases, and proteases (Barros et al.,
2017). Planctomycetota abundance correlates with the concentration of TN, VFA, and COD
using isolated immobilized and non-immobilized enzymatic treatment, NH,-N with
immobilized enzymes, and cellulose concentration using non-immobilized enzymes. The
abundance of members of this phylum correlates strongly with VFA concentration in samples
treated with commercial non-immobilized enzymes, and COD in samples treated with both
forms of enzymes. They are relevant to nitrogen and carbon cycles and have genes for reactions
involved in methanogenesis (Storesund et al., 2020). Patescibacteria correlates with the same
parameters in samples with isolated enzymes as Firmicutes, and additionally, VFA in samples
treated with immobilized enzymes. In samples with commercial enzymes, a strong correlation
is visible with VFA and COD for immobilized and non-immobilized enzymes and TN
concentration for immobilized enzymes. Proteobacteria correlation is strong for TN (positive),
VFA, and COD concentration (negative) using isolated immobilized enzymes. An abundance
of Proteobacteria correlates with the concentration of TN and NH,-N for non-immobilized
enzymes. Spirochaetota abundance shows a strong correlation with all physicochemical
parameters in samples with isolated enzymes. Those are microorganisms that have a strong
relationship with fermentation parameters (Dhakal et al., 2024). Spirochaetota’s abundance
correlates strongly with TN, VFA, and COD treated with non-immobilized enzymes.
Thermotogota abundance correlates with all parameters determined in sludges treated with
isolated immobilized or non-immobilized enzymes. In samples with commercial enzymes,
Thermotogota correlates with VFA and COD, determined only in samples treated with non-
immobilized enzymes. Members of the phylum Thermotogota are usually present in
thermophilic fermentation (Li et al., 2023b), although the genus Mesotoga, which we found, is
strictly mesophilic (Pollo et al., 2015). Verrucomicrobiota correlates strongly with all
determined parameters and forms of isolated enzymes. Verrucomicrobiota abundance in
samples with commercial enzymes correlates with TN and VFA concentration for immobilized
and non-immobilized enzymes, and for COD concentration in samples treated with
immobilized enzymes. Those are microorganisms that use methane as an energy source (Fenibo
et al., 2023).

Summing up, bacteria presented in Figure 6 and their abundance changes, depending on the
enzymatic treatment. The most abundant are Bacteroidota and Proteobacteria, which correlates
strongly with all determined physicochemical parameters. The immobilization of enzymes

strongly impacts the correlation between microorganisms and the determined physicochemical
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parameters. The differences between isolated and commercial enzymes are noticed mainly
among the immobilized forms of them, especially TN, VFA, and COD. Considering the above,
a greater impact on the process and correlation between physicochemical parameters and

bacterial abundance had an immobilization than the composition of the enzymatic mixture.

Conclusion

In this study, we evaluated the effects of enzymes isolated from cellulolytic autochthonous
bacteria, commercial enzymes, and activated carbon on the physicochemical properties of
sewage sludge during a 15-day anaerobic digestion process. The results demonstrate that
autochthonous enzymes exert a stronger and more consistent influence on the relationships
between bacterial abundance and key physicochemical parameters compared to commercial
preparations, highlighting their potential as a site-specific and adaptive biotechnological tool.
A high correlation between process parameters was observed in sludge treated with both
immobilized and non-immobilized isolated enzymes, indicating a more integrated and stable
system response. In contrast, sludge treated with commercial enzymes showed correlations
primarily at the level of individual taxa rather than the overall microbial community,
emphasizing the importance of maintaining high microbial diversity for process resilience
under variable operational conditions.

The findings further reveal that enzyme immobilization on activated carbon enhances methane
fermentation efficiency by promoting the degradation of organic matter in sewage sludge. This
combined approach represents a promising and sustainable strategy for improving anaerobic
digestion performance.

Future research should focus on long-term experiments to better understand microbial
community shifts induced by enzymatic treatment, as well as on integrating enzymatic and
mechanical pretreatment methods to further enhance lignocellulosic biomass degradation.
Additionally, detailed investigation of enzyme effects on volatile fatty acid (VFA) production

is necessary, given their variable behavior and critical role in the methane fermentation process.
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