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Abstract

This dissertation analyzes the removal of hydrogen sulfide (H2S) from biogas via
biofiltration. The study addresses one of the major challenges in biogas utilization,
effective H.S removal, since this compound is toxic and corrosive, and signifi-
cantly reduces the operational efficiency and service life of biogas energy sys-
tems. The main object of the research is biofiltration materials intended for hy-
drogen sulfide removal from biogas: biochar produced from sewage sludge,
cellular lightweight concrete (CLC) waste, and polyurethane foam (PUF). The
doctoral dissertation aims to increase the efficiency of hydrogen sulfide removal
from biogas and to enhance the operational stability of the biofilter by applying
physically and chemically modified as well as unmodified waste-derived materi-
als within the biofiltration process.

The dissertation consists of an introduction, a literature review, chapters on
methodology and results, general conclusions and recommendations, and lists of
references and the author’s publications related to the dissertation topic.

The Introduction presents the research problem and its relevance, describes
the research object, formulates the aim and objectives, outlines the research meth-
odology, scientific novelty, and practical significance of the results, and states the
defended propositions.

The First Chapter reviews biotechnologies for hydrogen sulfide removal from
biogas, with particular emphasis on biofiltration mechanisms, the properties of
biofilter packing materials, and the key factors determining process efficiency.
The Second Chapter describes the experimental methodologies used to select bio-
filtration materials, determine their physicochemical and adsorption properties,
inoculate and cultivate microorganisms, evaluate hydrogen sulfide removal effi-
ciency, and the mathematically model the biofiltration process. The Third Chapter
presents the results of theoretical and experimental investigations of innovative
filtration materials, revealing the relationship between their properties and modi-
fication with microbial establishment, biofilm formation, and filter performance
in hydrogen sulfide removal, and compares experimental results with mathemati-
cal modeling outcomes.

Eight scientific papers related to the dissertation topic have been published:
two in Web of Science-indexed journals with an impact factor, one in a Web of
Science-indexed journal without an impact factor, four in other internationally in-
dexed journals, and one in a conference proceedings volume indexed in the Sco-
pus database. Seven presentations on the dissertation topic were given at national
and international scientific conferences.



Reziumeé

Disertacijoje analizuojamas sieros vandenilio (H2S) paSalinimas i$ biodujy, tai-
kant biofiltracijos metodg. Darbe sprendziama viena pagrindiniy biodujy panau-
dojimo problemy — efektyvus H.S Salinimas, kadangi §i medziaga yra toksiska,
korozing ir reikSmingai mazina biodujy energetiniy sistemy eksploatacinj efekty-
vuma bei jy tarnavimo laika. Pagrindinis tyrimo objektas — sieros vandeniliui $a-
linti i§ biodujy skirtos biofiltracijos medziagos: i§ nuoteky dumblo pagamintos
bioanglys, akytojo lengvojo betono (CLC) atliekos ir puty poliuretanas (PUF).
Pagrindinis disertacijos tikslas — didinti sieros vandenilio $alinimo i$ biodujy e-
fektyvuma ir biofiltro veikimo stabilumag, biofiltracijos procese taikant fiziskai ir
chemiskai modifikuotas bei nemodifikuotas atlieky kilmés medziagas.

Darbg sudaro jvadas, literatiiros apzvalga, metodikos ir rezultaty skyriai,
bendrosios iS§vados ir rekomendacijos, naudotos literatiiros ir autoriaus publika-
cijy disertacijos tema saraSai. Jvadiniame skyriuje pateikiama tiriamoji darbo
problema, aktualumas, aprasomas tyrimy objektas, formuluojamas tikslas ir uzda-
viniai, apraSoma tyrimy metodika, darbo mokslinis naujumas, rezultaty praktine
reik§me, ginamieji teiginiai.

Pirmajame skyriuje apzvelgiamos sieros vandenilio Salinimo i$ biodujy bio-
technologijos, daugiausia démesio skiriant biofiltracijos mechanizmams, biofiltry
uzpildy savybéms ir pagrindiniams proceso efektyvuma lemiantiems veiksniams.
Antrajame skyriuje apraSomos eksperimentiniy tyrimy metodikos, skirtos biofilt-
racijos medziagoms parinkti, jy fizikinéms ir cheminéms savybéms, adsorbcinéms
charakteristikoms nustatyti, mikroorganizmy inokuliacijai ir auginimui, taip pat
sieros vandenilio $alinimo efektyvumui vertinti ir biofiltracijos procesui matema-
tiskai modeliuoti. Tre¢iajame skyriuje pateikiami inovatyviy filtravimo medZziagy
teoriniy ir eksperimentiniy tyrimy rezultatai, atskleidziantys $iy medziagy savybiy
ir modifikacijos rysj su mikroorganizmy jsitvirtinimu, bioplévelés formavimusi ir
filtro efektyvumu Salinant sieros vandenilj, taip pat palyginami eksperimentiniai
duomenys su matematinio modeliavimo rezultatais.

Disertacijos tema yra atspausdinti 8 moksliniai straipsniai: du — Web of
Science duomeny bazés leidiniuose, turin¢iuose citavimo rodiklj, vienas — Web of
Science duomeny bazés leidinyje, neturin¢iame citavimo rodiklio, keturi — kitose
tarptautinése duomeny bazése referuojamuose leidiniuose, vienas tik Scopus duo-
meny bazéje referuojamame konferencijy darby leidinyje. Disertacijos tema pers-
kaityti 7 praneSimai Lietuvos ir kity Saliy konferencijose.
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Notations

Symbols

Cin — concentration of H,S in inlet gas, g-m (liet. H,S koncentracija jleidZiamose dujose);
Cout — concentration of H,S in outlet gas, g-m= (liet. H,S koncentracija isleidziamose
dujose);

k — constant kinetics (liet. kinetiné konstanta);

Kmax — maximum constant kinetics (liet. didZiausia kinetiné konstanta);

K — immersion steady, g-m= (%) (liet. sugerties (prisotinimo) pastovioji);

K, — hindrance consistent, g.m™ (liet. slopinimo koeficientas);

Ks — saturation constant, ppm (liet. prisotinimo konstanta);

K’s — immersion steady, g-m (liet. sugerties (prisotinimo) pastovioji);

m — gas-liquid partition coefficient, (C/CL) (liet. dujy ir skyscio pasiskirstymo koeficien-
tas);

Q — gas flow rate, L-d* (liet. dujy debitas);

V — gas volume, L (liet. dujy tiris);

X — length of boundary condition, cm (liet. ribinio intervalo ilgis);

0 — biofilm thickness, cm (liet. bioplévelés storis);

@ — Thiele modulus (liet. Thiele modulis);
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o — biofilm dimensionless length coordinate = X/d (liet. bedimensé bioplévelés ilgio
koordinaté);

A — active thickness of biofilm (less than 8), cm (liet. aktyvus bioplévelés storis);

onmp — variable = AN((K.D)/(2 m)) (liet. modelio kintamasis, apibrétas kaip Oum, =
AN(K-D)/(2m))).

Abbreviations

AD — anaerobic digestion (liet. anaerobinis piidymas);
AC — activated carbon (liet. aktyvintosios anglys);
BET — Brunauer—Emmett—Teller (liet. Brunauer, Emmett ir Teller);

BD - bulk density (liet. tarinis tankis — medziagos masé, tenkanti vienetiniam tiriui, js-
kaitant porétumg);

CLC — cellular lightweight concrete (liet. akytojo lengvojo betono (CLC) atliekos);

CFU — colony-forming units (liet. kolonijq formuojantys vienetai);

COMSOL — Multiphysics® simulation software (liet. Multiphysics® modeliavimo pro-
graminé jranga);

CAA — Clean Air Act (liet. Svaraus oro jstatymas);

DO — dissolved oxygen (liet. istirpes deguonis);

DAPI — 4’ 6-diamidino-2-phenylindole (liet. 4',6-diamidino-2-fenilindolis — fluores-
cencinis daziklis, naudojamas mikroorganizmy DNR vizualizacijai);

EPS — extracellular polymeric substance (liet. tarplgstelinés polimerinés medziagos — tai
mikroorganizmy iSskiriami polimerai, formuojantys bioplévelés struktiirg);

EBRT — empty bed retention time, sec. (liet. biodujy buvimo trukme biofiltre);
EC — elimination capacity (liet. terSalo Salinimo geba);

EC* — electrical conductivity (liet. elektrinis laidumas);

ECmax — elimination capacity, g-m=-h™" (liet. didziausia terialo Salinimo geba);
GDA — gas data analyzer (liet. dujy analizatorius);

GA — generic algorithm (liet. genetinis algoritmas);

HSD — honest significant difference (liet. statistiSkai reiksmingas skirtumas — tai Kriteri-
jus, taikomas skirtumy tarp duomeny grupiy patikimumui jvertinti);

ILR — inlet loading rate (liet. jleidziamy terSaly tiuriné koncentracija);

LCA - life-cycle assessment (liet. gyvavimo ciklo vertinimas — tai aplinkosauginio povei-
kio analizé nuo Zaliavy gavybos iki utilizavimo);

MSW — municipal solid waste (liet. komunalinés kietosios atliekos);

NSPS — new source performance standard (liet. nawjy tarsos Saltiniy veiklos standartas —
tai reglamentuojami naujai jrengty tarsos Saltiniy reikalavimai);

OSHA — occupational safety and health administration (liet. darbuotojy saugos ir sveika-
tos administracija — institucija, nustatanti darbuotojy saugos ir sveikatos reikalavimus);
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ODE - ordinary differential equations (liet. paprastosios diferencialinés lygtys);

PPM — parts per minute (liet. santykinis koncentracijos matavimo vienetas);

PUF — polyurethane foam (liet. puty poliuretanas);

POTW - publicly owned treatment works (liet. savivaldybés nuoteky valymo jrenginiai);
RE — removal efficiency (liet. valymo efektyvumas);

RPM — rotation per minute (liet. apsisukimai per minute);

SOB - sulfur-oxidizing bacteria (liet. sierq oksiduojancios bakterijos);

SEM - scanning electron microscopy (liet. skenuojancioji elektroniné mikroskopija);

SYPRO — SYPRO® protein fluorescent stain (liet. baltymy fluorescenciniai dazai SY-
PRO®);

SVM - support vector machines (liet. atraminiy vektoriy masinos);

TDR — time domain reflectometry (liet. laiko srities reflektometrija — metodas, taikomas
terpés fizinéms savybéms nustatyti);

TDS — transport of diluted species (liet. praskiesty medziagy pernasa);

WIFI — wireless fidelity (liet. belaidis duomeny perdavimas);

WWTP — wastewater treatment plant (liet. nuoteky valymo jrenginiai — jrenginiai, skirti
nuoteky terSalams pasalinti);

XRF — x-ray fluorescence (liet. rentgeno fluorescencija).
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Introduction

Problem formulation

Biogas, primarily composed of methane (CH.) and carbon dioxide (CO»), is a
promising renewable energy source produced through anaerobic digestion of or-
ganic waste. However, its efficient utilization is limited by the presence of hydro-
gen sulfide (H2S), a highly toxic and corrosive compound that threatens human
health, reduces system reliability, and shortens equipment lifetime (Torres et al.,
2020; Wang, 2020b). When HS concentrations exceed ~100 ppm, severe corro-
sion of pipelines, engines, and turbines occurs, increasing maintenance costs and
reducing equipment durability, as well as the calorific value and combustion effi-
ciency of biogas (Zhang et al., 2022; Khan et al., 2021; Pabby & Sastre, 2013).

Various physical, chemical, and biological methods have been developed for
HaS removal. Although physical adsorption and chemical absorption provide high
efficiency, they often involve high operational and energy costs, chemical reagent
consumption, and secondary waste management issues, limiting their environ-
mental sustainability (Perez et al., 2020; Gao et al., 2022). Therefore, biological
filtration based on sulfur-oxidizing microorganisms has attracted increasing atten-
tion as a cost-effective and environmentally friendly alternative (Vikrant et al.,
2018; Muthulakshmi & Sundrarajan, 2020).



2 INTRODUCTION

Nevertheless, the performance of biofiltration systems remains limited by in-
sufficient optimization of biofilter packing materials, limited control of microbi-
ological processes, and the lack of reliable mathematical models that predict bio-
filter performance under varying operating conditions (Haosagul et al., 2020;
Yuan et al., 2018). In particular, the potential of waste-derived materials as sus-
tainable and cost-effective biofilter packing media remains underexplored (Xia
etal., 2019; Ying et al., 2020).

Relevance of the dissertation

As biogas production and its application in energy and environmental sectors in-
crease, the demand for scientifically grounded technologies for hydrogen sulfide
removal is growing (Torres et al., 2020; Rivard et al., 2018). Biological filtration
is considered a promising approach due to its effectiveness in hydrogen sulfide
removal and the flexibility of its technological solutions (Vikrant et al., 2018;
Ying et al., 2020).

The efficiency and stability of biofiltration systems largely depend on the
physical, chemical, and structural properties of biofilter packing materials, which
influence hydrogen sulfide transport, microbial activity, and overall process per-
formance (Haosagul et al., 2020; Zhang et al., 2021). Therefore, the modification
and optimization of biofiltration materials have become an important research di-
rection, enabling the transition from laboratory studies to scientifically based bio-
filter design and practical application.

The relevance of this research also relates to the integration of waste-derived
materials into biofiltration systems. In the European Union, about 7-15 million
tonnes of sewage sludge (dry matter) are generated annually, while in Lithuania,
about 60-70 thousand tonnes are generated per year. Construction and demolition
waste accounts for approximately 30—-35% of total waste, and polymer waste rep-
resents a continuously growing waste stream with still limited environmental ap-
plications (Eurostat, 2020; Eurostat, 2021; European Commission, 2020). Con-
verting these wastes into functional biofiltration materials supports circular
economy principles and the development of innovative biogas purification solu-
tions.

This dissertation focuses on the development and application of biofiltration
materials for hydrogen sulfide removal from biogas. The research evaluates phys-
ically and chemically modified and unmodified waste-derived materials, includ-
ing sewage sludge biochar, autoclaved cellular concrete (CLC) waste, and polyu-
rethane foam (PUF). By integrating experimental research, microbiological
analysis, statistical evaluation, and mathematical modeling, the study establishes
a scientific basis for biofiltration material selection and modification, contributing



INTRODUCTION

to both fundamental and applied research (Haosagul et al., 2020; Zhanga et al.,
2020; Kalinska et al., 2019).

Research object

The research object is biofiltration materials intended for the removal of hydrogen
sulfide from biogas: biochar produced from sewage sludge, CLC waste, and PUF.

Aim of the dissertation

The doctoral dissertation aims to assess methods to increase the efficiency of hy-
drogen sulfide removal from biogas and to enhance the operational stability of the
biofilter by applying physically and chemically modified as well as unmodified
waste-derived materials within the biofiltration process.

Tasks of the dissertation

The following tasks are set to achieve the aims of the dissertation:

1.

To analyze the scientific literature and identify existing research gaps re-
lated to technologies for biogas purification from hydrogen sulfide, bio-
filtration materials, and microbiological processes.

To select and characterize waste-derived biofiltration materials, includ-
ing biochar, CLC waste, and PUF, and to evaluate the effects of physical
and chemical modification on their physicochemical properties relevant
to H2S removal.

To experimentally evaluate the performance of modified and unmodified
biofiltration materials in the removal of hydrogen sulfide from biogas un-
der controlled laboratory-scale conditions.

To investigate the formation and development of biofilms on the surfaces
of different biofiltration materials and to determine the influence of ma-
terial properties and their modification on microbial activity and distri-
bution.

To determine statistical relationships between the physicochemical prop-
erties of biofiltration materials, microbiological indicators, and hydrogen
sulfide removal efficiency in biofiltration systems.
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6. To develop a mathematical model of the biofiltration process describing
hydrogen sulfide removal and microbial activity, and to evaluate its
agreement with experimental results.

7. To perform numerical modeling of biofiltration systems and to substan-
tiate the experimental results by analyzing hydrogen sulfide concentra-
tion and reaction rate distributions within the biofilter under different bio-
filtration material configurations.

Research methodology

Biological filtration technology was applied to remove hydrogen sulfide (H2S)
from biogas using physically and chemically modified biochar, CLC waste, and
PUF. During the study, the physicochemical properties of biofiltration materials
were determined, and H2S removal efficiency, microbial activity, and biofilter op-
erational stability were evaluated. The experimental results were further analyzed
using mathematical modeling and numerical calculations.

Scientific novelty of the dissertation

The following results, new to environmental engineering science, were obtained
during the preparation of the dissertation:

1. A biofiltration material concept for biogas purification from hydrogen
sulfide (H-S) was developed and experimentally validated, demonstrating
the effective application of physically and chemically modified waste-de-
rived materials-KOH-modified biochar and FeCOs-modified CLC waste,
which enabled the achievement of H.S removal efficiencies of up to 90—
95%.

2. The role of biofiltration material modification in regulating microbial ac-
tivity and ensuring biofiltration process stability was revealed by estab-
lishing quantitative relationships between the physicochemical properties
of modified packing materials — porosity (~65-75%) and specific surface
area (180-320 m?-g™') — the activity of sulfur-oxidizing microorganisms,
the intensity of biofilm formation, and hydrogen sulfide removal effi-
ciency.

3. A mathematical and numerical model of the biofiltration process was de-
veloped and validated using experimental data, enabling the prediction of
hydrogen sulfide removal efficiency with deviations of less than 10% and
providing a basis for optimizing biofiltration systems.
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Practical value of the research findings

The results of this dissertation have practical relevance for biogas production, en-
vironmental protection, and waste management by providing a material-oriented
biofiltration solution for removing hydrogen sulfide from biogas. The application
of physically and chemically modified waste-derived biofiltration materials ena-
bles stable biological desulfurization, reduces H2S-induced corrosion of energy
system components, and improves the energetic quality of biogas.

The demonstrated use of sewage sludge-derived biochar and construction
waste-based CLC, in combination with PUF as a mechanically and hydraulically
stable support material, offers a sustainable alternative to commercial biofilter
packings. The obtained results can be applied in agricultural biogas plants,
wastewater treatment facilities, and other biogas utilization systems, supporting
the implementation of environmentally friendly, circular-economy-based biogas
purification technologies.

Defended statements

1. Sewage sludge-derived biochar modified with KOH exhibits a specific
BET surface area increased from 24.66 m*-g' to 471.54 m?-g™!, along
with a higher specific micro- and mesopore volume; this leads to an in-
crease in hydrogen sulfide (H2S) removal efficiency in the biofiltration
system from approximately 80% to 92%.

2. The combination of KOH-modified biochar and FeCOs-impregnated cel-
lular lightweight concrete (CLC) waste in biofilters creates a synergistic
adsorption—-biocatalytic effect, resulting in a relative increase of H.S re-
moval efficiency by 10-15% compared to unmodified or single-compo-
nent packing materials, while ensuring more stable process operation.

3. In biofiltration systems, the hydrogen sulfide (H=S) removal process is
governed by the interaction between sulfur-oxidizing bacteria (Acidithi-
obacillus spp.) and biofilm-forming microorganisms (Pseudomonas
spp.), which promotes more intensive biofilm formation and enhanced
synthesis of extracellular polymeric substances (EPS) on the surface of
modified packing materials, thereby enabling H2S removal efficiencies
exceeding 90%.
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Approval of the research findings

The research results of the dissertation are presented in eight scientific publica-
tions: two articles published in journals indexed in the Web of Science database
with an Impact Factor (Mohammadi et al., 2024a; Mohammadi et al., 2025a), one
article published in a journal indexed in the Web of Science Emerging Sources
Citation Index (ESCI) and Scopus databases (Mohammadi et al., 2024b), four ar-
ticles published in other peer-reviewed international journals indexed in interna-
tional databases (Mohammadi 2022; Mohammadi etal., 2023a; Mohammadi
et al., 2024; Mohammadi et al., 2025), and one article published in Scopus-in-
dexed international conference proceedings (Mohammadi et al., 2023c). A patent
application entitled “Application of modified biofilter media derived from sewage
sludge and concrete waste for the removal of hydrogen sulfide (H2S) from biogas”
(Mohammadi et al., 2024e) has been submitted to obtain a patent of the Republic
of Lithuania (Application number: 2025 018; Date of submission: 10-10-2025).

The results of the research were presented at seven national and international

scientific conferences in Lithuania and abroad:

— at four thematic conferences of young Lithuanian scientists “Science —
Future of Lithuania: Environmental Protection Engineering”, held in
2022-2025, Vilnius, Lithuania;

— at the 13th International Conference “Environmental Engineering”, held
in 2023, Vilnius, Lithuania;

— at two international Conferences of Environmental and Climate Technol-
ogies (CONECT 2024 and CONECT 2025), held in 2024 and 2025 in
Riga, Latvia.

Structure of the dissertation

The dissertation consists of an introduction, three chapters, general conclusions,
and recommendations.

The entire dissertation consists of 137 pages. It contains 36 numbered formu-
las, 49 figures, and 27 tables. A total of 158 literature sources were used in writing
the dissertation.
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Literature review of biotechnologies
for H.S removal from biogas

The First Chapter presents a comprehensive literature review of biotechnologies
for hydrogen sulfide (H2S) removal from biogas, with particular emphasis on bi-
ological filtration processes. The Chapter analyzes the composition of biogas and
the environmental, technical, and economic importance of H=S removal, evaluates
physical, chemical, and biological desulfurization methods, and discusses the
mechanisms of biofiltration, including sulfur oxidation pathways, microbial com-
munities, and the influence of biofilter packing material properties on process ef-
ficiency. Special attention is given to waste-derived materials as sustainable bio-
filter media and to the integration of experimental and modeling approaches for
performance optimization. The results of this review, presented in this Chapter,
were published in Mohammadi and Vaiskiinaité (2023a) and Mohammadi and
Vaiskiinaité (2023b).
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1.1. Introduction to biofiltration for H,S removal

Biogas produced through anaerobic digestion is an important renewable energy
source; however, its practical utilization is significantly constrained by the pres-
ence of hydrogen sulfide. Depending on feedstock composition and process con-
ditions, H-S concentrations in raw biogas typically range from 100 to 20,000 ppm,
posing serious risks due to toxicity, corrosion, and reduced equipment lifetime
(Huan et al., 2020; Jia et al., 2022). Consequently, effective HzS removal is a pre-
requisite for upgrading biogas to biomethane that complies with technical, envi-
ronmental, and safety standards.

Biofiltration has emerged as a sustainable alternative to conventional physi-
cal and chemical desulfurization methods, particularly for small- and medium-
scale biogas facilities. This technology relies on Sulfur-Oxidizing Bacteria
(SOBs) immobilized on porous packing materials and enables H2S conversion to
elemental sulfur or sulfate with comparatively low energy demand and environ-
mental impact.

1.1.1. Overview of biogas purification

Biogas produced via Anaerobic Digestion (AD) of organic waste is a key renew-
able energy source with significant potential for electricity generation, heat pro-
duction, and transport fuel applications. However, its overall quality and applica-
bility depend strongly on the effective removal of undesirable components, among
which hydrogen sulfide is particularly problematic due to its high toxicity and
corrosivity (Taheriyoun et al., 2019). Recent studies emphasize that efficient H2S
removal not only improves operational safety but also enhances the calorific value
and market competitiveness of biomethane (Taheriyoun et al., 2019; Dada, 2025).

H,S, N,, H,0&0,,
2% 3% 1%

oo 8

39% CH,,

55%

Fig. 1.1. Composition of raw biogas in percentage
(approximate data) (Das et al., 2022a)
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Raw biogas mainly consists of methane (40—70%) and carbon dioxide (20—
45%), together with minor components such as water vapor, nitrogen, oxygen,
and hydrogen sulfide. Even relatively low H2S concentrations (<100 ppm) can
cause severe corrosion, pitting, and an increased risk of cracking in engines, tur-
bines, and pipelines, leading to significantly higher maintenance costs and in-
creased downtime (Das et al., 2022a; Torres et al., 2020; Kulawong et al., 2022).
A general overview of the typical composition of raw biogas is presented in Fig-
ure 1.1.

These considerations clearly highlight the necessity for integrated biogas pu-
rification strategies that are both technically robust and economically viable. Con-
temporary review studies increasingly emphasize the importance of integrating
physical, chemical, and biological treatment principles to develop advanced bio-
gas purification systems that can meet diverse operational and regulatory require-
ments. Hybrid purification systems integrating physical adsorption with biologi-
cal oxidation have demonstrated improved overall removal efficiency while
maintaining economic and environmental sustainability (Alayande et al., 2024).
These approaches provide the conceptual foundation for biofiltration-based sys-
tems investigated in this dissertation.

1.1.2. Importance of H2S removal in biogas systems

Environmental regulations strictly limit allowable hydrogen sulfide concentra-
tions in biogas and derived transportation fuels due to its toxicity, corrosivity, and
adverse impacts on energy-conversion equipment. Even trace amounts of H>S and
ammonia (NHs) in raw biogas can significantly restrict its end-use applications by
accelerating corrosion in engines, turbines, pipelines, and heat exchangers (Ku-
lawong et al., 2022; Das et al., 2019). Environmental and occupational regulations
limit allowable H>S concentrations due to its toxicity and corrosivity. Exposure
limits below 20 ppm are commonly enforced, while concentrations above 100
ppm pose severe health risks (Liu & Zhou, 2023). From an environmental per-
spective, the combustion of HzS produces sulfur oxides, which contribute to acid
rain and air pollution (Nowicki et al., 2014). Consequently, effective H2S removal
is a prerequisite for safe, reliable, and economically viable biogas utilization.
Occupational exposure limits further highlight the need for H.S control. Ac-
cording to occupational health guidelines referenced in recent studies, short-term
exposure limits for H.S are typically set at 10-20 ppm, while concentrations ex-
ceeding 50-100 ppm pose serious risks to human health, including respiratory
irritation, neurological effects, and, at higher levels, fatal outcomes (Prasert-
charoensuk et al., 2022; Dada, 2025). In addition to health concerns, H2S contrib-
utes to biogenic corrosion by oxidizing to sulfuric acid (H2SO4), particularly in
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moist environments, leading to material degradation and increased maintenance

costs (Ghimire et al., 2021; Haosagul et al., 2020).

Table 1.1. Transmission of the amount of consumed biogas in Lithuania (every possible
sector) from 2021 to 2024 (1 TJ (terajoules) = 0.278 GW/h) (European biogas association,

2024)

Fuel commodities balances, TJ

2021

2022

2023

2024

Landfill
biogas

Gross consumption

231

190

160

135

Statistical differ-
ences

Transformation in
plants

224

185

155

130

Consumption in
the energy sector

Non-energy use

Final consumption

Sludge
biogas

Gross consumption

340

365

390

420

Statistical differ-
ences

Transformation in
plants

106

115

120

125

Consumption in
the energy sector

Non-energy use

Final consumption

234

250

270

295

Another
biogas

Gross consumption

1111

1.180

1.250

1.320

Statistical differ-
ences

Transformation in
plants

924

985

1,045

1,110

Consumption in
the energy sector

Non-energy use

Final consumption

187

195

205

210
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From an environmental perspective, the combustion of H.S-containing bio-
gas emits sulfur oxides (SOy), which contribute to acid rain formation and atmos-
pheric pollution. These impacts reinforce the need for upstream desulfurization to
ensure compliance with environmental regulations and to minimize the overall
environmental footprint of biogas-based energy systems (Vaiskunaite, 2020;
Dada, 2025).

The economic implications of insufficient H.S removal are equally signifi-
cant. Elevated H.S concentrations reduce the efficiency and lifespan of energy
conversion equipment, increase downtime, and necessitate costly post-combus-
tion gas treatment. In contrast, purified biogas — often upgraded to biomethane —
has a higher calorific value, improved market competitiveness, and broader ap-
plicability in energy grids and the transportation sector (Zhang etal., 2024;
Alayande et al., 2024; Cui et al., 2022).

Regional trends in biogas production further underscore the relevance of H>S
removal. In Lithuania, biogas-derived energy production declined from 34.1 ktoe
in 2017 to 14.7 ktoe by 2020, reflecting structural changes in the sector (Cortés
etal.,, 2021). At the European scale, total biogas production reached approxi-
mately 71 billion m® in 2023 and is projected to increase substantially in the com-
ing years, driven by renewable energy policies and circular economy objectives
(Cano et al., 2021; European Biogas Association, 2024).

Analysis of Lithuanian biogas statistics reveals a growing contribution of
sludge-derived biogas, which typically contains elevated sulfur concentrations. As
shown in Table 1.1, the structure of biogas consumption in Lithuania between
2021 and 2024 reveals a clear shift toward sludge-derived biogas. While landfill
biogas consumption decreased steadily, sludge biogas utilization increased from
340 TJ in 2021 to 420 TJ in 2024, corresponding to an approximate 24% increase
over four years (European Biogas Association, 2024). This trend is particularly
significant for desulfurization technologies, as biogas produced from sewage
sludge typically contains higher sulfur concentrations compared to agricultural or
landfill feedstocks.

Given that H:S can account for up to ~3% of raw biogas volume, the growing
reliance on sludge-based biogas implies an increased potential release of sulfur
compounds if adequate purification is not implemented. Previous estimates sug-
gest that several hundred tons of H2S could be associated with biogas production
in Lithuania alone, underscoring the need for robust, sustainable H.S removal so-
lutions prior to energy recovery or grid injection.

Overall, the data presented in Table 1.1 directly support the scientific and
practical relevance of this dissertation. The increasing role of sludge-derived bio-
gas in Lithuania strengthens the need for efficient, low-cost, and environmentally
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sustainable H-S removal technologies, particularly those suitable for variable op-
erating conditions and high sulfur loads. Addressing these challenges is essential
for ensuring the long-term viability of biogas as a renewable energy source.

1.1.3. Assessment of biogas purification methods and
technologies from H2S

Physical and chemical H-S removal methods achieve high removal efficiencies
but are often associated with high operational costs, chemical consumption, and
secondary waste generation. In contrast, biological filtration offers superior sus-
tainability and cost-effectiveness, albeit with slower reaction kinetics and higher
sensitivity to operational conditions.

Physical adsorption (dry technologies) involves the attachment of sulfide
compounds onto the surface of solid adsorbents, thereby reducing H-S concentra-
tion in the gas phase. Commonly applied adsorbents include activated carbon,
metal oxides, and natural or synthetic zeolites (Gao et al., 2022). These technolo-
gies are characterized by relatively simple system designs, mild operating condi-
tions, and the absence of wastewater generation, making them attractive for de-
centralized applications (Ma et al., 2018). The efficiency of physical adsorption is
strongly influenced by the adsorbent’s specific surface area, pore structure, and
surface chemistry (Jiao et al., 2022; Zhang et al., 2021).

Chemical absorption (wet technologies) involves transferring H-S into the
liquid phase, where it reacts with chemical reagents such as alkanolamines, alka-
line solutions, or oxidizing agents (Gao et al., 2022). These systems generally
achieve high removal efficiencies and rapid reaction rates; however, they require
significant chemical consumption, complex process control, and the generation of
secondary waste streams. As a result, their large-scale implementation is often
associated with high operational and environmental costs.

Biological filtration (biofiltration) represents an alternative approach in
which HS is biologically oxidized by SOBs immobilized on a porous packing
material within a biofilter (Scarlat et al., 2018; Vikrant et al., 2018). Depending
on oxygen availability and microbial community composition, SOBs can convert
H-S into elemental sulfur or sulfate. These microorganisms are susceptible to en-
vironmental and operational conditions, particularly temperature, pH, moisture
content, and nutrient availability (Wang etal., 2022; Haosagul etal., 2020).
Therefore, selecting and modifying suitable packing materials is critical to ensur-
ing stable microbial activity and efficient biological desulfurization.

A structured overview of the most common physical and chemical H-S re-
moval technologies is presented in Table 1.2, highlighting their classification and
principal operating mechanisms.
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The principal sulfur oxidation pathways involved in biological H>S removal
are described by the reactions presented in Equations (1.1) and (1.2).

25 + 30, + 2H,0 > 2H,S04; (1.1)
CO; + 2H,S — CH,O + H,0 + 2S. (1.2)

Table 1.2. Dry and wet technologies to purify H.S from biogas

Electrochemical oxidation
Adsorption by zeolite
Adsorption on nanoparticles
Adsorption on metal oxides
Adsorption on modified carbon
Pressure swing adsorption
Metal sulfide precipitation
Water scrubbing

Membrane separation

Organic solvents (amine)

Physical adsorption

Chemical absorption

Each H-S removal method exhibits specific strengths and weaknesses. Bio-
logical filtration is generally associated with low operational costs and minimal
environmental impact, but is limited by slower reaction kinetics and sensitivity to
process disturbances. In contrast, physical and chemical methods provide faster
and often higher removal efficiencies, albeit at the expense of higher costs, greater
operational complexity, and increased environmental burden.

A quantitative comparison of biological, physical, and chemical H-S removal
technologies, including typical removal efficiencies, reaction rates, operational
costs, and environmental impacts, is summarized in Table 1.3 (Perez et al., 2020;
Torres et al., 2020).

Table 1.3. Comparison of main parameters of H,S removal technologies (Perez et al.,
2020; Torres et al., 2020)

Parameter Biological Physical Chemical
filtration adsorption absorption
Typical H=S RE,% 70-95 80-98 95—>99
Reaction speed Slow Immediate Fast
Operational cost Low Medium to high High
Sensitivity to High (Temp/pH Low Medium
conditions sensitive)
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End of Table 1.3

Parameter Biological Physical Chemical
filtration adsorption absorption

Environmental Low Medium High

impact

Maintenance Low to moderate Moderate High

requirement

Waste generation Low Medium High

(spent adsorbent) (chemical waste)
Scalability Moderate Moderate High
Typical EBRT, s 30-120 5-30 5-20

As shown in Table 1.3, chemical absorption achieves the highest H.S re-
moval efficiency and fastest reaction rates, whereas biological filtration offers su-
perior sustainability and cost-effectiveness. Consequently, improving the perfor-
mance of biofiltration systems — particularly by optimizing packing materials and
operating conditions — represents a promising strategy to overcome the inherent
limitations of biological processes. This approach forms the scientific basis for
the experimental investigations presented in the subsequent chapters of this dis-
sertation.

1.2. Biofilters for H,S removal: key concepts and
mechanisms

Biofilters are widely recognized as a sustainable, cost-effective technology for
removing hydrogen sulfide from biogas. Their operation is based on the synergis-
tic interaction of physical adsorption and biological oxidation, enabling high H>S
removal efficiency (RE) with comparatively low operational costs and environ-
mental impact. Recent studies confirm that biofilters packed with waste-derived
materials, such as biochar and CLC waste, can achieve stable RE values exceeding
90% across a broad range of operating conditions, highlighting their suitability for
sustainable biogas purification systems (Mohammadi & VaiSkanaité, 2025;
Aukstinaitis & Vaiskanaite, 2012).

1.2.1. Fundamentals of biofiltration

Biofiltration is a gas treatment process in which a contaminated gas stream is
passed through a packed bed colonized by sulfur-oxidizing bacteria (SOBSs). In
biofilter systems designed for H.S removal, the process proceeds through two
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coupled mechanisms: (i) physical adsorption of H2S onto the packing material
surface and (ii) biological oxidation within the microbial biofilm.

Physical adsorption represents the initial removal step, during which HaS
molecules are retained on the surface of the packing material. The efficiency of
this process is primarily governed by the physicochemical properties of the pack-
ing media, including specific surface area, porosity, surface chemistry, and mois-
ture content. These properties not only influence adsorption capacity but also de-
termine the material’s suitability for microbial colonization.

Subsequently, biological oxidation becomes the dominant removal mecha-
nism. SOBs oxidize HS to elemental sulfur (S°) or sulfate (SO+*"), depending on
oxygen availability, according to the reactions presented in Equations (1.1) and
(1.2). These reactions occur within the biofilm on the surface of the packing ma-
terial, which provides a stable microenvironment for microbial metabolism.

Variations in inlet H.S concentration and Empty-Bed Residence Time
(EBRT) directly affect the outlet concentration and overall RE. As illustrated in
Figure 1.2, sudden operational disturbances (e.g., shock loads or changes in flow
rate) can temporarily reduce biofilter performance, highlighting the importance of
stable operating conditions for sustained desulfurization efficiency.

+ Inlet concentration a Outlet concentration —e—Removal efficiency
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Biofilter operating time (day)
Fig. 1.2. Comparing the removal efficiency of H.S during 75 days (Khalil et al., 2019)

1.2.2. Types of biofilter materials and their roles

The performance, efficiency, and operational stability of biofilters for hydrogen
sulfide removal under laboratory conditions are strongly dependent on the selec-
tion of packing materials. Packing materials play a dual role in biofilter systems:
they act as a physical support for SOBs and simultaneously participate in HaS
adsorption, mass transfer, and transformation processes (Guo et al., 2023; Das
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et al., 2022b). Their physicochemical properties directly influence gas—solid con-
tact efficiency, microbial attachment, pressure drop, moisture retention, and bio-
film development, thereby determining overall biofilter performance.

Packing materials used in biofilter systems are commonly classified into three
main categories: inorganic, carbon-based, and polymeric. Inorganic materials,
particularly CLC waste, have gained increasing attention as biofilter packing me-
dia due to their low cost, high porosity, and compatibility with circular economy
principles (Xu et al., 2022; Zhang et al., 2021). CLC waste provides a large spe-
cific surface area that supports both H>S adsorption and microbial colonization.
When chemically modified or impregnated with iron-containing compounds such
as iron carbonate (FeCOs), CLC waste exhibits enhanced catalytic activity, accel-
erating the oxidation of H.S to elemental sulfur or sulfate (Ying etal., 2020;
Cuimei et al., 2018).

Reported elimination capacity (EC) values for CLC-based packing materials
reach up to 32 g-m=-h~! under laboratory-scale conditions (Wu et al., 2021). The
underlying mechanism involves physicochemical interactions between H.S and
calcium- and iron-containing phases of CLC, including calcium silicate hydrates
(Ca0-Si02'nH20), calcium carbonate (CaCOs), and iron oxides, resulting in the
formation of gypsum (CaSOa4-2H20) and elemental sulfur (Ibrahim et al., 2021;
Ying et al., 2020; Cano et al., 2019). These reactions are schematically illustrated
in Figure 1.3, while visual changes in CLC structure before and after desulfuriza-
tion are shown in Figure 1.4.

H
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-~ Ca(OH), —2 3+ (CaS0,.2H,0

1Ca0).28i0, nH,0

80y —4——— i
; H.5 e H,O
» Fe,0, J—2—» Fe,S, — FeS+FeS, — = 50

Fig. 1.3. Principal reactions in wet conditions between H,S and the components of CLC
(Wu et al., 2021)
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Representative experimental results obtained using CLC waste as biofilter
packing material, including reported RE, EBRT, and Elimination Capacity (EC)
values, are summarized in Table 1.4. These studies demonstrate that CLC waste
is particularly well-suited for applications that prioritize low-cost, sustainable ma-
terials.

Table 1.4. Function of the CLC waste sample to be used as packing material in the biofilter

Packing | HzS, | Time, | EBRT, | RE, Ei‘;ﬁ’;’ Experiment | Refer-
Bed ppm day S % gh_l properties ence
CLC 100 N/A 63 97 5.6 Lab-scale bio- (Pudi
waste filter was etal.,

topped with a 2022)
layer of CLC

Carbon-based materials, especially biochar, are among the most extensively
investigated biofilter packing media due to their high specific surface area, well-
developed micro- and mesoporous structure, and favorable surface chemistry
(Strohmaier et al., 2019; Wu et al., 2021). Biochar supports both effective H.S
adsorption and robust biofilm formation, resulting in high RE and elimination ca-
pacity. Chemical activation, such as KOH modification, further enhances biochar
adsorption capacity, pore development, alkalinity, and moisture retention, im-
proving biofilter performance under dynamic operating conditions (Lin etal.,
2021; Das et al., 2019).

Fig. 1.4. CLC waste (a) after desulfurization, (b) before desulfurization
(Wu et al., 2021)



20 1. LITERATURE REVIEW OF BIOTECHNOLOGIES FOR H2S REMOVAL FROM...

Fig. 1.5. Scanning Electron Microscopy (SEM) picture of the biochar before (a) and af-
ter (b) the adsorption of H,S (Lin et al., 2021)

SEM images presented in Figure 1.5 illustrate pore-filling and surface-mor-
phology changes in biochar after prolonged H.S adsorption, indicating potential
clogging effects that may influence long-term biofilter operation. Experimental
applications of biochar-packed biofilters, including RE, EBRT, and EC values,
are summarized in Table 1.5.

Table 1.5. Function of biochar samples used as packing material in different bioreactors
(Bahraminia et al., 2020)

Paé:kcijng HzS, T(;me, EBRT, | 1e ot %Cn”;a; Erﬁgi?_ Refer-
¢ ppm ay S ht properties ence
Bench-
) — (Wu
Biochar | 1%° 20 | 80 98 gq | scalebiofil-
1020 ter packed 2021)
with MSW
Lab-scale .
- - o (Pudi
Biochar | 20 110 80 70 go | Michaelis- | o o
1065 Menten
2022)
model

In addition to adsorption capacity, biochar improves biofilter stability under
fluctuating inlet loading rates. The influence of Inlet Loading Rate (ILR) and
EBRT on H:S removal efficiency in biochar-based biofilters is illustrated in Fig-
ure 1.6, which demonstrates higher tolerance to loading shocks and more stable
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RE than in compost-only systems (Das et al., 2019). These findings confirm the
suitability of biochar as a multifunctional biofilter packing material.
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Fig. 1.6. Impact of the inlet loading rate (ILR) on the biofilter’s ability to remove H,S

(Das et al. 2019)

Polymeric materials, such as PUF, are primarily applied in biofilter systems
due to their mechanical stability, high porosity, low density, and resistance to bi-
odegradation (Juntranapaporn et al., 2019; Das et al., 2022b). Although PUF ex-
hibits limited intrinsic adsorption capacity for H.S, it provides a practical struc-
tural framework for microbial attachment, uniform gas distribution, and stable
hydrodynamic conditions

Table 1.6. PUF samples are used as packing material in various bioreactors

Packing | HaS, | Time, | EBRT, | RE, | £ oriment properties | Reference
bed ppm | day S % P prop
Pseudomonas spp.,
plfop'r;gr'])é' 8000 | 270 | 35 |>94 | temperature 2527 <C; (Dggz‘?;)"’""
propy sludge from WWTP
S . (Juntrana-
PUF 66 | N/A | 45129 |> 98 Ac'd'tm%bjji"?“;gpp" paporn et al.,
pRD.aa-1. 2019)
- . Juntrana-
Open-pore | 20— Acidithiobacillus spp., (
PUF 157 N/A >16 98 OH 6.9-8.6 paporn et al.,

2019)
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End of Table 1.6

Packing | H:S, | Time, | EBRT, | RE, | £ o riment properties | Reference
bed ppm | day S % P brop
Pseudomonas spp.,
Open-pore pH 6-8, (Zeng et al.,
PUF 5000 | 33 NIA | NIA temperature 23-27 °C, 2019)
WWTP
Open-pore | 4100 Acidithiobacillus spp., (Zeng et al.,
PUF 7900 119 NIA ] 99 pH 6.8-7.4, WWTP 2019)
. Acidithiobacillus spp.,
Op‘;’b‘;ore ﬂggg N/A | N/A | 99 pH 7.4-7.5, (Zegglzt)a"'
temperature 28-30°C
) Pseudomonas spp.,
Open-pore 96 78 40 98 | gathered from the soils and (Dasetal.,
PUF ; 2022)
sediments of a lake
. Acidithiobacillus spp., (Das et al.,
PUF rings | 2000 | 365 60 98 WWTP 2022)
PUF 4000 | 189 180 97 Pseudomonas spp. (Ar%/glzgt) al.,
Acidithiobacillus spp.,
PUF cubes | 450 | 138 | 210 | 99 temperature 24°C; (Dggze;)a"*
N/S ratios of 1.2-1.7 mol
Pseudomonas spp.,
>97 pH 1.5-2, (Pudi et al.,
PUF 5-351>365 11623 nutrient-rich water was 2022)
used
45— (Huan et al.,
PUF 129 N/A 60 100 Pseudomonas spp. 2020)

PUF is frequently employed in hybrid biofilter configurations, combined with
adsorptive or catalytic materials, to compensate for its low sorption capacity while
benefiting from its structural advantages. Experimental studies employing PUF as
biofilter packing material under various operational conditions, including differ-
ent SOB strains, pH ranges, temperatures, and EBRT values, are summarized in
Table 1.6. These studies report HzS removal efficiencies exceeding 90-99%, high-
lighting the importance of PUF as a mechanically and hydraulically stable support
medium.

Comparative analysis of biofilter packing materials indicates that hybrid con-
figurations, combining inorganic (CLC waste), carbon-based (biochar), and PUF,
effectively mitigate the limitations of single-material systems. Such hybrid biofil-
ters enhance H.S removal efficiency, operational stability, resistance to clogging,
and long-term performance, making them particularly suitable for scalable and
industrial biogas purification applications.
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1.3. Impact of biofilter material properties on H,S
removal

Recent studies consistently demonstrate that hybrid and chemically modified
packing materials enhance adsorption, microbial stability, and long-term biofilter
performance (Zhang et al., 2024; Bora et al., 2024). These interactions determine
hydrogen sulfide mass transfer, adsorption kinetics, and SOB activity under vari-
able operational conditions.

Bulk density plays a critical role in controlling gas distribution, pressure drop,
and long-term hydraulic performance of biofilters. Low-density materials, such as
biochar, enhance the void fraction and gas permeability, thereby improving gas—
solid mass transfer; however, excessive reduction in bulk density may lead to bed
compaction and mechanical instability during prolonged operation (Li etal.,
2020).

Specific surface area remains one of the most influential parameters for H.S
adsorption and microbial attachment. Recent comparative studies demonstrate
that activated and chemically modified biochars with surface areas exceeding
300 m*-g! consistently achieve higher elimination capacity (EC) values than con-
ventional organic media (Zhang et al., 2020a; Dada, 2025). Nevertheless, high
surface area alone is insufficient if pore accessibility and moisture distribution are
not optimized.

Porosity and pore size distribution govern internal diffusion resistance and
biofilm development. Microporous structures favor adsorption but are susceptible
to pore blockage by elemental sulfur, whereas meso- and macro-porous materials
improve operational robustness by facilitating sulfur removal and preventing ex-
cessive pressure drop (Bora et al., 2024). This trade-off underscores the need to
balance adsorption capacity with long-term operational stability.

Surface chemistry strongly influences the affinity of biofilter materials to-
ward H.S and their interaction with SOBs. Functional groups, such as hydroxyl
(—OH), carboxyl (—-COOQOH), and carbonyl (>C=0), enhance chemical adsorption
and promote redox reactions involved in sulfur oxidation (Zhou et al., 2021a).
Recent spectroscopic studies confirm that chemically activated biochar exhibits
increased density of oxygen-containing functional groups, leading to improved
HaS uptake and biofilm adhesion (Li et al., 2020).

Catalyst incorporation has emerged as a key strategy to enhance biofilter per-
formance. Iron-based additives, including FeCOs and Fe2Os, significantly accel-
erate H>S oxidation and reduce reliance on purely biological conversion pathways.
Recent laboratory-scale investigations report up to 20-30% improvement in re-
moval efficiency when catalytic and biological processes are coupled within hy-
brid packing materials (Bora et al., 2024; Zhang et al., 2024).
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Electrical conductivity (EC*), expressed in pS-cm™, has gained attention as
an indirect indicator of ionic strength and nutrient availability for microbial com-
munities. Elevated EC* values observed in modified biochar and mineral-based
media correlate with enhanced microbial activity and more stable sulfur oxidation
under fluctuating inlet H>S concentrations (Dada 2025).

Recent literature confirms that chemical modification of packing materials is
a practical approach to overcoming the inherent limitations of unmodified media.
KOH activation of biochar significantly increases porosity, surface area, and hy-
drophilicity, thereby improving moisture retention and sustaining microbial activ-
ity. Removal efficiencies exceeding 90% have been reported under controlled la-
boratory conditions, particularly at moderate EBRT values (Zhang et al., 2021; Li
etal., 2021).

Similarly, FeCOs-modified CLC waste exhibits synergistic catalytic—biolog-
ical behavior, enabling rapid initial H.S oxidation followed by biological stabili-
zation. This dual mechanism enhances tolerance to high inlet loading rates and
reduces biofilter start-up time, which is a critical factor for practical implementa-
tion (Bora et al., 2024).

Overall, recent studies confirm that optimal biofilter performance is achieved
by integrating high surface area, tailored pore structure, favorable surface chem-
istry, and sufficient electrical conductivity. Hybrid and modified materials outper-
form single-function media by enhancing adsorption kinetics, microbial resili-
ence, and long-term operational stability. These findings provide a strong
scientific basis for selecting and modifying biofilter packing materials investi-
gated in this dissertation.

1.4. Microbial communities in biofilters

Microbial communities play a critical role in the efficiency and stability of biofil-
ters used for hydrogen sulfide removal from biogas. The biological desulfuriza-
tion process is primarily driven by SOBs, chemolithoautotrophic microorganisms
that can use reduced sulfur compounds as electron donors and convert them into
less harmful sulfur species, such as elemental sulfur (S°) or sulfate (SO4>")
(Vikrant et al., 2018; Binti, 2019; Dada, 2025).

In biofiltration systems, SOBs colonize surfaces of packing materials and
form biofilms, providing a stable microenvironment for microbial growth and
metabolic activity. The structure, composition, and activity of these microbial
communities strongly influence H.S RE, EC, and the long-term operational sta-
bility of biofilters (Haosagul et al., 2020; Jedynak et al., 2024).
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1.4.1. Sulfur oxidation pathways in biofilters

Anaerobic phototrophic sulfur oxidation. Under anaerobic and light-dependent
conditions, phototrophic SOBs utilize H>S as an electron donor and CO: as both
an electron acceptor and carbon source. Green and purple sulfur bacteria can oxi-
dize sulfide extracellularly, forming elemental sulfur or sulfate depending on en-
vironmental conditions (Fan et al., 2021; Huang et al., 2022a):

2H,S + CO, — 28° + CHz0 + H:0; (1.3)
2H,S + 2CO; + 2H.0 — SO + 2H" + 2CH.0. (1.4)

These pathways are less relevant for engineered biogas biofilters due to light
requirements, but they provide a theoretical foundation for understanding sulfur
cycling.

Aerobic sulfur oxidation. Aerobic SOBs dominate most practical biofiltration
systems because they use molecular oxygen as the terminal electron acceptor. Un-
der aerobic conditions, H>S oxidation proceeds via either partial oxidation to ele-
mental sulfur or complete oxidation to sulfate (Gonzalez et al., 2020; Dada, 2025):

HaS = HS- + H*: (15)
HaS + 105 — S° + HO; (L.6)
H.S + 20, — SO+ + 2H". (1.7)

The relative dominance of reactions (1.6) and (1.7) depends on oxygen avail-
ability, pH, and microbial community composition. Partial oxidation is often pre-
ferred in biofilters to limit acidification and sulfate accumulation.

Anoxic (nitrate-dependent) sulfur oxidation. In oxygen-limited systems, ni-
trate can act as an alternative electron acceptor. Nitrate-reducing sulfur-oxidizing
bacteria (NR-SOBs) oxidize H.S via sequential pathways, with the final product
controlled by the nitrate-to-sulfide (N/S) molar ratio (Juntranapaporn et al., 2019;
Watsuntorn et al., 2020):

5H.S + 2NOs;™ — 5S° + N2 + 4H.0 + 20H; (1.8)
5H.S + 8NOs~ — 5S04 + 4N: + 4H.0 + 2H*; (19)
H.S + COz + NOs~ — Biomass + SO+* + N + H20. (1.120)

Anoxic biofilters offer advantages, such as improved safety (no CH4/O2 ex-
plosive mixtures) and stable operation under high H-S loads, although they require
external nitrate addition, increasing operational costs (Clotas et al., 2020; Severi
etal., 2025).
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1.4.2. Key sulfur-oxidizing microorganisms

Among SOBs, Thiobacillus spp. are the most extensively studied in biofilter ap-
plications. These obligate or facultative chemolithoautotrophs oxidize H-S and
sulfur intermediates using oxygen or nitrate as electron acceptors. Under oxygen-
limited conditions, Thiobacillus spp. Primarily from elemental sulfur:

2H2S + 02 — 2S° + 2H:0. (1.11)
Under oxygen-rich conditions, elemental sulfur is further oxidized to sulfate:
S°+ 2H.0 + 02 — SO + 4H". (1.12)

In addition to Thiobacillus spp., Acidithiobacillus spp. are commonly ob-
served in acidic biofilters, while Pseudomonas spp. contribute to biofilm for-
mation and EPS production, enhancing microbial attachment and process stability
(Wang, 2020a; Vaiskunaite, 2022).

1.4.3. Factors influencing microbial colonization and biofilm
formation

The long-term efficiency of biofilters depends on stable biofilm development.
Key influencing factors include:

— pH: Optimal SOB activity typically occurs between pH 6.5 and 8.0; ex-
cessive sulfate formation can reduce pH and inhibit microbial metabo-
lism.

— Temperature: Most SOBs are mesophilic, with optimal growth at
25-35 °C.

— Moisture content: Adequate water availability ensures nutrient transport
and enzymatic activity.

— Packing material properties: High surface area, porosity, and suitable sur-
face chemistry (e.g., KOH-modified biochar, FeCOs-impregnated CLC
waste) enhance microbial attachment and stability.

Mixed microbial cultures derived from wastewater sludge are frequently used
due to their resilience and lower cost compared to pure cultures, despite the need
for more extended acclimation periods (Watsuntorn et al., 2020; Jedynak et al.,
2024).

1.4.4. Fluorescence microscopy for biofilm visualization

Fluorescence microscopy is widely applied to investigate microbial colonization
and biofilm structure on biofilter packing materials. DAPI staining enables visu-
alization of total microbial biomass by binding to DNA, while protein-specific
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stains, such as SYPRO Red, highlight EPS distribution within the biofilm matrix
(Zhang et al., 2020b; Zhou et al., 2021a).

It can be used to assess microbial development on biochar and CLC waste.
Results showed dense, EPS-rich biofilms formed by Pseudomonas spp., while
Acidithiobacillus spp. formed thinner but metabolically active biofilms. These
complementary microbial roles support stable and efficient H.S removal and val-
idate the integration of microscopy with chemical and performance analyses.
(Zhang et al., 2020b; Zhou et al., 2021a).

1.5. Environmental and operational factors affecting
biological H,S removal in biofilters

The performance and operational stability of biofilters for hydrogen sulfide re-
moval under laboratory conditions depend on a range of environmental and oper-
ational factors that directly affect microbial activity, mass transfer, and physico-
chemical processes within the packing bed. Key parameters include pH, sulfur
accumulation (clogging), EBRT, temperature, and moisture content. Each factor
interacts with the properties of specific packing materials (organic, inorganic, or
synthetic) and must be controlled to maintain high H.S RE and process stability
(Mohammadi et al., 2025; Jedynak et al., 2023).

Environmental and operational factors, such as pH, sulfur accumulation,
EBRT, temperature, and moisture content, are interconnected parameters that col-
lectively determine the efficiency and resilience of biological H.S removal in bio-
filters. Careful optimization and real-time control of these factors, particularly
when applying modified waste-derived packing materials, can significantly en-
hance RE and process stability.

1.5.1. pH

pH significantly influences the biological removal of H>S by affecting microbial
metabolism, H-S solubility, and biofilm development. The oxidation of H-S to
sulfate releases hydrogen ions, leading to acidification of the packing bed if not
buffered (Nhut et al., 2020). Without sufficient buffering, pH can decline sharply,
inhibiting sulfur-oxidizing bacteria (SOB) and reducing RE — a trend observed
experimentally in various biofilter systems.

Most SOBs exhibit optimal activity between pH 6.5 and 8.0; deviations out-
side this range can lead to enzyme inactivation and reduced microbial perfor-
mance (Jedynak etal., 2024). Buffering materials, such as calcium carbonate
(CaCO:s), NaOH, and phosphate salts, are commonly added to maintain a near-
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neutral pH. In some systems, specialized operating conditions with potent buffer-
ing agents allow operation at lower pH values without loss of function, but this is
material- and culture-specific.

1.5.2. Sulfur accumulation (clogging)

Elemental sulfur and sulfate can accumulate within the biofilter packing bed under
high ILRs, leading to pore blockage, increased pressure drop, and reduced H-S
mass transfer, ultimately lowering RE (Farghali et al., 2022; Jiang et al., 2020).
Clogging propensity is influenced by airflow velocity, particle size, packing
media shape, and moisture content. Optimizing these parameters and implement-
ing periodic backwashing or media replacement helps mitigate clogging. Materi-
als with high porosity, such as biochar or modified CLC waste, may delay clog-
ging but require validation under continuous operation for long-term application.

1.5.3. EBRT (Empty Bed Retention Time)

EBRT defines the theoretical time that a gas stream remains within the biofilter
bed in the absence of packing material. It is calculated as:

ERBT =V/Q, (1.13)

where V is the empty bed volume (m?), and Q is the gas volumetric flow rate
(m?*-s7'). Longer EBRTS typically enhance H>S contact with microbial biofilms,
improving RE, but can reduce throughput and operational efficiency. Optimal
EBRT values reported for H>S removal under typical conditions range from 30 to
120 seconds, depending on inlet concentrations and packing media properties
(Mohammadi et al., 2025; Morgado et al., 2018).

1.5.4. Temperature

Temperature directly affects microbial metabolism, enzymatic activity, and bio-
film stability. Most SOB consortia in biodesulfurization operate optimally at mes-
ophilic temperatures (25-35 °C), with diminished performance below ~20 °C and
potential biofilm disruption above ~40 °C (Ariman, 2022; Mohammadi et al.,
2025).

Maintaining stable temperatures within this range supports consistent H.S
removal and reduces the risk of temperature-induced stress on microbial commu-
nities. Thermotolerant strains or insulated biofilter designs may be required under
variable environmental conditions.
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1.5.5. Water retention (humidity)

Moisture is a critical physical factor for microbial survival, nutrient transport, and
HaS dissolution in biofilters. Adequate moisture enhances biofilm viability and
facilitates both biological oxidation and physicochemical sorption processes.
Packing materials that retain moisture (e.g., CLC waste, modified biochar) create
favorable microenvironments for SOBs and improve RE (Fang, 2022; Zarei et al.,
2025).

However, excessive moisture can cause compaction, anaerobic zones, and in-
creased pressure drop, negatively affecting gas flow and microbial performance.
Moisture control strategies include inlet gas humidification and periodic irrigation
of the packing bed.

1.6. Numerical validation of experimental results

1.6.1. Mathematical modeling by MATLAB

MATLARB is a high-level numerical computing environment commonly employed
in environmental engineering research for rigorous mathematical modeling of
coupled biological, transport, and kinetic phenomena. Its matrix-oriented struc-
ture and built-in solvers for ordinary and partial differential equations facilitate
simulation of complex systems such as biofilters, where nonlinear kinetics, tran-
sient dynamics, and parameter sensitivity must be quantified (Zhang et al., 2022;
Li et al., 2020).

In studies of biogas desulfurization, MATLAB modeling has been used to
describe microbial growth kinetics, substrate utilization, and pollutant degradation
mechanisms, often in conjunction with classical kinetic frameworks, such as
Monod, Haldane, and modified Michaelis—Menten models, to represent SOB be-
havior under varying environmental conditions (Gao et al., 2021). These models
provide insight into how parameters such as substrate concentration, inhibition,
and diffusion limitations influence H-S removal efficiency and can be integrated
with optimization algorithms to estimate kinetic constants from experimental data.

Recent advances address limitations of classical formulations by combining
MATLAB with machine learning and advanced regression techniques, such as
Support Vector Machines (SVMs) and Genetic Algorithms (GAs), to accurately
predict H=S removal under varied operational conditions (e.g., moisture content,
EBRT, and inlet concentration) without requiring extensive mechanistic assump-
tions. Such hybrid approaches have demonstrated high predictive accuracy (R? >
0.97), highlighting their applicability for rapid screening of operational scenarios
and parameter optimization in biofilter design (Clotas et al., 2020).
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Table 1.7. Conceptual framework of MATLAB-based modeling of sulfur-oxidizing
bacterial growth on biofilter packing materials

Modeling component Considerable items
Modeled process Growth of SOBs attached to packing materials

Biomass growth and activity of Acidithiobacillus
spp. and Pseudomonas spp. within biofilms

Biological focus

Packing materials considered Biochar, CLC waste, and PUF
Independent variables Inlet H.S concentration and EBRT
Dependent variables Bacterial growth rate, H,S RE

Monod-type and modified Michaelis—Menten ki-
netics describing microbial growth

Ordinary differential equations describing biomass
growth and H.S RE over time

Interpretation of microbial activity on different
Role in the dissertation packing materials and estimation of kinetic param-
eters governing biological H>S removal

Kinetic framework

Mathematical formulation

MATLAB’s graphical capabilities further support visualization of growth
curves, velocity profiles, and sensitivity analyses, enabling effective comparison
of modeled predictions and experimental results using statistical indicators and
correlation coefficients. By enabling systematic interpretation of experimental
data and characterization of model uncertainty, MATLAB modeling strengthens
the mechanistic understanding of biofiltration processes and supports scalable de-
sign and control strategies (Zarei et al., 2025).

1.6.2. Simulation by COMSOL

COMSOL Multiphysics is a finite-element simulation platform that enables the
comprehensive numerical modeling of multiphysics systems, including coupled
mass transport, fluid flow, and biochemical reaction processes. In environmental
biotechnology, COMSOL is frequently used to simulate biofilters and packed-bed
reactors, where concentration gradients and biofilm development significantly af-
fect process performance (Alonso et al. 2022).

Recent studies have applied COMSOL to simulate H-S removal in biofilters
packed with various materials, combining experimental and numerical results to
evaluate the performance under different operational conditions. For example, la-
boratory-scale biofilters packed with biochar, CLC waste, or PUF have been mod-
eled using COMSOL to predict spatial concentration profiles, RE, and EC across
the reactor. Model predictions have shown material-dependent performance
trends, with biochar achieving high RE (> 92%) and EC values. At the same time,
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CLC and PUF exhibited moderate performance, illustrating the influence of resi-
dence time and microbial activity on H-S removal (Mohammadi et al., 2025; Ab-
basabadi et al., 2020).

COMSOL’s multiphysics environment facilitates coupling reaction kinetics
with convection—diffusion transport and flow fields, enabling detailed spatial res-
olution of species profiles and sensitivity analysis of design parameters such as
bed geometry, flow regime, and diffusion coefficients. However, numerical sim-
ulation accuracy depends on the reliable specification of kinetic and transport pa-
rameters, making validation against experimental data essential (Alonso et al.,
2022).

Table 1.8. Conceptual framework of COMSOL-based simulation for layer-wise analysis
of biofilter performance

Simulation aspect Considerable items

Multi-layer biofilter packed with biochar, CLC
waste, and PUF

Spatial domain Axial sections representing different biofilter layers
Transport processes Transport of biogas and hydrogen sulfide

Modeled system

H-S concentration, air pressure, biogas velocity, bi-
ogas distribution

Reaction mechanism Biological oxidation of H.S within the biofilm

Layer-wise HzS concentrations, pressure drop, ve-
locity distribution

Comparison of simulated outlet concentration
trends with experimental measurements

Identification of limiting biofilter layers, assess-
Role in the dissertation ment of material performance, and support for bio-
filter design and scale-up

Key monitored parameters

Numerical outputs

Model validation approach

In this dissertation, COMSOL modeling is implemented to simulate hydrogen
sulfide transport and biological oxidation in biofilters packed with modified bio-
char, CLC waste, and PUF. By comparing simulation outcomes with experimental
measurements, the numerical framework supports the identification of dominant
limiting mechanisms, guides the selection of packing media, and informs design
and scaling strategies for efficient biofiltration systems.
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1.7. Conclusions of the First Chapter and formulation
of the dissertation tasks

1.

Hydrogen sulfide removal is a critical prerequisite for biogas utilization,
as H,S significantly limits its energetic, environmental, and technical ap-
plicability. Biofiltration provides a sustainable alternative to conventional
physical and chemical methods, offering lower operational costs and re-
duced environmental impact when appropriately designed and controlled.

Packing material properties determine biofilter performance, as their high
surface area, adequate porosity, moisture retention, and surface reactivity
are decisive factors for H=S removal efficiency. KOH-modified biochar
and FeCOs-impregnated CLC waste exhibit enhanced adsorption capacity
and catalytic activity, thereby improving removal efficiency and elimina-
tion capacity.

Microbial material interactions make biological desulfurization, such as
SOBs (Acidithiobacillus spp., and Pseudomonas spp.), essential for sus-
tained H>S oxidation. Their colonization intensity and biofilm stability
strongly depend on the physicochemical properties of the packing mate-
rials, particularly surface chemistry and porosity.

Hybrid biofilter configurations outperform single-material systems.
Therefore, combining inorganic, carbon-based, and polymeric materials
enables synergistic coupling of adsorption, catalytic oxidation, and mi-
crobial activity, improving biofilter stability and resistance to clogging
during long-term operation.

Operational conditions critically influence biofilter stability, as pH,
EBRT, temperature, moisture content, and sulfur accumulation directly
affect H2S removal efficiency and biofilter longevity. Maintaining a near-
neutral pH of approximately 6.5-7.5, EBRT in the range of 30-120 s, op-
erating temperature of 20-35 °C, moisture content of the packing material
at about 40-70%, and controlled sulfur washout to prevent excessive sul-
fur accumulation is essential for stable performance and sustained H.S
removal efficiency.

Existing knowledge gaps in long-term material behavior, microbial dy-
namics, and process scalability justify the use of combined experimental,
microbiological, and computational modeling approaches, which are ad-
dressed in the subsequent chapters of this dissertation.

The literature review revealed that, despite significant progress in biofiltra-
tion-based H2S removal, several scientific gaps remain. Insufficient attention has
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been paid to the systematic evaluation of modified waste-derived packing materi-
als, their interactions with sulfur-oxidizing microorganisms, the operational sta-
bility of hybrid biofilter configurations under laboratory conditions, and the inte-
gration of experimental results with mathematical and numerical modeling. Based
on these identified research gaps, the following research tasks were formulated:

1.

To evaluate the physicochemical properties of modified biofilter packing
materials and determine their effect on hydrogen sulfide removal effi-
ciency.

To investigate microbial colonization and biofilm formation on different
biofilter packing materials and their relationship with biological H-S re-
moval.

To experimentally assess the performance of a laboratory-scale biofilter
using single-component and hybrid packing materials.

To determine the influence of key operational parameters on biofilter sta-
bility and H.S removal efficiency.

To identify statistical relationships between microbiological indicators,
packing material properties, and H-S removal efficiency.

To develop and apply a mathematical and numerical model of the biofil-
tration process for biofilter performance analysis and prediction under
varying operating conditions.






Methodologies for determining the
physicochemical properties and
adsorption characteristics of
materials and their application in H,S
removal from biogas

This Chapter presents the methodological framework for investigating the perfor-
mance of biofilters for removing hydrogen sulfide from biogas. Based on a recent
review of the scientific literature, three representative packing materials were se-
lected: sewage sludge-derived biochar, CLC waste, and PUF, representing or-
ganic, inorganic, and synthetic media, respectively. Both individual materials and
their combined configurations were examined to evaluate the influence of material
properties and their interactions on H2S removal efficiency. The applied method-
ology focuses on assessing key physicochemical characteristics of the packing
materials, including specific surface area, porosity, chemical composition, surface
reactivity, buffering capacity, and adsorption performance, and is supported by
statistical analysis in MATLAB to identify significant structure—performance re-
lationships.

35
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A central aspect of the methodology is the integrated evaluation of material
properties, microbial colonization, and biofiltration performance. Microbiological
analysis, material surface characterization, and numerical modeling were com-
bined to assess biofilm formation, sulfur-oxidizing bacterial activity, and their
contribution to H2S removal under controlled conditions. Experimental investiga-
tions were conducted using harmonized protocols across multiple laboratories,
while mathematical modeling (MATLAB) and numerical simulations (COMSOL
Multiphysics) were used to reproduce biofiltration processes and analyze reac-
tion-zone development within the biofilter. The integration of experimental, mi-
crobiological, and computational approaches provides a robust methodological
basis for interpreting biofilter performance and supports further optimization and
scalability assessment of biogas desulfurization technologies. The results obtained
in this Chapter have been published in Vaikiinaité et al. (2024), Mohammadi
et al. (2024), and Mohammadi and Vaiskanaité (2024).

2.1. Experimental system setup

The experimental system was designed to evaluate the performance of biofilter
systems for hydrogen sulfide removal from biogas under controlled and reproduc-
ible laboratory conditions. The setup enabled systematic investigation of the ef-
fects of packing material type, operational parameters, and microbial activity on
H>S RE. Particular emphasis was placed on ensuring experimental repeatability,
stable operating conditions, and controlled variation of key parameters.

2.1.1. Biofilter construction and materials

The biofilter used in this study was a custom-designed laboratory-scale vertical
column intended to simulate key features of practical biogas purification systems.
The column was constructed from transparent acrylic (organic glass) with an in-
ternal diameter of 14 cm and a total height of 1 m, enabling visual inspection of
the distribution of packing material and gas flow behavior.

The column was sealed at both ends and equipped with five equidistant ver-
tical gas sampling ports to enable periodic collection of packing material for mi-
crobiological and physicochemical analyses. Gas sampling ports were installed at
the inlet, intermediate sections, and outlet to monitor H>S concentrations along
the biofilter height. A perforated distribution plate was installed at the base of the
column to ensure uniform gas distribution through the packing bed.

Three packing configurations were investigated:

a) Single-material configurations, where biochar, CLC waste, or PUF was

used individually;
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b) Hybrid configurations, combining biochar and CLC waste to evaluate po-
tential synergistic effects between adsorption and biological oxidation;

c¢) Layered configurations, in which materials were arranged in alternating
layers to optimize the spatial distribution of adsorption capacity, catalytic
activity, and microbial colonization.

Packing materials were sieved to obtain uniform particle-size distributions,
promoting consistent gas—solid contact, microbial attachment, and moisture reten-
tion. Alternating layers of biochar and CLC waste were used in hybrid configura-
tions to enhance the biofilter’s overall functionality.

Synthetic biogas containing 200 ppm H-S was supplied from a high-pressure
gas cylinder and introduced into the biofilter via an air blower. Gas flow was reg-
ulated using a calibrated rotameter, ensuring stable and reproducible inlet condi-
tions.

An automated irrigation system was installed to supply a mineral nutrient
solution to the packing bed. Moisture levels were monitored using a Time Domain
Reflectometry (TDR)-based digital sensor (VH400, £3% accuracy) placed at mid-
depth of the bed. Irrigation was controlled by a solenoid pump connected to a Wi-
Fi-enabled controller, maintaining moisture content within the optimal range of
45-60% for microbial H2S degradation. Remote monitoring and manual override
were enabled via a mobile interface.

(@ (b)

Fig. 2.1. Modified vertical biofilter system used for microbial colonization and HS puri-
fication experiments (a), measuring the chemical composition of injected biogas into the
biofilter packed with biochar (b)
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The biofilter operated under anaerobic conditions, achieved by controlling
gas composition and excluding oxygen during operation. Continuous nutrient sup-
ply, stable gas exposure, and controlled moisture conditions created a reproduci-
ble environment for microbial colonization, biofilm development, and evaluation
of material-microbe interactions (Fig. 2.1).

Although the primary focus of this dissertation is experimental, sustainability
considerations were addressed qualitatively using low-cost, waste-derived pack-
ing materials (sewage sludge-derived biochar and recycled CLC waste). These
aspects informed material selection and system design, but were not quantitatively
assessed in this Chapter.

2.1.2. Operational conditions and flow regulations

The total volume of biochar used in the biofilter was approximately 0.0055 m?,
divided into five layers of ~0.0011 m* each, containing biochar produced at the
same pyrolysis temperature. The biochar bed height was 10 cm. A mineral nutrient
solution composed of Ko2HPOa4 (0.02 g), (NH4)2SOa4 (0.08 g), and Na2COs (0.39 g)
per liter of deionized water was continuously recirculated through the packing bed
to support microbial activity.

Biogas entered the biofilter at the bottom and exited at the top of the column.
Inlet H2S concentrations were controlled within the range of 20-25 ppm for base-
line experiments, while ILR varied between 0.16 and 0.22 m?*. Gas flow rates were
adjusted between 0.2 and 1.0 L-min™' to simulate typical operational conditions
and evaluate biofilter performance under different residence times.

The temperature inside the biofilter was maintained between 27 and 30 °C
and monitored with a Testo 400 multifunctional instrument. Moisture content was
maintained within the 40-60% range by humidifying the inlet gas stream and au-
tomated irrigation.

The EBRT was calculated using standard relationships between gas velocity,
column geometry, and volumetric flow rate, as described by Equations (2.1-2.5):

Height of biofilter
EBRT = - - - ; (2.1)
Velocity of inlet biogas
Q=A4V; (2.2)
A=m-P2; (2.3)
VV=§-n-18, (2.4)
%
t=—2. (2.5)
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Based on these calculations, inlet gas velocities of 0.04, 0.06, and 0.08 m-s™
were applied, corresponding to volumetric flow rates of 0.000615, 0.000923, and
0.00123 m?-s™!, respectively.

To ensure data reliability, control experiments were conducted. Negative
controls included a biofilter column without packing material and columns filled
with inert media (glass beads) to quantify non-biological H>S removal. Positive
controls consisted of columns packed with unmodified biochar to evaluate the ef-
fects of chemical modification. All experiments were performed in triplicate, and
results were statistically analyzed to determine standard deviations and confi-
dence intervals for H.S removal efficiency and related performance indicators.

2.2. Concept for the selection of biofilter packing
materials

This section presents the methodological and engineering principles applied to
select biofilter packing materials before conducting experimental studies. This
section aims to substantiate the composition of the selected biofiltration materials,
their functional roles, and their mutual integration within the biofilter system. The
figures presented in this section are intended to justify the logic of packing mate-
rial selection and configuration, while a detailed analysis of their physicochemical
properties and interpretation of experimental results are provided in subsequent
chapters of the dissertation.

The concept of biofilter packing selection was developed based on a critical
analysis of trends in the application of biofiltration technologies reported in the
scientific literature, as well as on solutions proposed in a patent application pre-
pared jointly with a researcher, R. VaiSkiinaité, from the Department of Environ-
mental Protection and Water Engineering at VILNIUS TECH. This dissertation
examines these solutions from an engineering and technological perspective to
justify the design decisions of the experimental biofiltration system and to ensure
the integration of the selected materials into a coherent technological unit, a bio-
filter. The structural scheme of the biofilter and the main system components are
presented in Figures 2.1 and 2.2.

The physicochemical properties of biofilter packing materials are widely recog-
nized as key factors determining the efficiency of biofilters in hydrogen sulfide
removal. Parameters such as specific surface area, porosity, surface chemistry,
mechanical strength, buffering capacity, and compatibility with microbial coloni-
zation directly affect adsorption efficiency, biofilm formation, and operational
stability of the filter system under laboratory conditions (Li et al., 2021; Kumari
et al., 2020). Accordingly, three representative packing materials were selected in
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this dissertation: biochar, CLC waste, and PUF, corresponding to organic, inor-
ganic, and synthetic material categories, respectively. The selection of materials
was based on a comparative analysis of recent scientific literature, considering
adsorption capacity, porosity, surface reactivity, availability, cost-effectiveness,
and suitability for biological applications (Li et al., 2021; Kumari et al., 2020)

2.2.1. Functional criteria for the selection of biofilter packing
materials

The biofilter packing materials were selected based on functional criteria for ef-
fective H2S removal from biogas, system stability, and the reliability of experi-
mental studies. In designing the biofiltration system, it was intended that the pack-
ing materials would simultaneously perform several interrelated functions: to
facilitate the initial interaction of H.S with the solid phase, to ensure microbial
attachment and biofilm formation, to maintain a microenvironment favorable for
biological oxidation, and to ensure the mechanical and hydrodynamic stability of
the biofilter system.

To meet these requirements, both single-component and multi-component
biofiltration systems were applied in the study. Single-component systems were
used as a basis for evaluating the functional contribution of individual materials,
whereas multi-component systems were adopted as an engineering solution to in-
tegrate different functions within a single biofiltration system and to investigate
their interactions. This approach provides a basis for systematic evaluation of ad-
sorption-, catalysis-, and biologically driven H2S removal mechanisms in an inte-
grated biofilter system (Li et al., 2021).

2.2.2. Rationale for the selection of organic-origin packing
materials

The organic-origin packing component was selected as the primary adsorptive and
biological carrier in the biofilter system. Biochar was chosen due to its high spe-
cific surface area, tunable surface chemistry, and proven biocompatibility with
SOBs, as reported in previous studies on biofiltration and biogas desulfurization
(Kumari et al., 2020; Janusevicius et al., 2024). These properties enable biochar
to act as an effective interface between the gaseous H.S phase and the bioactive
environment, while simultaneously providing favorable conditions for microbial
colonization within the biofilter layer.

In this dissertation, sewage sludge-derived biochar is considered not as a final
adsorbent, but as a multifunctional biofilter packing element integrated into an
overall technological system. Biochar retains the pore structure of the original bi-
omass and contains oxygen-containing functional groups (-OH, -COOH, >C=0),
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which enhance surface reactivity and affinity toward H>S molecules (Kumari
et al., 2020). The surface morphology of biochar particles and their application in
the biofilter packing are presented in Figure 2.3.

Fig. 2.2. Biochar particles and filled-out biofilter
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Fig. 2.3. Process of biochar derived from sewage sludge

Sewage sludge-derived biochar was produced via controlled thermochemical
conversion (slow pyrolysis) under oxygen-free conditions. This feedstock was se-
lected for its high organic carbon content and suitability for valorization within
circular economy frameworks (Li et al., 2021). 25 kg of biochar samples obtained
from the Vilnius Sewage Sludge Treatment Plant were pyrolyzed at temperatures
of 400 °C, 500 °C, and 600 °C for seven hours in a 300 L reactor under inert
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conditions. After controlled cooling, the remaining 7 kg of biochar samples were
sieved into two particle-size fractions (1-0.6 mm and < 0.6 mm) to evaluate the
influence of particle size and pyrolysis temperature on physicochemical properties
and HzS adsorption behavior. The biochar preparation and fractionation procedure
is presented in Figure 2.2, while the overall conversion process of sewage sludge
into biochar is schematically illustrated in Figure 2.3.

To increase adsorption capacity and surface reactivity, a portion of the bio-
char was chemically activated using potassium hydroxide (KOH). Biochar was
impregnated with a 1 M KOH solution at a mass ratio of 1:4 (w/w), agitated for
24 h at 25 °C, filtered, dried at 105 °C, and thermally activated at 700 °C for two
hours under a nitrogen atmosphere. This modification increased microporosity
and surface functional group density, resulting in an approximately 40% increase
in specific surface area compared to unmodified biochar (Petrauskaite etal.,
2017). In total, eight biochar variants were prepared and equally distributed
(1.3 kg per layer) in all layers of the biofilter for the investigation. In this disser-
tation, the term modified biochar refers to KOH-treated sewage sludge-derived
biochar activated at temperatures below 700 °C, thereby distinguishing it from
commercial activated carbons and preserving mineral components relevant to bi-
ological applications.

2.2.3. Rationale for the selection of inorganic-origin packing
materials

The inorganic-origin packing component was incorporated to enhance the struc-
tural and chemical stability of the biofilter system and to provide additional buff-
ering capacity during H>S oxidation. CLC waste was selected as a structurally
stable construction industry by-product characterized by low density, moderate
porosity, and inherent alkalinity (Li et al., 2021).

CLC waste was primarily selected for its ability to neutralize acidification
caused by sulfuric acid formation during biological Hz.S oxidation. In addition,
CLC exhibits potential catalytic activity, particularly after iron-based modifica-
tion (Juntarachat et al., 2022). To enhance surface reactivity, 3 kg of CLC waste
was impregnated with iron carbonate (FeCOs) by soaking in a 2 M solution, then
dried and thermally treated at 200 °C. This treatment generated iron-containing
catalytic sites that promote chemical oxidation of H-S to elemental sulfur and sul-
fate. The surface structure of CLC particles is presented in Figure 2.4. It shows
the appearance and placement of FeCOs-impregnated CLC waste within the bio-
filter, with each layer comprising 600 g of CLC waste.
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Fig. 2.4. FeCOs-impregnated CLC waste particles and the filled biofilter

2.2.4. Rationale for the selection of synthetic-origin packing
materials

The synthetic-origin packing component was selected to ensure the structural and
hydrodynamic performance of the biofilter system. PUF is an open-cell synthetic
material characterized by low density, high porosity, and excellent mechanical
stability, and it is widely applied as an inert carrier in biofilter systems (Kumari
et al., 2020).

The macro-porous structure of PUF ensures uniform gas distribution, low
pressure drop, and a large surface area for microbial attachment. Although PUF
exhibits negligible intrinsic H2S adsorption capacity, its resistance to physical and
biological degradation enables its use in long-term biofiltration processes (Kumari
et al., 2020). In this study, PUF cubes with a volume of 1 cm? were used as packed-
bed elements and, when combined with biochar or CLC waste, contributed to im-
proved bed stability and biofilm retention. Potential oxidative degradation of PUF
under extreme conditions was considered negligible under the operational condi-
tions applied in this dissertation and therefore does not affect biofilter perfor-
mance.

2.2.5. Concept of a combined biofilter packing system

The selected biofilter packing materials were combined into integrated biofiltra-
tion systems to reconcile components performing different functions within a sin-
gle technological scheme. This approach distributes adsorption, catalytic activity,
biological process support, microenvironment stabilization, and mechanical
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strength functions among individual materials, enabling evaluation of the biofil-
tration process as an integrated engineering system rather than a collection of in-
dividual materials (Konkol et al., 2022).

Fig. 2.5. Schematic of the biofilter with the main components and external attachments:
1 — biofilter housing; 2A — modified biochar (pyrolyzed sewage sludge); 2B — FeCOs-
modified cellular lightweight concrete (CLC) waste; 3 — gas inlet duct; 4 — gas outlet
duct; 5 — gas sampling ports; 6 — nutrient supply system; 7 — moisture sensor;
8 — rotameter; 9A — nutrient solution distribution pump; 9B — treated biogas extraction
pump; 10 — treated biogas storage tank

Examples of combined biofilter packing systems are presented in Figure 2.5,
which schematically illustrates the packing configurations applied in the study,
composed of materials of different origins, including modified and unmodified
components and their spatial arrangement within the biofilter layer. Detailed prep-
aration methods of the packing materials, their physicochemical characteristics,
and their impact on H.S removal efficiency are discussed in subsequent chapters
of the dissertation.
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2.3. Physicochemical characteristics of selected
biofilter packing materials

2.3.1. Bulk density

Bulk density (BD) was determined using the procedure commonly applied to po-
rous materials in environmental engineering studies, following the Publicly
Owned Treatment Works (POTWs) guidelines. A 100 mL graduated glass cylin-
der was filled with oven-dried and crushed packing material samples. The samples
were dried at 80 °C for eight hours to remove residual moisture. After filling, the
cylinder was mechanically shaken for 1 min to ensure particle compaction and
eliminate interparticle voids. The analyses were conducted in the Environmental
Engineering Laboratory at Vilnius Gediminas Technical University. Where m
(kg) is the mass of the dried sample and V (m?) is the volume of the cylinder, bulk
density was calculated using Equation (2.6):

BD=" (2.6)

v

2.3.2. pH

The pH of each packing material was determined using an agueous extraction
method. Briefly, 5 g of each sample was mixed with 100 mL of deionized water
and allowed to equilibrate for 2-3 min. The suspensions were then agitated on a
laboratory shaker (Laboshaker Gerhardt, LaboChema) at approximately 50 rpm
for one hour to ensure homogeneous contact between the solid and liquid phases
(Nausediene & Vaiskunaite, 2014).

The analyses were conducted in the Environmental Engineering Laboratory
at Vilnius Gediminas Technical University. After agitation, the suspensions were
filtered using 0.05-0.15 um filter paper. The pH of the filtrates was measured with
a calibrated pH meter with an accuracy of = 0.001 pH units.

2.3.3. Electrical conductivity

EC* of the packing material extracts was measured after filtration using the same
filtrates prepared for pH analysis. Measurements were performed in accordance
with established laboratory procedures for porous environmental materials (Lu
etal., 2021). The analyses were conducted in the Environmental Engineering La-
boratory at Vilnius Gediminas Technical University.

The obtained EC* values were used to evaluate the influence of biochar par-
ticle size and pyrolysis temperature on ionic mobility within the packing media,
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which is relevant for microbial activity and H>S removal efficiency in biofilter
systems.

2.3.4. Porosity

Porosity and pore structure characteristics were determined using the t-plot
method based on nitrogen adsorption—desorption isotherms. The applied method-
ology follows the Brunauer—Emmett—Teller (BET) theory and t-plot analysis pro-
cedures, widely used for the characterization of porous materials, following 1SO
9277 and established adsorption analysis guidelines (Zagorskis & Vaiskunaite,
2016). Relative pressure (R) was calculated as:

P

= ;0 , 2.7

where P is the equilibrium pressure, and P is the saturation pressure. The average
adsorbed layer thickness (T) was estimated using the Halsey equation:

T=[13.99 / (0.034 - log(R)) 1°5. (2.8)

Total porosity was calculated using Equation (2.9):

Pores (total quantity adsorbed)

Porosity = x 100%. (2.9)

Volume (size of sample)

The analyses were performed in the Civil Engineering Laboratory at Tehran
University (Iran). Among the tested materials, PUF exhibited the highest total po-
rosity (97%), followed by FeCOs-modified CLC waste (64%) and biochar sam-
ples, whose porosity increased with pyrolysis temperature, reaching up to
65% at 600 °C. These results confirm the suitability of the selected materials for
gas-phase biofiltration applications.

2.3.5. Specific surface area

Specific surface area was determined using the Brunauer-Emmett-Teller (BET)
method based on nitrogen adsorption data. BET measurements were performed
following 1SO 9277 and IUPAC recommendations for physisorption analysis of
porous solids, using nitrogen adsorption at —196.9 °C in liquid nitrogen
(Paulionyte & Vaiskunaite, 2023).

The specific surface area was calculated from adsorption data using Equation
(2.11), based on the relationship between relative pressure and the amount of ad-
sorbed gas. The experiments were conducted in the Civil Engineering Laboratory
at Tehran University.
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Biochar samples exhibited increasing BET surface area with increasing py-
rolysis temperature, indicating progressive pore development. The highest BET
surface area was observed for biochar pyrolyzed at 600 °C (24.67 m?-g™'), con-
firming the positive effect of thermal treatment on surface structure.

2.3.6. Chemical composition

Nitrogen content in biochar samples was determined using the Kjeldahl method,
following procedures aligned with the Clean Air Act (CAA). Samples were di-
gested with sulfuric acid, converting nitrogen into ammonium sulfate, which was
subsequently quantified via acid—base titration (Mohammadi & Vaiskunaite,
2023). The experiments were conducted in the Chemical Laboratory at Ferdowsi
University (Iran).

Organic carbon content was determined using the Walkley—Black wet oxida-
tion method. Oxidizable organic carbon was reacted with potassium dichromate
in concentrated sulfuric acid, and the remaining chromate was quantified spectro-
photometrically at 600 nm (Paulionyte et al., 2022).

Elemental composition of the packing materials was analyzed using X-Ray
Fluorescence (XRF). The technique allowed quantification of significant ele-
ments, including Si, Ca, Al, Fe, K, P, Mg, and S-containing compounds. XRF
measurements were performed using calibrated reference materials, and the anal-
yses were conducted in the Chemical Laboratory at Ferdowsi University (Iran).

2.4. Inoculation and cultivation of microorganisms

The primary objective of the microbiological experiments was to investigate mi-
crobial colonization and biofilm formation on biochar and CLC waste used as
packing materials in a biofilter for biogas desulfurization. Particular attention was
given to the spatial distribution, density, and maturity of biofilms formed under
different operational and inoculation conditions (Drozdz et al., 2020; Fleck et al.,
2020). Fluorescence microscopy was applied selectively to representative biochar
and CLC waste samples to qualitatively assess microbial attachment and biofilm
development, rather than to all collected samples.

Biochar and CLC waste samples were collected from five vertical layers of
an operating biofilter after exposure to H.S-containing biogas. The gas sampling
ports and material preparation are schematically illustrated in Figure 2.6. In par-
allel, controlled laboratory inoculation experiments were conducted to isolate the
effects of nutrient availability and microbial composition on biofilm development.
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Pure cultures of Acidithiobacillus spp. (DSM 12475, DSM 739) and Pseudo-
monas spp. were selected due to their documented roles in sulfur oxidation, bio-
film formation, and resilience under biofiltration conditions. Both cultures were
cultivated under sterile conditions using nutrient media optimized for SOBs. Cul-
ture preparation included autoclaving, sterile filtration, and pH and temperature
control, following previously established protocols (Li et al., 2021; Cortes et al.,
2021). Inoculation was performed at an initial concentration of approximately 107
colony-forming units (CFU-g!) of packing material.

Fig. 2.6. Samples collected from five layers of the biofilter immersed
in the microbial-containing solution

Anaerobic or oxygen-limited conditions were maintained by placing the in-
oculated columns in airtight housings with continuous nitrogen flushing and oxy-
gen monitoring to prevent oxidative inhibition of sulfur-metabolizing pathways.

Five representative samples were collected from different vertical sections of
the biofilter after biogas treatment, as shown in Figure 2.13. In addition, labora-
tory-scale incubation experiments were conducted using four replicate samples
(15 g each) of biochar and CLC waste. Fluorescence microscopy analyses were
performed only on selected representative samples following incubation, while
the remaining samples were used for comparative microbiological and cultivation
analyses. The materials were immersed in 150 mL of nutrient solution and incu-
bated at 30 °C with shaking at 140 rpm for 24 h to promote initial microbial at-
tachment (Li et al., 2021; Choudhury & Lansing, 2021). The experimental condi-
tions included:

1. untreated packing material (no inoculation);

2. packing material supplemented with nutrient solution only;
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3. packing material supplemented with nutrient solution and inoculated with
Pseudomonas spp.

Fig. 2.7. Samples collected from five layers of the biofilter immersed
in the microbial-containing solution

After incubation, microbial suspensions were collected by filtration through
0.2 um membranes. The prepared samples and their immersion in microbial sus-
pensions are presented in Figure 2.7.

Microscopic analysis of microbial colonization was performed using fluores-
cence microscopy. Observations were performed using an epifluorescence micro-
scope (Axio Observer 5, Zeiss) equipped with Zen 3.2 software. The microscope
and representative stained samples are shown in Figure 2.13. Samples were ex-
amined at 10 x, 40 x, and 100 x magnifications, with oil immersion used for high-
resolution imaging. Fluorescence microscopy was applied to membrane-filtered
microbial suspensions and to selected solid packing material samples (biochar and
CLC waste), including representative samples collected from five biofilter layers
after exposure to H.S, to evaluate microbial colonization and biofilm formation.

The analyzed materials included membrane-filtered microbial suspensions,
inoculated solid packing materials (biochar and CLC waste), and samples col-
lected from five biofilter layers after exposure to H.S. Microbial abundance was
estimated by counting DAPI-stained DNA-rich regions on membrane filters.
Comparative analysis of microbial counts enabled evaluation of nutrient effects
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and the influence of Pseudomonas spp. inoculation, and biofilm development un-
der biofilter operating conditions (Drozdz et al., 2020; Fletcher et al., 2019; Li
etal., 2021).

Fig. 2.8. Stained samples of the biofilter’s five layers (a), inoculated
by different microorganisms (b)

Microbial colonization on the surfaces of biochar and CLC waste particles
was visualized using a DAPI (4',6-diamidino-2-phenylindole) staining protocol in
combination with fluorescence microscopy, optimized for the analysis of surface-
bound biofilms (Kumari et al., 2020). DAPI staining and fluorescence imaging
were conducted on representative samples selected from each experimental con-
dition to enable comparative qualitative assessment of microbial attachment. Rep-
resentative stained samples collected from the five biofilter layers before micro-
scopic analysis are shown in Figure 2.8.

Fluorescence imaging was performed using a fluorescence microscope
equipped with appropriate filter sets (excitation 340-380 nm, emission > 425 nm).
The Zen 3.2 software interface was used for image acquisition, processing, and
visualization (Fig. 2.9).
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Fig. 2.9. Zen 3.2 software used to visualize the surface of the samples monitored under

Table 2.1. Sterile solutions used for the preparation of the Acidithiobacillus spp. growth

an epifluorescence microscope

medium
Component VO:#F & Sterilization Method Atmosphere
Solution A 962 Autoclaved at_121 C for 100% N»
15 min
Solution B 20 Sterile filtration (0.2 pm) 100% N2
Solution C 20 Autoclaved 80% N2 /20% CO-
Solution D 1 Sterile filtration (0.2 um) 100% N:

Fluorescence microscopy enabled a qualitative assessment of microbial col-
onization density, spatial distribution on porous packing material surfaces, and
relative biofilm maturity. In addition, semi-quantitative analysis was conducted
by counting fluorescent signals on membrane filters to estimate microbial concen-

trations under different experimental conditions.
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Fig. 2.11. Packing material samples incubated in sealed anaerobic columns (a)
and in an oven (b)

The growth medium for Acidithiobacillus spp. was prepared based on a mod-
ified Thiobacillus medium optimized for autotrophic growth under anaerobic, ni-
trate-reducing conditions. The composition of the four sterile solutions used to
prepare the medium, along with their sterilization conditions, is summarized in
Table 2.1.

After sterilization, the solutions were combined sequentially under anaerobic
conditions to prevent oxidation of sulfur and iron species (Kurniawan et al., 2020).
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The complete medium was then inoculated with Acidithiobacillus spp. (DSM
12475; DSM 739) and Pseudomonas spp. strains. Packing material samples im-
mersed in the prepared microbial solutions are shown in Figure 2.10.

The inoculated biochar and CLC waste samples were incubated in sealed an-
aerobic columns at 30 °C for 96 h. The incubation setup and temperature-con-
trolled conditions are illustrated in Figure 2.11. After incubation, the packing ma-
terials were retrieved and subjected to DAPI staining, as illustrated in Figure 2.12,
to assess microbial attachment and biofilm formation.

Fig. 2.12. Staining solution of prepared Acidithiobacillus spp./Pseudomonas spp. and
packing materials samples

2.5. Hydrogen sulfide removal efficiency (H,S RE)

H:S RE is a key performance indicator for evaluating the effectiveness of biofilter
systems treating H.S-containing biogas. This section describes the methodology
applied for gas sampling ports, H>S concentration measurement, and calculation
of removal efficiency under different operational conditions. By monitoring H>S
concentrations at multiple vertical positions within the biofilter, the system’s spa-
tial performance and overall efficiency were assessed.

Accurate determination of HzS concentrations is essential for reliable evalu-
ation of biofilter performance. Gas samples were collected from defined sampling
ports along the biofilter column, including the inlet, intermediate sections, and
outlet. The inlet gas sampling port, located at the bottom of the biofilter, represents
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raw biogas entering the system and provides the baseline H-S concentration. In-
termediate gas sampling ports positioned along the column height reflect partial
H2S removal and biological activity within the packing bed. The outlet gas sam-
pling port, located at the top of the biofilter, represents treated biogas after it has
passed through the entire filter bed.

The uncertainty of H-S removal efficiency measurements is mainly related to
gas analyzer accuracy and experimental variability. The gas analyzer used in this
study has an accuracy of +(2-5)% of the measured value. All experiments were
conducted under steady-state conditions, and measurements were performed in
triplicate. The relative standard deviation of replicate measurements was below
10%, confirming acceptable repeatability.

2.5.1. Gas sampling ports and analytical procedure

Gas samples were collected using a stainless-steel sampling probe connected to a
gas-tight syringe to minimize leakage and adsorption losses. Gas sampling ports
were performed during steady-state biofilter operation at one-hour intervals to re-
duce temporal variability. Immediately after collection, gas samples were trans-
ferred to gas-tight vials to prevent H.S loss before analysis.

H-S concentrations were measured using a Gas Data Analyzer (GDA). The
instrument was equipped with a capillary column designed explicitly for sulfur
compound analysis. Analytical conditions included an injection temperature of
30 °C and a column temperature program from 20 °C (initial) to 23 °C. Calibration
curves were established using certified standard H.S gas mixtures in the range of
300-1600 ppm to ensure accurate quantification. The detection limit for H.S was
0.1 ppm.

H:S concentrations were determined by comparing the recorded peak areas
of unknown samples with the corresponding calibration curves. In addition to HaS,
the significant components of biogas, including CHa, COz, Hz, O, and CO, were
routinely analyzed before biofilter operation to characterize the initial gas compo-
sition.

2.5.2. Experimental conditions and monitoring

The inlet H2S concentration supplied to the biofilter ranged from 300 to 1600 ppm,
covering the typical concentration range observed in raw biogas. This range ena-
bled evaluation of biofilter performance under both low and high H.S loading
conditions and allowed identification of potential performance limitations at ele-
vated concentrations.

After injection of the biogas mixture into the bottom of the biofilter, gas com-
position was monitored sequentially at each gas sampling port along the column
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height, including the outlet. Measurements at intermediate layers were conducted
at regular intervals (every 3 h) during each experimental run to capture dynamic
changes in H2S concentration and removal behavior across the packing layers.

2.5.3. Calculation of H,S removal efficiency
The removal efficiency of hydrogen sulfide was calculated using Equation (2.10):

RE(%) = "2t x 100, (2.10)
where Cj, is the H2S concentration at the biofilter inlet (ppm), and Cy; is the H2S
concentration at the biofilter outlet (ppm).

Calculated RE values were used to evaluate biofilter performance and iden-
tify correlations with operational parameters, including gas flow rate (low flow
rates 0.2-0.5 L.min%, and high flow rates 0.8-1.0 L.min™), inlet H>S concentra-
tions (low H2S concentrations > 500 ppm, and high H.S concentrations 1000—
1500 ppm), and packing material configuration. Removal efficiencies exceeding
90% were considered indicative of optimal biofilter performance, whereas lower
values suggested potential mass transfer limitations, microbial inhibition, or in-
sufficient contact time within the packing bed.

2.6. Data analysis and mathematical modeling

Systematic data analysis and mathematical modeling are essential for interpreting
experimental results, identifying trends, and establishing quantitative relation-
ships between microbial activity and hydrogen sulfide removal in biofilter sys-
tems. This section describes the analytical framework used for data interpretation
and presents a mathematical model describing the growth dynamics of SOBs un-
der biofiltration conditions.

Statistical and numerical analyses were used to evaluate correlations between
microbial biomass, operational parameters, and HzS removal efficiency. Experi-
mentally measured biomass concentrations and operational data were further in-
tegrated into a dynamic model to estimate kinetic parameters governing microbial
growth and substrate utilization.

For clarity, the modeling framework applied in this dissertation is based on a
clear distinction between experimentally measured input parameters and model-
derived output results. The main input parameters and corresponding modeling
outputs are summarized in Table 2.2.
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The input parameters include experimentally determined microbial, physico-
chemical, and operational variables, while the outputs represent modeled kinetic
parameters, spatial concentration profiles, and biofilter performance indicators.

Table 2.2. Initial experimental data used for modeling and modeled outputs in this

dissertation

Modeling L . Modeled results Modeling
aspect Initial data (input) (output) tool
Microbial Initial biomass concentration, | Bacterial growth rate,
growth inlet H>S concentration, biomass development | MATLAB
kinetics EBRT over time
Biological H.S | Inlet and outlet H.S concen- | H.S degradation rate,
. . MATLAB
degradation trations, gas flow rate RE
Biofilm-re- Experimental trends of mi- Time-dependent mi-
L crobial colonization on pack- crobial activity MATLAB
lated activity - : .
ing materials profiles
Gas-phase Inlet biogas velocity, reactor Ax1a1_ H2S concentra- COMSOL
transport geometry tion profiles
La)_/er_- wise Measured H-S concentration | Layer-specific H-S re-
biofilter . g A COMSOL
at different biofilter layers moval contribution
performance
Hydrodynamic | Air pressure measurements, | Pressure drop and gas
- o Lo COMSOL
behavior gas flow conditions velocity distribution
Integ;ﬁi(rj bio- 1 combined experimental and Ii?]enltéﬂgfst';: dog I:;E;E: MATLAB
modeled data g lay d op COMSOL
performance ing conditions

2.6.1. Mathematical modeling of sulfur-oxidizing bacterial

growth

Mathematical modeling was employed to describe the growth dynamics of sulfur-
oxidizing bacteria and the associated protein production on different biofiltration
materials. The model was developed and implemented in MATLAB, allowing nu-
merical integration of experimentally measured biomass concentrations with ki-
netic growth equations to estimate unknown biological parameters (Li etal.,
2020). In this model, the primary input parameters include initial biomass con-
centration, substrate concentration, and experimentally determined kinetic con-
stants, while the main output variables are biomass growth, protein production,
and substrate consumption over time
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The model structure and governing equations describe the temporal evolution
of microbial biomass concentration, protein production, and substrate consump-
tion using a system of ordinary differential equations (ODESs). Biomass growth is
expressed by Equation (2.11):

& = uX-mX, (2.11)

where X is the biomass concentration (g-L "), u is the specific growth rate (h™),
and my is the biomass decay coefficient (h™?).
Protein formation associated with microbial metabolism is described by
Equation (2.12):
dp _

ax
C=aZ 4+ pX, (2.12)

where P is the protein concentration (g-L™), « is the growth-associated protein
coefficient (g-g™), and f is the non-growth-associated protein production rate

(h7).
Substrate consumption is modeled as:
as_ 1 dax

= e X X, (2.13)

where S is the substrate concentration (g-L™), Yxss is the biomass yield coefficient,
and ms represents the substrate decay rate (h™). Thus, time-dependent biomass
concentration X (t), protein concentration P (t), and substrate concentration S (t)
constitute the primary outputs of the microbial growth model.

In this dissertation, the substrate S represents the available nutrient source
provided by biochar or CLC waste, while the biomass X corresponds to either
Pseudomonas spp. or Acidithiobacillus spp. species.

The specific growth rate x« is defined using a modified Monod-type expres-
sion that accounts for substrate limitation, biomass self-inhibition, and protein ac-
cumulation effects:

X

#= pimax (L =) % (1= =) x (S/(Ks + S +8 x S, | Ki),  (2.14)

Xmax
Where smaxis the maximum specific growth rate (h™'), Xmaxand Pmax are the maxi-
mum biomass and maximum protein concentrations (g-L™), Ks is the saturation
constant (g-L™"), and K; is the substrate inhibition constant. The empirical expo-
nents ni and n, represent the effects of biomass and protein inhibition, respec-
tively.

To evaluate the influence of inhibition terms, a simplified growth formulation
excluding the S¥Ki term was also tested and compared with the complete model
(Singh et al., 2020).
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The model initialization and parameter estimation were based on experimentally
measured biomass concentrations obtained during layer 2 of the biofiltration experi-
ments using biochar as the packing material and Pseudomonas spp. as the dominant
bacterial species. Initial conditions were defined as: X(0) = 0.0035 g-L*, P(0) =
0g-L?, S(0) =3 g-L ™. Experimental biomass data were used as reference values for
model calibration: Xexperimentat = [0.0035, 0.0052, 0.0116, 0.0164, 0.0136, 0.0104] g-L .

Several model parameters could not be measured directly and were therefore
estimated using numerical optimization by minimizing the objective function de-
fined in Equation (2.15).

min Z (/Yexperimental - Xmodel) 2, (2 . 15)

Parameter bounds were selected based on values reported in the literature for
sulfur-oxidizing bacteria and biofiltration systems (Li et al., 2020; Vaziri & Ba-
bler, 2019). Fixed parameters, including umax, Ks, Yxis, Mx, and Xmax, Were obtained
experimentally and held constant during calibration.

The model assumptions and numerical solution assume steady operating con-
ditions, homogeneous biomass distribution within the packing material, and sub-
strate availability governed by nutrient release from biochar or CLC waste. Pa-
rameter ranges were selected to reflect realistic biofilter operating conditions
reported in the literature.

The system of ordinary differential equations was solved numerically in
MATLAB using built-in solvers. Simulations were performed using both com-
plete and simplified formulations of the growth rate to assess model sensitivity to
inhibition terms. Model predictions were compared with experimental biomass
data to evaluate goodness of fit and predictive capability.

This modeling framework enables quantitative interpretation of microbial
growth dynamics in biofilter systems and provides a mechanistic basis for linking
microbial behavior with experimentally observed H.S removal performance (Gao
etal., 2022).

2.6.2. Graphical representation and kinetic modeling of
biofiltration using COMSOL

Numerical simulations and graphical visualization were performed using COM-
SOL Multiphysics® 6.1 to support the interpretation of experimental results and
to extrapolate hydrogen sulfide removal behavior under varying biofilter operat-
ing conditions. For clarity, the COMSOL-based biofiltration model clearly distin-
guishes between input parameters and model outputs. The input parameters in-
clude biofilter geometry, bed porosity, specific surface area, inlet H.S
concentration, gas flow rate, and Kinetic constants derived from experimental
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measurements. The model outputs include spatial and temporal distributions of
H2S concentration, biofilm activity profiles, and predicted hydrogen sulfide re-
moval efficiency. COMSOL was used both as a visualization tool and as a numer-
ical platform to implement a kinetic biofiltration model calibrated against experi-
mental data.

Graphical representations were used to illustrate temporal and spatial trends
in HzS removal efficiency. Removal efficiencies were plotted for different biofil-
ter configurations, including biochar, CLC waste, PUF, and their combinations,
under a range of operating conditions. Error bars represent standard deviations
calculated from replicate experiments. Temporal profiles of RE were used to iden-
tify stabilization phases and assess long-term biofilter performance. In addition,
heat maps were generated to visualize the combined effects of gas flow rate and
inlet H2S concentration on biofilter efficiency, providing a compact overview of
system performance across the experimental matrix.

Introducing the COMSOL model description and assumptions, the kinetic
simulations were based on a biofilm model derived from the classical Ottengraf
and van den Oever approach, which is widely applied to steady-state biofiltration
systems (Qin et al., 2023). In this framework, a biofilm uniformly coats the sur-
face of packing material particles. At the same time, H.S-containing biogas flows
through the packed bed and diffuses into the biofilm, where it is biologically oxi-
dized to elemental sulfur or sulfate. The model is based on the following assump-
tions:

1. Gas flow is steady and uniformly distributed across the column cross-
section.

2. HaS concentration in the gas phase is radially uniform at a given bed
height.

3. Temperature remains constant throughout the biofilter.

4. H:S transport into the biofilm is rapid compared to axial transport, allow-

ing uniform concentration at a given height.

5. Microbial biomass concentration within the biofilm is uniform at a given

height.

Discussing COMSOL geometry, parameters, and boundary conditions, a two-
dimensional axisymmetric geometry was constructed to represent the vertical
packed-bed biofilter. The model parameters were selected to match the results of
laboratory-scale experiments. They included a biofilter height of 30 cm, an inter-
nal diameter of 5 cm, bed porosity of 0.45, and a specific surface area of 300
m?-g ! derived from BET analysis.

Inlet H2S concentrations ranged from 100 to 2000 ppm, and gas flow rates
varied between 0.2 and 1.0 L-min™". Biodegradation of H-S was described using
a Monod-type kinetic expression with parameters derived from experimental
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measurements: reaction rate constant k = 0.15 h!, half-saturation constant Ks =
50 ppm, and a maximum elimination capacity of 80 g'm=-h™.

Boundary conditions consisted of a constant H>S concentration at the inlet
and zero diffusive flux at the outlet. The biofilm layer was modeled with a thick-
ness of 0.05 cm. Internal diffusion resistance was characterized using the Thiele
modulus (®). The governing equations were solved using a time-dependent solver
over a simulation period of several days, with a time step of 0.1 h. Adaptive mesh-
ing was applied in regions exhibiting steep concentration gradients to ensure nu-
merical accuracy.

Simulation outputs included spatial distributions of Hz.S concentration, bio-
film activity profiles, and temporal evolution of H>S removal efficiency.

The removal of HzS in the biofilter was modeled as a two-layer process in-
volving gas-phase mass transfer followed by biodegradation within the biofilm.
The outlet concentration of H.S was calculated using Equation (2.16):

Cout = Cin'eXp (— k- EBRT), (216)

where Ci, and Cou are the inlet and outlet H.S concentrations, respectively, K is
the first-order reaction rate constant, and EBRT is the empty bed residence time.

The effective reaction rate constant was defined based on biofilm properties
and transport limitations as:

k=2 /%tan (8); 2.17)
_ X-u
B=6 /K_y.f(x).D. (2.18)

The microbial growth rate followed Monod Kinetics:

S
H = ,umaxm; (219)

where p is the specific growth rate, X is biofilm biomass concentration, D is the
diffusion coefficient of H2S in water, § is biofilm thickness, Y is the yield coeffi-
cient, and f(x) accounts for diffusion resistance within the biofilm.

Gas-phase mass transfer was approximated by:

N = Kg (Cin — Cow), (2.20)

where N is the H.S mass transfer rate and Kg is the gas-phase mass transfer coef-
ficient.
The rate of biological H2S consumption was estimated using:

R= Hmax* Gn/an‘l'[(: (221)

where R represents the microbial growth rate associated with sulfur oxidation.
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Model predictions were validated by direct comparison with experimentally
measured H-S concentrations and removal efficiencies. Good agreement between
simulated and experimental results confirmed the suitability of the kinetic frame-
work and parameter values applied in this dissertation. The validated model was
subsequently used to interpret experimental trends and assess the influence of op-
erational parameters on biofilter performance (Georgiadis et al., 2020).

2.7. Conclusions of the Second Chapter

1.

This Chapter justified the selection of biochar, CLC waste, and PUF as
representative organic, inorganic, and synthetic packing materials for bio-
filtration. Targeted modification of biochar (pyrolysis at 400-600 °C and
KOH activation) and CLC waste (FeCOs impregnation) significantly en-
hanced adsorption capacity, buffering behavior, and suitability for micro-
bial colonization.

Comprehensive characterization of the packing materials, including bulk
density, porosity, specific surface area, water retention capacity, pH, buff-
ering capacity, electrical conductivity, and elemental composition, pro-
vided critical insights into their structural properties and operational be-
havior. These parameters were shown to directly influence mass transfer,
moisture stability, and the risk of clogging during H>S removal.

A custom laboratory-scale vertical biofilter was designed and operated
under controlled conditions representative of biogas desulfurization pro-
cesses. Automated moisture control, nutrient dosing, and precise regula-
tion of gas flow enabled reproducible operation across a wide range of
inlet H.S concentrations (300-1600 ppm) and gas flow rates
(0.2-1.0 L'min™).

Sulfur-oxidizing bacteria (Pseudomonas spp. and Acidithiobacillus spp.)
were successfully cultivated and inoculated into the biofilter system. Flu-
orescence microscopy using DAPI and SYPRO staining confirmed
effective microbial colonization and biofilm formation on biochar and
CLC waste, with spatial variation observed along the biofilter height.

A dynamic mathematical model describing biomass growth, protein pro-
duction, and substrate consumption was developed and solved in
MATLAB. A modified Monod-type growth expression incorporating sat-
uration and inhibition effects was calibrated using experimental biomass
data, providing quantitative insight into microbial dynamics under biofil-
tration conditions.
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6. COMSOL Multiphysics simulations complemented experimental obser-
vations by enabling spatial and temporal analysis of H:S transport and
biodegradation within the biofilter. Good agreement between simulated
and experimental results validated the applied kinetic framework and sup-
ported the interpretation of biofilter performance.

7. The integrated experimental, microbiological, and modeling approach es-
tablished a robust framework for evaluating biofilter performance. While
the study was limited to laboratory-scale systems and semi-quantitative
microbial analysis, the methodology provides a solid basis for pilot-scale
validation and advanced microbial characterization in future research.



Results of theoretical and
experimental studies of biofiltration
materials

This Chapter presents the results of theoretical and experimental investigations
into innovative biofiltration materials for the removal of hydrogen sulfide from
biogas under controlled laboratory conditions. Biofilters packed with sewage
sludge—derived biochar, CLC waste, PUF, and their hybrid configurations were
evaluated for HaS removal efficiency, elimination capacity, and microbial activ-
ity. The Chapter is based on research results partially published in peer-reviewed
scientific articles authored or co-authored by the dissertation author (Mohammadi
etal., 2025; Mohammadi & Vai$kiinaité, 2025).

The investigated packing materials included KOH-activated biochar, FeCOs-
impregnated CLC waste, and PUF, primarily used as a structural and biological
support medium. Both single-material and hybrid configurations were analyzed
to assess synergistic effects arising from complementary physical, chemical, and
biological functions. Material characterization, experimental conditions, perfor-
mance evaluation, statistical analysis, and numerical modeling were conducted in
accordance with the methodologies described in the Second Chapter.

63
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3.1. Impact of packing material properties on
biofiltration efficiency

The efficiency of biofilters for hydrogen sulfide removal is strongly governed by
the physical and chemical properties of the packing materials, which collectively
determine gas flow distribution, mass transfer, microbial colonization, and phys-
icochemical interactions with the target pollutant. This section examines the rela-
tionships between key material properties — bulk density, porosity, specific sur-
face area, pH, electrical conductivity, and chemical composition — and their
influence on biofilter performance. Particular attention is given to sewage sludge-
derived biochar, CLC waste, and PUF, as well as their applicability in single-ma-
terial and hybrid biofiltration systems (Mohammadi et al., 2024a; Mohammadi
etal., 2023c).

3.1.1. Bulk density

Bulk density was determined following ASTM D6683-19. The results for all in-
vestigated packing materials are summarized in Table 3.1. As shown in Table 3.1,
PUF exhibited the lowest bulk density (30 kg-m™), indicating minimal risk of
material compaction and favorable gas-flow conditions within the biofilter bed.
Such properties are particularly advantageous for long-term biofilter operation, as
they reduce channeling and the formation of local anaerobic zones.

Table 3.1. Analyzed the bulk density for each packing material

Bulk-density, kg:m
Packing materials, mm X>0.6 1>X>0.6
PUF 30
CLC waste 547
sewage sludge 73 55
biochar after 400 °C pyrolysis 79 57
biochar after 500 °C pyrolysis 80 58
biochar after 600 °C pyrolysis 80 59

In contrast, CLC waste showed the highest bulk density (547 kg-m™), reflect-
ing its dense mineral structure. While high bulk density may increase the risk of
compaction when used alone, it also indicates high mechanical stability and po-
tential chemical reactivity, especially when CLC waste is used as a reactive frac-
tion in hybrid packing systems rather than as the sole packing material.
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For biochar samples, bulk density decreased with increasing particle size,
likely due to larger interparticle voids formed by coarser particles. Additionally,
increasing pyrolysis temperature resulted in a moderate increase in bulk density
for both particle size fractions, likely due to structural densification and reduced
moisture content at elevated temperatures. These trends are consistent with values
reported in the literature (Wojciechowska et al., 2023).

Compared to CLC waste and PUF, biochar exhibited the lowest bulk density,
which contributed to a higher void fraction and improved gas permeability. In
contrast, the higher bulk density of CLC waste enhanced mechanical stability but
resulted in a relatively higher-pressure drop.

3.1.2. Porosity

Porosity was evaluated following ASTM C830-00 using nitrogen adsorption anal-
ysis. The relationship between statistical thickness and porosity for sewage sludge
and biochar samples pyrolyzed at different temperatures is presented in Table 3.2
and illustrated in Figure 3.1.

Table 3.2. Related analyzed porosity was evaluated based on the statistical thickness of
modified sewage sludge, modified biochar pyrolyzed at 400 °C, 500 °C, and 600 °C

Pyrolysis . . . .
sample type temperature, Thickness, | Min p(;rqflty, Max p;)r(isny,
oC nm cm®g cm*-g
Modified sewage - 0.35-0.48 0.4182 1.6596
sludge
Modified biochar 400 0.36-0.48 2.6351 3.7757
Modified biochar 500 0.36-0.48 6.1897 7.3808
Modified biochar 600 0.35-0.48 5.6821 7.6389

As shown in Figure 3.1, porosity increased with increasing thickness for all
samples. Biochar pyrolyzed at 500 °C and 600 °C exhibited the highest porosity
values, reaching up to 7.38 cm?-g* and 7.64 cm?-g!, respectively (Table 3.2),
indicating enhanced pore development at elevated pyrolysis temperatures. These
results are in good agreement with previously reported data (Shang et al., 2016;
Sugurbekova et al., 2023).

Increased porosity is particularly beneficial for biofiltration applications, as
it enhances gas—solid contact and provides additional internal surfaces for micro-
bial attachment and biofilm development. Among the investigated materials,
modified biochar demonstrated the highest porosity, providing favorable condi-
tions for microbial attachment and gas—solid mass transfer. Although PUF also
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exhibited high porosity, its limited surface reactivity reduced its contribution to
H-S adsorption compared to biochar and CLC waste.
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Fig. 3.1. Porosity of sewage sludge, biochar pyrolyzed at 400 °C, 500 °C, and 600 °C
samples based on thickness and quantity adsorbed

3.1.3. Specific surface area

The specific surface area of the packing materials was determined using the BET
method following ASTM C1069-09. The results are summarized in Table 3.3, and
comparative trends are illustrated in Figure 3.2.

Table 3.3. Specific surface area was determined from the relationship between relative
pressure and the amount adsorbed for sewage sludge, and biochar pyrolyzed at 400 °C,
500 °C, and 600 °C, and subsequently activated with KOH

sample Type Pyrolysis Relative pressure, | Specific surface
temperature, °C p/p° range area range, m*/g
Modified sewage 3 0.07-025 43.24
sludge
Modified biochar 400 0.05-0.275 235.32
Modified biochar 500 0.09-0.30 433.44
Modified biochar 600 0.065-0.30 471.54

As shown in Figure 3.2, sewage sludge exhibited a relatively low and stable
specific surface area across the analyzed range of relative pressure. In contrast, all
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KOH-activated biochar samples demonstrated a pronounced increase in surface
area with increasing pyrolysis temperature. Biochar pyrolyzed at 500 °C and
600 °C and subsequently activated with KOH exhibited specific surface areas ex-
ceeding 433.44 m?-g™! (Table 3.3), indicating the formation of a well-developed
microporous structure.
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Fig. 3.2. Comparison of the specific surface area of sewage sludge and biochar pyro-
lyzed at 400 °C, 500 °C, and 600 °C, and subsequently activated with KOH

Such specific surface area values are characteristic of highly effective adsor-
bents and indicate the suitability of high-temperature biochar for adsorption-
driven H:S removal mechanisms. The specific surface area of KOH-modified bi-
ochar was significantly higher than that of CLC waste and PUF, which directly
enhanced H2S adsorption capacity and created favorable conditions for intensive
biofilm development.

The increase in specific surface area after KOH activation is associated with
redox reactions occurring between KOH and the carbon matrix during chemical
activation. At elevated temperatures, KOH initially dehydrates to form KO,
which subsequently reacts with carbon, producing metallic potassium (K), K2COs,
CO, and CO.. Metallic potassium intercalates into the carbon crystalline structure,
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expanding the graphitic layers and inducing structural enlargement. During sub-
sequent washing, potassium compounds are removed, leaving behind a well-de-
veloped microporous and mesoporous system. These processes significantly in-
crease the overall porosity and specific surface area. In contrast, the lower specific
surface area of PUF limited its contribution to adsorption, indicating its primary
function as a structural support material.

These trends are consistent with the findings reported by Styszko et al. (2022)
and Shi etal. (2022). In the context of this study, specific surface area is inter-
preted as one component of a broader set of interrelated material properties rather
than as an isolated performance indicator.

3.1.4. pH

The pH of the packing materials was determined following ASTM D1293-18, and
the results are presented in Table 3.4. As shown in Table 3.4, biochar samples
with larger particle sizes (1-0.6 mm) generally exhibited slightly higher pH values
than those with finer particle sizes (< 0.6 mm).

Increasing pyrolysis temperature resulted in a progressive shift toward alka-
line pH, particularly for biochar pyrolyzed at 600 °C. Among all tested materials,
PUF exhibited the lowest pH, whereas CLC waste showed the highest. The pH
compatibility between biochar and CLC waste suggests that their combined use
in hybrid biofilters does not impose unfavorable pH gradients within the packing
bed.

Table 3.4. Determined results of pH for each packing material

pH

Packing materials, mm X>0.6 1 >X>0.6
PUF 5

CLC waste 9

Sewage sludge 7.25 7.13
Biochar after 400 °C pyrolysis 7.32 7.18
Biochar after 500 °C pyrolysis 7.46 7.2
Biochar after 600 °C pyrolysis 8.89 8.46

Alkaline conditions are known to enhance both chemical neutralization of
H-S and the activity of sulfide-oxidizing microorganisms. CLC waste exhibited a
more alkaline surface pH than biochar and PUF, promoting chemical interactions
with HaS and buffering the acidic by-products of sulfur oxidation. Biochar pro-
vided a more balanced pH environment, which was more favorable for sustained
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microbial activity. Similar observations have been reported by Petrauskaite et al.
(2017) and Pepper and Brusseau (2019), who highlighted the beneficial role of
alkaline biochar in improving H-S removal efficiency.

3.1.5. Electrical conductivity

EC* was measured according to ASTM D1125-23 at 21 °C, and the results are
summarized in Table 3.5. As shown in Table 3.5, biochar samples with smaller
particle sizes exhibited higher EC* values than CLC particles, which can be at-
tributed to increased surface area and enhanced ion-exchange capacity.

Increasing the pyrolysis temperature led to a gradual decrease in EC for bio-
char samples (Table 3.5), likely due to volatilization or transformation of conduc-
tive mineral components at elevated temperatures. PUF exhibited higher EC val-
ues than pyrolyzed biochar but remained significantly lower than those of raw
sewage sludge. These results are consistent with EC values reported in previous
studies (Moradi et al., 2020; Mamet et al., 2021).

Table 3.5. Analyzed the electrical conductivity ratio for PUF and biochar samples

Chemical SiO2 CaO SO3 AlOs P20s Fe2O3 K20

composition
CLC waste,% | 48.50 26.60 18.50 2.70 1.90 1.40 0.30
Chemical Si Ca S Al P Fe K
substances

CLC waste,% | 39.30 | 47.30 5.30 2.50 1.80 2.95 0.65

Electrical conductivity is treated strictly as a physical parameter reflecting
ionic mobility and particle size effects. The higher electrical conductivity of mod-
ified CLC waste compared to biochar and PUF indicates increased ionic mobility
and mineral availability, which may enhance microbial metabolism. However, ex-
cessive conductivity can also impose stress on microorganisms, highlighting the
advantages of combined packing systems. Its interpretation in relation to chemical
composition and material reactivity will be presented in the next section.

3.1.6. Chemical composition

The chemical composition of CLC waste and biochar samples was determined
using XRF, Kjeldahl, and Walkley—Black analytical methods, providing an inte-
grated assessment of inorganic mineral phases and organic constituents relevant
to hydrogen sulfide biofiltration. The obtained results are presented in Tables 3.6
and 3.7.
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Table 3.6. X-Ray Fluorescence method analysis results for chemical compositions/
substances exist in CLC waste

Electrical conductivity, puS/cm
Packing materials, mm X>0.6 1>X>0.6
PUF 283
CLC waste N/A
Sewage sludge 983 702
Biochar after 400 °C pyrolysis 225 191.2
Biochar after 500 °C pyrolysis 193.4 187.1
Biochar after 600 °C pyrolysis 187.4 185.9

XRF analysis showed that CLC waste is primarily composed of SiO: and
CaO, with additional contributions from Al.Os, Fe20s, MgO, and other oxides.
This mineralogical composition confers both alkaline buffering capacity and
chemical reactivity toward sulfur-containing gases. In particular, the dominance
of calcium-based phases enables direct chemical interactions with H.S, analogous
to corrosion and sulfur transformation processes observed in sewer environments.

The reaction pathways presented in Equations (3.1-3.5) describe the potential
conversion of H:S into calcium sulfide and its subsequent stabilization as calcium
sulfate:

Ca0 + HoS — CaS + H,0; (3.1)
Ca0 + H,0 — Ca (OH)z; (3.2)

Ca(OH); + CO, — CaCOs + H,0; (3.3)
CaCOs + HoS — CaS + H,0 + COy; (3.4)
CaS + 2CO;, + 2H,0 — CaSO4 + 2H,0 + 2C. (3.5)

These reactions provide a mechanistic framework explaining the contribution
of CLC waste to HaS removal beyond physical adsorption. Consequently, CLC
waste should be regarded as a chemically active packing material that can partic-
ipate in sulfur immobilization rather than as an inert structural component. This
interpretation is consistent with recent studies demonstrating the role of calcium-
and iron-containing construction wastes in gas purification systems (Mohammadi
& Vaiskunaite, 2025).
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Table 3.7. Results of X-Ray Fluorescence, Kjeldahl, and Walkley—Black method analyses

for chemical compositions in biochar samples

Sewage After After After
Type of c - 400 °C 500 °C 600 °C
ompositions | sludge, : : :
method % pyrolysis, | pyrolysis, | pyrolysis,
% % %
SiO; 18.93 25.67 29.82 30.27
CaO 11.83 17.45 15.47 15.80
X-Ray Al,O3 3.51 5.23 5.14 5.39
fluorescence P20s 9.59 13.43 13.78 14.38
(XRF) Fe,03 4.38 6.38 6.67 6.60
K20 1.39 1.78 1.70 1.70
MgO 2.34 3.39 3.39 3.50
S 0.96 0.78 0.85 0.81
Kjeldahl
method N 4.20 2.10 2.80 2.10
Walkley—
Black C 30.83 24.17 19.60 15.41
method

The presence of Fe:0s, although representing a smaller fraction of the total
mineral content, further enhances the reactive potential of CLC waste. Iron oxides
are known to facilitate redox interactions with H-S, leading to the formation of
iron sulfides and elemental sulfur, which contribute to sulfur stabilization within
the filter matrix (Ma et al., 2022; Rodriguez et al., 2023).

Biochar samples exhibited systematic compositional changes with increasing
pyrolysis temperature. As shown in Table 3.7, organic carbon and nitrogen con-
tents decreased progressively, while the relative proportions of mineral compo-
nents such as SiOz, CaO, Fe20s, and P2Os increased. This reflects the thermal deg-
radation of organic matter and the volatilization of nitrogen-containing
compounds during pyrolysis, resulting in a more mineral-enriched, chemically
stable carbon matrix.

The decrease in nitrogen content may reduce nutrient availability for micro-
organisms, potentially limiting early-layer biofilm development. However, en-
riching mineral phases enhances physicochemical interactions with H.S by
providing reactive sites for adsorption, ion exchange, and surface-mediated reac-
tions. This compositional shift explains why biochars produced at higher pyrolysis
temperatures are more suitable for chemical activation and adsorption enhance-
ment. Similar relationships between mineral enrichment, surface reactivity, and
sulfur gas removal have been reported in recent biochar studies (Zhang et al.,
2024; Gao, 2025).
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Electrical conductivity measurements further support this interpretation by
reflecting the mobility of ionic species, which is related to the chemical composi-
tion. High EC values for raw sewage sludge indicate abundant soluble salts and
readily available nutrients, whereas the marked decrease in EC after pyrolysis in-
dicates the removal of volatile and soluble compounds and the formation of a more
stable carbon—mineral structure.

The chemical structure and formation mechanism of PUF, illustrated in Fig-
ure 3.3, clearly differentiate its role from that of mineral and carbonaceous pack-
ing materials. The polymeric network formed by the reaction of isocyanate and
polyol components is chemically inert toward H-S, lacking functional groups ca-
pable of direct adsorption or chemical transformation. Consequently, PUF does
not contribute significantly to physicochemical H.S removal. Instead, its highly
porous and mechanically resilient structure provides an optimal support for mi-
crobial attachment and biofilm development, thereby complementing the chemi-
cally active materials described above (De Souza et al., 2021).

The presence of iron- and calcium-containing phases in CLC waste provided
catalytic sites for H.S oxidation, whereas biochar primarily contributed through
adsorption and microbial support. PUF, lacking reactive mineral components,
played a complementary role by improving bed structure and hydrodynamic sta-
bility. In summary, the chemical composition analysis establishes a direct link
between the material composition and the functional behavior of HzS biofiltration
systems. The mineral-rich nature of CLC waste and high-temperature biochar un-
derpins their chemical reactivity, while PUF provides biological and structural
support.

O—C—N——O @—N C—0 4 HO—CH,—CH,—OH

Isocyanate Polyol

? il
crf@°“z—@v—°—°-°“2—°“f
H H

Polyurethane

Fig. 3.3. Chemical reaction to produce PUF (De Souza et al., 2021)

Overall, the characterization results demonstrate clear differences in surface
morphology, porosity, chemical composition, and physicochemical properties
among the investigated packing materials. These differences are expected to sig-
nificantly influence microbial colonization, mass transfer, and ultimately the bio-
filtration performance discussed in the following sections.
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3.2. Modification of physicochemical properties of
packing materials

Improving the efficiency and operational stability of biofiltration systems under
laboratory conditions critically depends on the physicochemical properties of
packing materials, which govern both adsorption-driven and biologically medi-
ated pollutant removal processes. Recent studies emphasize that surface area, pore
structure, and surface chemistry strongly influence the efficiency of hydrogen sul-
fide removal by affecting mass transfer, microbial attachment, and surface-medi-
ated reactions (Yang et al., 2023; Zhang et al., 2024).

In this study, physical and chemical modification strategies were systemati-
cally applied to enhance surface-related characteristics, including specific surface
area, porosity, and surface reactivity. In addition to conventional textural param-
eters, changes in electrical conductivity (EC*) were used as a comparative indi-
cator of physicochemical reactivity under identical measurement conditions. Sim-
ilar approaches have recently been proposed to better capture surface ion mobility
and redox potential in hybrid adsorption—biodegradation systems (Liu etal.,
2022).

Modification of biochar with KOH. Chemical activation of biochar using po-
tassium hydroxide (KOH) is widely recognized as one of the most effective ap-
proaches for increasing specific surface area and developing a highly porous car-
bon structure. Numerous studies have demonstrated that KOH activation
significantly enhances adsorption properties by increasing pore volume and form-
ing a well-developed microporous structure (Chen et al., 2022; Wang et al., 2023;
Abd & Othman, 2022).

In the present study, KOH modification resulted in a substantial increase in
BET specific surface area for all investigated biochar samples (Table 3.8). The
most pronounced improvement was observed for biochar pyrolyzed at 500 °C,
where the specific surface area exceeded 430 m?-g ' and total porosity reached its
maximum. This indicates that an intermediate pyrolysis temperature provides an
optimal carbon framework that responds particularly effectively to chemical acti-
vation. Similar findings were reported by Zhao et al. (2023), who demonstrated
that excessive thermal treatment may lead to structural ordering and partial pore
collapse, thereby reducing effective pore accessibility despite a higher degree of
carbonization (Mohammadi et al., 2024d).

Beyond the increase in BET-specific surface area, KOH activation signifi-
cantly altered the pore-size distribution. The proportion of micropores (<2 nm),
which are particularly important for H.S adsorption via pore-filling mechanisms,
increased markedly. At the same time, the presence of mesopores improved mass
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transfer and facilitated gas diffusion to internal adsorption sites. Such a hierar-
chical pore structure enhances both adsorption efficiency and kinetic performance
under dynamic filtration conditions.

Although biochar produced at 600 °C exhibited a comparable specific surface
area after activation, its relatively lower porosity suggests partial structural densi-
fication, which may restrict internal diffusion pathways and reduce accessibility
for H=S molecules and microbial colonization. This observation confirms that py-
rolysis temperature is a critical structural preconditioning step, while chemical
activation modifies the already formed carbon matrix. Thus, the final surface
properties result from the interaction between thermal treatment and chemical ac-
tivation rather than from activation alone (Li et al., 2020).

In the context of biofiltration, the increased specific surface area and opti-
mized pore architecture of KOH-modified biochar not only enhance adsorption
capacity but also provide an expanded interface for biofilm formation and micro-
bial activity. Therefore, KOH activation simultaneously enhances physicochemi-
cal adsorption and biological oxidation, thereby improving the packing material’s
multifunctional performance.

Table 3.8. Physical modification of biochar samples’ specific surface area (Sger) and
porosity (Porositygser) by activating with KOH

Before After
Chemical properties of biochar modification modification with
KOH
Seet (sewage sludge, 17.96 43.24
before pyrolysis), m?/g ' '
Seet (after 400 °C pyrolysis), m?/g 12.28 235.32
Sger (after 500 °C pyrolysis), m?/g 22.76 433.44
Sger (after 600 °C pyrolysis), m?/g 24.66 471.54
Porosityser (sewage sludge, 0.048 0.036
before pyrolysis), cm3/g ' :
Porosityset
(after 400 °C pyrolysis), cm®/g 0.01 0.09
Porosityser
(after 500 °C pyrolysis), cm®/g 0.42 4
Porosityser
(after 600 °C pyrolysis), cm®/g 0.025 0.24

The adsorption kinetics of H.S on KOH-modified biochar followed a pseudo-
second-order model. This behavior is interpreted here as an empirical indication
of surface-related interactions rather than as direct proof of chemisorption. Similar
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kinetic interpretations have been adopted in recent biochar-based gas adsorption
studies to avoid overestimation of specific reaction mechanisms (Sun et al., 2022).

Influence of FeCOs-modified CLC waste. Unmodified cellular lightweight
concrete (CLC) waste exhibited moderate HzS removal efficiency, primarily due
to its mineral composition and limited adsorption capacity. Previous studies have
demonstrated that calcium- and silica-rich construction wastes can serve as weak
adsorbents, but require surface modification to achieve higher removal efficien-
cies (Kurniawan et al., 2020).

Modification of CLC waste with iron carbonate (FeCOs) significantly en-
hanced its physicochemical reactivity toward hydrogen sulfide. Iron-containing
phases are known to promote redox interactions with H2S, leading to the formation
of iron sulfides and elemental sulfur (Ma et al., 2022; Rodriguez et al., 2023). The
reaction pathways presented in Equations (3.6-3.9) are therefore introduced as a
conceptual framework based on established literature, rather than as directly
measured mechanisms.

Fe,03+ 3H,S — Fe;S; + 3H:0; (3.6)
Fe,S; — FeS + FeSy; (3.7
FeS; — FeS + 1/2S;; (3.8)
2Fe;S3 + 30, — 2Fe;05 + 3/4Sg . (3.9

Recent hybrid biofilter studies combining iron-modified mineral materials
with carbonaceous adsorbents have reported removal efficiencies of 85-90%,
confirming the synergistic role of adsorption and catalytic transformation (Nowak
et al., 2024). The reuse of construction-derived CLC waste as a modified packing
material thus represents both a performance-enhancing and environmentally sus-
tainable strategy.

Role of polyurethane foam. PUF showed a negligible direct contribution to
H-S adsorption; however, its structural and biological roles within the biofilter
were substantial. The high porosity and elasticity of PUF provide a favorable sub-
strate for microbial attachment and biofilm development, which is essential for
sustained biodegradation of sulfur compounds (De Souza et al., 2021; Mutegoa
et al., 2020).

PUF also improved mechanical stability and gas flow distribution, preventing
excessive compaction of granular packing materials. Recent studies have high-
lighted that uniform gas distribution and biofilm support can be as critical as ad-
sorbent properties for long-term biofilter performance (Alonso et al., 2022). In the
present study, hybrid biofilters combining PUF with reactive materials, such as
KOH-modified biochar or FeCOs-modified CLC waste, achieved H>S removal
efficiencies of approximately 85%, confirming the importance of biologically
supportive matrices.
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The chemical structure and formation mechanism of polyurethane foam, in-
cluding the reaction between isocyanate and polyol components, are illustrated in
Figure 3.3. While alkaline modification of PUF has been proposed in recent stud-
ies to enhance surface hydrophilicity and microbial attachment (Singh et al.,
2024), this modification was not investigated in the present work and is identified
as a direction for future research.

The scientific novelty of this experimental study is demonstrated through sev-
eral key aspects. The study systematically examines the effect of pyrolysis tem-
perature on KOH activation efficiency, showing that biochar preconditioning is a
critical factor influencing its performance in biofiltration processes. In addition,
the study proposes the combined evaluation of surface area, porosity, and EC* as
interrelated indicators of biochar physicochemical activity, all measured under
identical conditions.

The novelty of the research is further supported by using FeCOs-modified
CLC waste as a reactive, environmentally sustainable biofilter packing material.
Moreover, the results demonstrate synergistic effects in hybrid packing systems,
where adsorption, catalytic reactions, and microbial support mechanisms operate
simultaneously.

Finally, empirical kinetic models are used solely to describe experimental
data, while process mechanisms are analyzed separately. This clear distinction
ensures a more transparent and reliable interpretation of results in biochar-based
H:S removal studies. The observed variations in pressure drop and flow behavior
highlight the influence of packing material structure on reactor hydrodynamics.
These characteristics directly affect gas—solid contact efficiency and are therefore
considered in evaluating biofiltration performance.

3.3. Microbial colonization and biofilm formation on
biofiltration materials

To evaluate microbial colonization dynamics and biofilm formation within the
biofilter, two sulfur-oxidizing bacterial (SOB) groups — Pseudomonas spp. and
Acidithiobacillus spp. (DSM 12475 and DSM 739) — were used to inoculate bio-
char and cellular lightweight concrete (CLC) waste packing materials. Microbial
attachment, spatial distribution, and biofilm development were investigated across
five vertical biofilter layers using fluorescence microscopy combined with DAPI
and SYPRO staining. Unlike many previous studies that focus on bulk microbial
activity, the present work provides a spatially resolved analysis of biofilm for-
mation along the biofilter height, allowing direct linkage between microbial struc-
ture, packing material properties, and hydrogen sulfide (H2S) removal perfor-
mance.
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This subsection demonstrates that microbial colonization and biofilm for-
mation in biofiltration systems are governed by the coupled interaction between
packing material properties, microbial metabolic strategies, and spatial position
within the biofilter. For the first time, biofilm development along the biofilter
height is shown to be spatially structured rather than uniformly distributed, lead-
ing to the formation of distinct zones of biological activity that are directly linked
to hydrogen sulfide removal efficiency. These findings indicate that biofiltration
performance can be enhanced not only by optimizing operating conditions but
also by targeted design and modification of biofiltration materials to promote the
formation of highly active biofilm zones.

The results confirm that porous carbon-based materials, such as biochar, fa-
cilitate faster microbial attachment, enhanced EPS production, and higher bio-
mass densities than mineral-based CLC waste. However, the scientific novelty of
this work lies not only in identifying qualitative differences but in establishing a
quantitative, microscopy-based relationship between material microstructure and
accelerated biofilm initiation, as well as the functional dominance of specific mi-
crobial groups. This provides a clear mechanistic basis for the targeted modifica-
tion of biofiltration materials, for example, by increasing surface porosity, rough-
ness, or moisture retention capacity to promote stable biofilm development.

A further key novel aspect is the identification of functional complementarity
between fast-growing heterotrophic Pseudomonas spp., which form highly active,
EPS-rich biofilms in localized biofilter layers, and slower-growing chemo-
lithotrophic Acidithiobacillus spp., which exhibit uniform distribution throughout
the biofilter height and contribute to long-term process stability. This finding chal-
lenges the assumption that maximum biomass accumulation alone determines bio-
filtration efficiency and instead highlights the importance of supporting diverse
microbial functions through material modification.

In conclusion, the integration of spatially resolved fluorescence microscopy
with quantitative microbial abundance analysis provides a new mechanistic
framework for understanding how the selection and targeted physical and chemi-
cal modification of biofiltration materials, together with microbial ecology, shape
biofilm architecture and the performance of biochar-based H.S biofiltration sys-
tems. This represents a clear methodological and conceptual advance over tradi-
tional biofilter studies, in which biofilm development and microbial activity are
typically evaluated using averaged whole-filter-scale metrics.

3.3.1. Microscopic analysis of microbial activity and material
effects

Fluorescence microscopy images acquired at 100x magnification revealed pro-
nounced temporal and material-dependent differences in microbial attachment
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and early biofilm development. During the initial incubation layer (24 h), individ-
ual rod-shaped bacterial cells were sparsely distributed on both the biochar and
CLC waste surfaces, indicating weak, largely reversible attachment. Similar early-
layer adhesion behavior has been described by Yu et al. (2020), who demonstrated
that initial microbial attachment is primarily governed by physicochemical sur-
face interactions rather than active biological processes.

With increasing incubation time, bacterial density increased, and cells grad-
ually aggregated into microcolonies, indicating a transition from reversible attach-
ment to irreversible biofilm formation. This progression closely follows the clas-
sical biofilm development sequence described by Lu et al. (2021). However, the
present study extends these observations by demonstrating that the rate and extent
of this transition strongly depend on the type of packing material, even under iden-
tical incubation and nutrient conditions.

Biochar surfaces consistently supported higher microbial attachment com-
pared to CLC waste. This behavior can be attributed to biochar’s higher porosity,
greater surface roughness, and superior moisture retention, which collectively cre-
ate microhabitats favorable for microbial adhesion and early biofilm stabilization.
While previous studies have qualitatively reported improved biofilm formation on
carbonaceous materials (Yu et al., 2020; Lu et al., 2021), the present results pro-
vide quantitative microscopic evidence linking these material properties to accel-
erated biofilm initiation.

In contrast, the smoother and less porous surface of CLC waste limited the
number of effective attachment sites, resulting in delayed colonization and less
cohesive early biofilm structures. This finding highlights that mineral-based me-
dia, although chemically active, may require complementary materials or micro-
bial strategies to achieve comparable biological performance.

Colonization behavior of Pseudomonas spp.: rapid biofilm development and
functional dominance. Microscopy analysis of Pseudomonas spp.-inoculated
samples demonstrated rapid and extensive colonization of both packing materials,
with a pronounced preference for biochar (Fig. 3.4). At 24 h, isolated cells were
visible on material surfaces, confirming successful initial attachment. By 72 h,
bacterial clusters had expanded markedly, and by 120 h, dense, interconnected
microbial networks characteristic of mature biofilms were observed.

SYPRO staining revealed intense extracellular protein production at later lay-
ers, indicating active extracellular polymeric substance (EPS) synthesis. This ob-
servation is consistent with the findings of Khanongnucha et al. (2019), who iden-
tified EPS production as a critical factor controlling biofilm stability and mass
transfer efficiency in biological gas treatment systems. Importantly, the present
study demonstrates that EPS-rich biofilms formed preferentially in specific verti-
cal zones of the biofilter, rather than uniformly across the filter.
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Fig. 3.4. Biochar and CLC waste samples after 24 h (a), after 72 h (b), and after 120 h
(c), inoculated with Pseudomonas spp., stained with DAPI and SYPRO, showing sparse
individual cell attachment (100x)

Quantitative spot-counting analysis (Table 3.9) showed that biochar sup-
ported approximately 60% more Pseudomonas spp. cell densities than CLC waste
under identical conditions. While similar density enhancements have been re-
ported by Li et al. (2020), the present work advances this understanding by linking
microbial density not only to material type but also to vertical position within the
biofilter, revealing zones of functional dominance for biological H-S oxidation.

Table 3.9. Evaluating the approximate number of existing Pseudomonas spp. bacteria on
the biochar and CLC waste

Average Estimated
Material Inoculation treatment count, total bacteria,
cells/g cells/sample
Biochar Pseudomonas spp. 35 ~1.4 x 108
Biochar Nutrient + Pseudomonas spp. 143 ~5.8 x 10°
CLC waste Pseudomonas spp. 22 ~8.8 x 107
CLC waste | Nutrient + Pseudomonas spp. 91 ~3.6 x 10°

These findings indicate that Pseudomonas spp. play a key role in establishing
highly active biofilm zones responsible for peak H>S removal, particularly when
supported by porous carbonaceous media.

Colonization behavior of Acidithiobacillus spp.: slower growth and spatial
resilience. In contrast to Pseudomonas spp., Acidithiobacillus spp. exhibited
slower colonization dynamics. At 24-48 h, cells were sparsely distributed with
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limited clustering on both biochar and CLC waste surfaces (Figs. 3.5 and 3.6). By
72-96 h, small aggregates became visible, and biofilm-like structures developed
gradually. SYPRO staining revealed moderate protein production, indicating
slower EPS synthesis.

(@) (b) (©)

Fig. 3.5. Biochar samples after 24 h (a), after 72 h (b), and after 120 h (c), inoculated
with Acidithiobacillus spp., stained with DAPI and SYPRO, showing sparse individual
cell attachment (100x)
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Fig. 3.6. CLC waste samples after 24 h (a), after 72 h (b), and after 120 h (c), inoculated
with Acidithiobacillus spp., stained with DAPI and SYPRO, showing sparse individual
cell attachment (100x)

This behavior aligns with previous reports describing chemolithotrophic sul-
fur-oxidizing bacteria as prioritizing metabolic persistence over rapid biomass ac-
cumulation (Drozdz et al., 2020; Herath et al., 2024). However, the present study
provides new insight by showing that slower biofilm development does not equate
to spatial instability. Acidithiobacillus spp. maintained viable populations across
all biofilter layers, even in zones characterized by lower nutrient availability or
fluctuating oxygen conditions.
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Table 3.10. Evaluating the approximate number of existing Acidithiobacillus spp. bacteria
on the biochar and CLC waste

Average Estimated
Material Inoculation treatment count, total bacteria,
cells/g cells/sample
Biochar Acidithiobacillus spp. 18 ~7.2 x 107
Biochar Nutrient + Acidithiobacillus spp. 77 ~3.1 x 10°
CLC Waste Acidithiobacillus spp. 12 ~4.8 x 10°
CLC Waste | Nutrient + Acidithiobacillus spp. 55 ~2.2 x 10°

Quantitative counts (Table 3.10) confirmed lower overall cell densities than
those of Pseudomonas spp., consistent with the findings of Zhou et al. (2021).
Nevertheless, the uniform vertical distribution observed here suggests that Acidi-
thiobacillus spp. may contribute to long-term process stability, particularly under
operating conditions that constrain rapid biofilm growth.

The fluorescence microscopy analysis presented in this subsection demon-
strates that early-layer microbial adhesion and biofilm initiation in biofiltration
systems are directly governed by the surface microstructure and porosity of the
packing materials. The results show that, even under identical incubation and nu-
trient conditions, biochar and CLC waste provide fundamentally different envi-
ronments for microbial attachment, leading to distinct transition rates from re-
versible adhesion to stable biofilm formation.

The scientific novelty of this work lies in the first microscopy-based evidence
that packing material microstructure acts not merely as a passive support, but as
an active controlling factor in shaping early biofilm architecture. This finding pro-
vides a mechanistic basis for the targeted modification of biofiltration materials
to create favorable sites for microbial adhesion, increase surface roughness, and
improve moisture retention.

The obtained results further indicate that both physical (e.g., porosity en-
hancement and surface topography modification) and chemical (e.g., introduction
of surface functional groups or reactive mineral phases) modification strategies
can be employed not only to improve sorption performance, but also to deliber-
ately regulate biofilm initiation. Consequently, the modification of biofiltration
materials can be transformed from an empirical trial-and-error approach into a
scientifically guided design strategy grounded in microscale understanding of bio-
film formation processes.
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3.3.2. Biofilm distribution across biofilter layers and its
relationship with H,S removal

To comprehensively evaluate the vertical dynamics of microbial growth and bio-
film maturation processes in different biofilter packing materials, solid-phase
samples were collected from five defined layers of the biofilter column (from bot-
tom to top). The investigations were conducted using biochar and CLC waste
packings, which were inoculated separately with Pseudomonas spp. and Acidithi-
obacillus spp. Biofilm formation and microbial spatial distribution were analyzed
by fluorescence microscopy using DAPI and SYPRO staining, with particular em-
phasis on bacterial density, proteinaceous extracellular polymeric substance
(EPS) matrix formation, and biofilm architecture. All experiments were per-
formed under identical anaerobic conditions (30 °C, 96 h), with nutrient irrigation
applied from the top of the column.

Biofilm maturation of Pseudomonas spp. in biochar packing. Fluorescence
microscopy revealed a pronounced gradient in Pseudomonas spp. colonization in-
tensity within the biochar packing. As shown in Figure 3.7, the highest bacterial
densities and strongest DAPI fluorescence were detected in biofilter layers 3 and
4. These layers also exhibited the most intensive SYPRO fluorescence signals
(Figs. 3.8a and 3.8b), indicating active production of a protein-rich EPS matrix
and the formation of mature, multilayered biofilms.

In the lower biofilter layers (1-2), Pseudomonas spp. colonization in the bi-
ochar packing was moderate, likely due to increased hydrodynamic stress and gas
flow turbulence near the inlet zone. In the upper layers (4-5), biofilm fragmenta-
tion and reduced bacterial density were observed, which can be attributed to lim-
ited nutrient availability and weaker gas—liquid interactions. These results confirm
that the middle biofilter layers during biochar packing provide optimal conditions
for the growth of Pseudomonas spp. biofilm maturation. While this phenomenon
has been conceptually described by Li et al. (2020) and Shyam et al. (2022), the
present study provides direct microscopic evidence supporting this mechanism.
However, unlike previous studies that primarily inferred microbial activity from
bulk performance indicators or biomass measurements, the present work directly
visualizes biofilm structure and EPS distribution along the biofilter height. This
spatially resolved microscopic confirmation demonstrates that mid-biofilter zones
are not only chemically favorable but also biologically dominant, governing over-
all biofilter performance.

Colonization of Pseudomonas spp. in CLC waste packing. The colonization
behavior of Pseudomonas spp. in CLC waste packing is presented in Figure 3.9.
Although bacterial attachment to the CLC surface was observed, both DAPI and
SYPRO fluorescence signals were weaker than those detected in biochar packing,
and the biofilm structure remained less developed. The highest bacterial densities
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were again detected in biofilter layers 3—4; however, overall surface coverage and
EPS production were limited due to the lower porosity and less favorable surface
microstructure of CLC waste.

Fig. 3.7. DAPI-stained image of biochar from layer 1-5 with Pseudomonas spp. show-
ing dense colonization

Colonization of Acidithiobacillus spp. in CLC waste packing. Results for
Acidithiobacillus spp. colonization in CLC waste packing are shown in Fig-
ure 3.12. In this case, biofilm development was the weakest among all tested con-
figurations. Bacteria primarily colonized surface irregularities and microcracks,
while biofilm thickness and EPS production remained minimal. These findings
indicate that although CLC waste packing can sustain the viability of Acidithio-
bacillus spp., it is not optimal for intensive biofilm maturation.
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Fig. 3.8. SYPRO-stained image of biochar from layers 3 (a) and 4 (b) with
Pseudomonas spp. showing attached bacteria and created a colony

Fig. 3.9. DAPI and SYPRO-stained CLC waste with Pseudomonas spp. showing weak
protein matrix formation
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Fig. 3.10. Image of biochar from layer 5, DAPI-stained with Acidithiobacillus spp.,
showing dense colonization (after 144 h)

Biofilm formation of Acidithiobacillus spp. in biochar packing. Colonization
of Acidithiobacillus spp. in biochar packing is illustrated in Figures 3.10 and 3.11.
In contrast to Pseudomonas spp., Acidithiobacillus spp. exhibited a more uniform
distribution throughout the biofilter height. DAPI fluorescence was detected at all
layers, whereas SYPRO fluorescence remained comparatively weak, indicating
thinner biofilms with lower protein content. Notably, viable Acidithiobacillus spp.
Colonization was observed even in the upper biofilter layers (e.g., layer 5; Fig.
3.10), confirming that these microorganisms can persist under limited nutrient
availability and variable redox conditions. This behavior should be interpreted as
a distinct ecological strategy rather than reduced biofilm performance, suggesting
that Acidithiobacillus spp. play a stabilizing role in the biofilter by maintaining
baseline biological activity throughout the filter bed, particularly under conditions
that are unfavorable for rapid EPS-rich biofilm formation.

Biochar produced at 600 °C exhibited slightly alkaline pH values (8.46—
8.89), which can be attributed to the removal of acidic surface functional groups
and the concentration of alkaline mineral phases during high-temperature pyroly-
sis. Although elevated pH values may appear unfavorable for acidophilic sulfur-
oxidizing bacteria, the alkaline character of the biochar provides important buff-
ering capacity within the biofilter. During H.S oxidation, sulfuric acid is gener-
ated, which tends to decrease local pH and potentially inhibit microbial activity.
The presence of alkaline biochar counteracts excessive acidification, thereby pre-
venting inhibitory pH drops and stabilizing biological activity over prolonged op-
eration. Furthermore, the interaction between alkaline material surfaces and acid
formation results in localized pH gradients within the biofilm, allowing coexist-
ence of acidophilic and neutrophilic sulfur-oxidizing microorganisms. Conse-
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quently, biochar produced at 600 °C contributes not only to adsorption enhance-
ment but also to improved long-term biofilter stability and sustained H>S removal
efficiency.

Comparison of biofilm structure and linkage to H>S removal. A direct com-
parison of biofilm structures in biochar packing is presented in Figure 3.12, clearly
demonstrating that Pseudomonas spp. formed dense, EPS-rich biofilms, whereas
Acidithiobacillus spp. developed thinner and more dispersed biofilms. These dif-
ferences, summarized in Table 3.11, reflect distinct ecological strategies of the
microorganisms and their interactions with the biofilter packing material. To-
gether, these results indicate that different sulfur-oxidizing bacteria occupy com-
plementary ecological niches along the biofilter height, contributing to system
functionality in distinct ways rather than competing uniformly for space or re-
sources.

Fig. 3.11. SYPRO-stained image of biochar from layers 3, 4, and 5 with
Acidithiobacillus spp. showing attached bacteria and created a colony (after 72 h)

Microscopic observations showed a strong correlation with hydrogen sulfide
removal efficiency. As presented in Table 3.12, Table 3.13, and Figure 3.14, the
highest H-S removal efficiencies (78-81%) were achieved in the biochar packing
at biofilter layers 3—4, where the highest Pseudomonas spp. densities and the most
intensive EPS production were observed. In contrast, lower and upper biofilter
layers, as well as CLC waste packing, exhibited reduced biofilm maturity and cor-
respondingly lower H.S removal efficiencies. These findings demonstrate that lo-
calized biofilm maturity and EPS production, rather than uniform microbial dis-
tribution or total biomass alone, govern H.S removal efficiency within the
biofilter.
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Table 3.11. Comparing the performance of Pseudomonas spp. and Acidithiobacillus spp.

bacteria
Feature Pseudomonas spp. Acidithiobacillus spp.
Slower
Growth rate Fast (dense by 72-96 h) (visible at 72-96 h)
Surface preference Biochar >CLC Biochar > CLC
Protein production High Moderate
Biofilm density High Low to moderate
Peak colonization layers Layers 3-4 Even distribution
Spatial preference Middle layers Even distribution

Environmental tolerance

Sensitive to nutrients

Tolerant of low-nutrient
Z0nes

(@)

(b)

Fig. 3.12. Comparison of grown colonies, protein, and biofilm intensity on biochar
samples stained with Pseudomonas spp. (a) and Acidithiobacillus spp. (b)

Fig. 3.13. DAPI and SYPRO-stained CLC waste with Acidithiobacillus spp.
showing weak protein matrix formation
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Table 3.12. Summary of microbial colonization and biofilm formation

Biofilter - . DAPI SYPRO Biofilm
Material Bacteria - . o
layers Signal signal description
1 Biochar Pseudomonas spp. | strong moderate Initial
microclusters
2 CLC waste | Pseudomonas spp. | moderate weak Sparse
colonization
3 Biochar Pseudomonas spp. very very Dense
strong strong Protein rich
biofilm
3 CLC waste | Acidithiobacillus | moderate | moderate Thin,
spp. uniform film
4 Biochar Acidithiobacillus strong strong Developing
spp. biofilm
4 CLC waste | Pseudomonas spp. | moderate | moderate | Moderate sur-
face
coverage
5 Biochar Acidithiobacillus | moderate weak Patchy
spp. coverage
5 CLC waste | Acidithiobacillus weak weak Minimal
spp. attachment

Table 3.13. Comparative summary of microbial density, fluorescence signal intensity, and
biofilm characteristics for Pseudomonas spp. and Acidithiobacillus spp. across biofilter
layers and media types

Biofilter layers

H:S removal, %

Microbial density, cells/g

1 58 4.20E+07
2 78 7.30E+07
3 81 1.15E+08
4 63 1.05E+08
5 47 9.10E+07

The obtained results demonstrate that biofiltration is a spatially structured
biological process in which the type of biofilter packing material governs not only
microbial attachment but also biofilm maturity and its functional contribution to
Ha.S removal. This study provides, for the first time, a direct experimental and
microscopic linkage between biofilter layer position, biofilm structure, and actual

H-S removal efficiency.
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Fig. 3.14. Correlation of H2S removal and microbial density by the biofilter layer

These findings establish a mechanistic basis for the rational design of hybrid
biofilters, in which combinations of biochar and mineral materials, together with
microbial diversity, are deliberately used to form biologically active zones within
the biofilter column. This spatially informed approach provides a mechanistic
framework for the rational design of hybrid biofilters, in which packing material
selection and microbial diversity are deliberately used to create biologically active
zones rather than aiming for uniform colonization.

This subsection demonstrates that biofilm formation in biofiltration systems
is a spatially differentiated process, governed not only by microbial characteristics
but also by the structural properties of biofiltration materials and their interactions
with hydrodynamic and nutrient-distribution conditions across different biofilter
layers. For the first time, experimental and microscopy-based evidence shows that
the highest biological activity and H>S removal efficiency are not distributed uni-
formly throughout the biofilter but are concentrated in specific layers (layers 3—
4), where mature, EPS-rich biofilms form.

The results reveal that biochar packing creates favorable conditions for the
growth of Pseudomonas spp. biofilm maturation in the middle biofilter layers,
which directly corresponds to peak H2S removal efficiencies. In contrast, mineral-
based CLC waste packing limits biofilm thickness and EPS production, even
when similar microbial distribution patterns are observed. This finding indicates
that the microstructure and surface properties of biofiltration materials control not
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only microbial attachment, but also the functional maturation of biofilms in dif-
ferent biofilter zones.

A key scientific novelty lies in the direct linkage of three interconnected lev-
els: biofilter layer position, biofilm structural characteristics (density and EPS in-
tensity), and actual H=S removal performance. This relationship demonstrates that
biofiltration material modification should not aim for uniform biofilm growth
across the entire filter bed, but rather for spatially targeted adaptation of material
properties to support distinct functional zones. For example, porous carbon-based
materials or their modified forms are most effective in middle biofilter layers,
where enhanced EPS production and rapid biofilm maturation are required,
whereas alternative material compositions or surface modifications may be more
suitable in upper or lower layers exposed to nutrient limitation or increased hy-
drodynamic stress (Mohammadi et al., 2023a; Mohammadi et al., 2024; Moham-
madi et al., 2025).

In conclusion, the findings of this subsection provide a mechanistic basis for
spatially differentiated strategies for modifying biofiltration materials. Such an
approach enables a transition from conventionally homogeneous biofilter designs
toward functionally zoned biofiltration systems, in which biochar activation, in-
corporation of mineral phases, or surface property modification are applied selec-
tively to maximize biofilm maturity and H.S removal efficiency. The microscopy
analyses confirm that packing materials with higher surface roughness and poros-
ity support enhanced microbial attachment and biofilm development. This in-
creased biomass retention provides a mechanistic explanation for the performance
differences observed under identical operating conditions.

3.4. Investigation of biofilter performance in H,S
removal

The performance of biofilters for hydrogen sulfide removal depends on the com-
plex interplay between packing material properties, operational parameters, and
biofilter configuration. This section presents a comprehensive analysis of H.S RE,
focusing on the influence of different packing materials, gas flow rates, and inlet
H:S concentrations. In addition, the performance of single-material biofilters is
systematically compared with modified and hybrid configurations, allowing as-
sessment of the role of material modification in controlling biofilter efficiency.
H>S RE, defined as the percentage reduction in H>S concentration between
the inlet and outlet of the biofilter, is treated not only as a performance indicator
but also as a reflection of the dominant removal mechanisms, including physical
adsorption, catalytic conversion, and biological oxidation. Removal efficiency
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was calculated from time-averaged H.S concentration measurements during sta-
ble operating periods, providing a representative assessment of biofilter perfor-
mance in accordance with commonly applied biofiltration evaluation methodolo-
gies. The influence of packing material characteristics, gas flow rate, and pollutant
loading Unless otherwise stated, H.S concentrations reported in this section and
summarized in the tables represent mean values averaged over one complete
measurement round under quasi-steady operating conditions, a practice widely
adopted in laboratory-scale biofilter studies on RE is discussed in detail, with par-
ticular emphasis on how chemical modification of biofilter media alters these
mechanisms (Mohammadi et al., 2024b).

3.4.1. Performance comparison of biofilters with single-
component packing material

This subsection presents the results obtained from laboratory-scale biofilters
packed with sewage sludge-derived biochar, PUF, and CLC waste. Hydrogen sul-
fide removal from raw biogas was evaluated during the first 144 h of operation,
with biogas injected every 24 h. The initial chemical composition of biogas in
each storage balloon was analyzed using a GDA, with different ILR and balloon
volumes.

All experiments were conducted under controlled environmental conditions:
room temperature of approximately 27 °C, packing material moisture content of
60-80%, and biochar pH ranging from 8 to 9 depending on the biofilter layer.
After biogas injection, gas composition was analyzed every 3 min at each biofilter
layer (from the 1st to the 5th). One complete analysis cycle from the lowest to the
highest layer required approximately 15 min and is referred to as a “round”. Hy-
drogen sulfide removal efficiencies at different biofilter layers are summarized in
Table 3.14, and comparative trends are illustrated in Figure 3.15.

Among the tested materials, biochar achieved the highest H.S removal effi-
ciency, exceeding 92% under optimal conditions (Table 3.14, Fig. 3.15). This su-
perior performance can be attributed to its high specific surface area
(>1 000 m?/g) and well-developed microporous structure, which enables effective
physical adsorption of H>S molecules. In addition, oxygen-containing functional
groups (e.g., hydroxyl and carboxyl groups) promote chemical interactions with
sulfur species, enhancing overall reactivity. Importantly, biochar also provided an
excellent substrate for sulfur-oxidizing bacteria, such as Thiobacillus, supporting
sustained biological oxidation processes, as previously suggested by Li etal.
(2020) and Shyam et al. (2022).

Unmodified CLC waste exhibited moderate H.S removal efficiency (approx.
60-70%, Table 3.14), reflecting its lower surface area and limited adsorption ca-
pacity. However, upon FeCOs impregnation, the removal efficiency increased to
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approximately 75%, highlighting the critical role of catalytic modification. The
moderate porosity of CLC waste (30-40%) allowed gas transport and microbial
colonization, while FeCOs impregnation introduced catalytically active iron sites
that accelerated the oxidation of H2S into elemental sulfur and sulfate. This cata-
Iytic effect partially compensated for the material’s lower adsorption capacity and
confirmed observations reported in previous catalytic biofilter studies (Li et al.,
2020).

PUF demonstrated the lowest HzS removal efficiency among the tested ma-
terials (< 50%, Table 3.14, Fig. 3.15), primarily due to the absence of intrinsic
adsorption capacity and catalytic activity.

Table 3.14. H,S concentration monitoring after injecting biogas into the single material-
packed biofilter

Packing material Biochar CLC PUF

waste

_Initial st concentration 90 % 90
in the biogas

First round of analysis after 3 days
1st layer of biofilter 20 40 70
2nd layer of biofilter 10 20 60
3rd layer of biofilter 10 20 50
H.S concentrations, | 4th layer of biofilter 10 10 30
ppm 5th layer of biofilter 0 10 30

Second round of analysis after 6 days

1st layer of biofilter 10 20 40
2nd layer of biofilter 10 20 30
3rd layer of biofilter 0 10 20
4th layer of biofilter 0 10 20
5th layer of biofilter 0 0 10

Nevertheless, PUF contributed to the biofilter’s structural stability and pro-
vided a physical scaffold for microbial biofilm development. These characteristics
explain its potential role in mixed-material configurations, despite its limited
effectiveness as a standalone H>S removal medium.

Influence of gas flow rate and inlet H>S concentration. Gas flow rate strongly
influenced biofilter performance by controlling the gas—solid contact time. At low
flow rates (0.2-0.5 L/min), longer residence times resulted in higher removal
efficiency values across all materials. Under these conditions, biochar and FeCO:s-
modified CLC waste exhibited optimal performance, with biochar achieving re-
moval efficiencies above 95%. In contrast, at high flow rates (0.8-1.0 L/min),
reduced contact time led to a decline in removal efficiency (Fig. 3.15). At
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1.0 L/min, biochar maintained a removal efficiency of approximately 80%,
whereas unmodified CLC waste and PUF exhibited greater efficiency losses, con-
sistent with their lower adsorption capacities.
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Fig. 3.15. Comparison of single material biofilters RE of H,S from biogas

The inlet H2S concentration also significantly affected biofilter performance.
At H2S concentrations below 500 ppm, all materials exhibited high removal effi-
ciency (> 90%), dominated by biological oxidation mechanisms. At H.S concen-
trations above 1500 ppm, adsorption site saturation and microbial inhibition re-
duced removal efficiency across all single-material biofilters. Under these
conditions, FeCOs-modified CLC waste outperformed unmodified materials, con-
firming the importance of catalytic pathways in sustaining biofilter performance
at elevated pollutant loads (Fig. 3.15).

Statistical analysis of biofilter performance. To assess the robustness and
significance of the observed differences in H.S removal efficiency, a statistical
analysis was performed using the data presented in Table 3.14 and Figure 3.15.
All statistical analyses were based on averaged H>S concentration values obtained
during stable operating intervals, and experimental results are reported as mean
values with standard deviations. Data normality was confirmed using the Shapiro—
Wilk test (p > 0.05), allowing the application of parametric statistical methods.

SEM analysis and linkage to material modification. SEM images of biochar
and CLC waste before and after biofilter operation are presented in Figures 3.16
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and 3.17, respectively. Comparison of pre- and postoperative images reveals pro-
nounced changes in the material’s surface morphology. SEM images reveal that
KOH-modified biochar exhibits a highly porous and rough surface morphology
with numerous micro and mesopores, providing favorable sites for microbial at-
tachment.

Uof MN Sl 500 X300  10um WD8.1mm U of MN SEI 50KV X300  10um  WD7.8mm

(@) (b)

Fig. 3.16. SEM pictures taken from the biochar samples (a) before the purification
process, (b) after removing hydrogen sulfide from biogas

(@) (b)

Fig. 3.17. SEM pictures taken from the CLC waste samples (a) before the purification
process, (b) after removing hydrogen sulfide from biogas
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In contrast, CLC waste shows a denser mineral structure with localized pore
clusters. Pores, gaps, and surface cavities visible before biofilter operation
(Figs. 3.16a and 3.17a) were partially or fully filled after H.S removal (Figs. 3.16b
and 3.17b), indicating the accumulation of sulfur-containing reaction products.
After prolonged operation, SEM images indicate extensive biofilm coverage on
biochar surfaces, whereas biofilm formation on CLC waste appears more hetero-
geneous and less uniformly distributed.

Fluorescence microscopy images show a higher density of viable microor-
ganisms on biochar and CLC waste compared to PUF, as indicated by stronger
fluorescence signals. This observation confirms that materials with higher surface
area and surface reactivity promote enhanced microbial colonization and sus-
tained biological activity. These observations provide direct microscopic evidence
that H.S removal is accompanied by material transformation, linking biofilter per-
formance to reactive interactions at the material surface. The more pronounced
pore filling observed in modified materials supports the conclusion that chemical
modification enhances not only adsorption but also catalytic conversion pro-
cesses, thereby actively shaping biofilter performance rather than acting as a pas-
sive structural enhancement.

The impact of material modification was further evaluated using paired com-
parisons. KOH-modified biochar exhibited a statistically significant increase in
removal efficiency compared to unmodified biochar (ARE = +12%, error < 0.01).
Similarly, FeCOs-impregnated CLC waste showed a significant improvement
over unmodified CLC waste (ARE = +15%, error < 0.01), particularly under ele-
vated inlet H2S concentrations. Simulation by COMSOL demonstrated that gas
flow rate, inlet H2S concentration, and their interaction were all statistically sig-
nificant factors influencing biofilter performance (p < 0.05).

Correlation analysis indicated a strong positive relationship (Pearson’s r >
0.85) between removal efficiency and material surface characteristics inferred
from SEM observations (Figs. 3.16 and 3.17), while a moderate correlation was
observed with inlet H.S concentration. These results confirm that material struc-
ture and modification exert a stronger control over biofilter performance than op-
erational parameters alone.

The scientific novelty of this subsection lies in demonstrating that the perfor-
mance of single-material biofilters is not an inherent and fixed property of the
packing media, but a tunable outcome governed by targeted material modification.
By explicitly linking H2S removal efficiency data (Table 3.14, Fig. 3.15) with
SEM-based evidence of material transformation (Figs. 3.16 and 3.17) and statis-
tically validated performance differences, this study advances beyond descriptive
comparison toward a mechanistic and quantitative understanding of biofilter op-
eration at the material level.
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KOH-modified biochar achieved the highest removal efficiency (92%), con-
firming that chemical activation enhances surface area, pore accessibility, and sur-
face reactivity, thereby promoting both adsorption-driven and biologically medi-
ated H.S removal. FeCOs; impregnation transformed CLC waste from an
adsorption-limited medium into a catalytically active biofilter material that cab
sustain higher removal efficiencies under demanding operating conditions. In con-
trast, the limited standalone performance of PUF highlights that structural support
alone is insufficient for effective H=S removal in single-material systems.

Overall, the results establish that performance limitations of single-material
biofilters can be systematically overcome through deliberate chemical modifica-
tion. This finding provides a mechanistic, statistically supported foundation for
material pre-selection and modification prior to hybrid biofilter design, position-
ing material modification as a strategic performance-control parameter rather than
an empirical optimization step.

3.4.2. Performance comparison of biofilters with multi-
component packing material

Biochar + CLC waste. The hybrid configuration combining biochar and FeCOs-
modified CLC waste was evaluated to assess hydrogen sulfide removal under var-
ying operational conditions, with explicit emphasis on the role of biofiltration ma-
terial modification. This configuration was intentionally designed to integrate two
complementary, deliberately modified functional media: thermally modified bio-
char acting as a high-capacity adsorption and microbial support phase, and chem-
ically modified (FeCOs-impregnated) CLC waste serving as a catalytically active
oxidation phase.

The biochar + CLC waste configuration demonstrated the highest H.S re-
moval efficiency (RE > 95%) among all tested systems under optimal operating
conditions (Table 3.15, Fig. 3.18). This superior performance arises from a mod-
ification-driven synergy between adsorption, catalytic oxidation, and biological
activity. Thermal modification of biochar produced a highly microporous struc-
ture enriched with oxygen-containing functional groups (hydroxyl and carboxyl),
enabling efficient H.S adsorption and stable colonization by sulfur-oxidizing bac-
teria. In parallel, FeCOs modification transformed CLC waste from a relatively
inert mineral medium into a catalytically active material that oxidizes H-S into
elemental sulfur and sulfate.

Previous studies have reported high H.S removal efficiencies for biochar-
based biofilters, primarily attributing performance to high surface area and favor-
able microbial attachment (Alkhatib et al., 2021; Bagheri et al., 2023). However,
most of these studies treat biochar performance as an intrinsic property and do not
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address adsorption site saturation or long-term regeneration mechanisms. In con-
trast, the present study demonstrates that integrating thermally modified biochar
with a catalytically modified mineral phase enables partial regeneration of adsorp-
tion sites, thereby overcoming a key limitation identified but not resolved in ear-
lier works.

A key mechanistic outcome of this combined modification strategy is the par-
tial regeneration of biochar adsorption sites through catalytic oxidation occurring
on the FeCOs-modified CLC waste surface. This regeneration effect mitigates ad-
sorption site saturation, a major limitation of unmodified or single-material bio-
filters, and extends the functional lifetime of the biochar phase. Such modifica-
tion-enabled regeneration has rarely been demonstrated experimentally in
biofiltration studies and represents a critical advancement over conventional hy-
brid systems.

Iron-containing mineral media have previously been investigated as low-cost
catalysts for HS oxidation (Appala et al., 2022; Gaga et al., 2022); however, these
studies typically report modest performance improvements without linking cata-
Iytic activity to adsorption regeneration or biofilter stability. The present results
provide direct experimental and statistical evidence that FeCOs impregnation fun-
damentally changes the functional role of CLC waste from passive support to an
active catalytic regeneration phase within the biofilter.

At low gas flow rates (0.2-0.5 L/min), the configuration achieved peak per-
formance (RE > 95%), benefiting from extended gas—solid contact time and effi-
cient utilization of both modified materials. At higher flow rates (0.8-1.0 L/min),
high removal efficiencies were maintained (RE = 85-90%), clearly outperforming
single-material biofilters due to the robustness introduced by catalytic modifica-
tion. Similarly, under inlet H.S concentrations (<500 ppm), RE values consist-
ently exceeded 90%. Even at high H.S concentrations (>1500 ppm), FeCOs-mod-
ified CLC waste played a decisive role in sustaining high efficiencies (RE ~ 85—
88%), confirming that chemical modification shifts the dominant removal mech-
anism from adsorption-limited to catalytically assisted conversion.

Microbiological analysis further supports the role of material modification.
Biochar supported high microbial densities (10’—10% CFU/Qg), reflecting its suita-
bility as a biologically active substrate following thermal modification, while
FeCOs-modified CLC waste supported moderate microbial growth (~10¢ cop-
ies/g), contributing to biofilm continuity and spatial stability. The resulting mi-
crobial populations were more evenly distributed along the biofilter height than in
single-material systems, enhancing long-term process stability (Table 3.15).

This spatial and functional complementarity contrasts with earlier hybrid bio-
filter studies, which typically report enhanced performance without resolving how
microbial activity, adsorption, and catalysis are distributed within the filter bed
(Shyam et al., 2022).
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Biochar + PUF. The biochar + PUF configuration was evaluated to isolate
the effect of integrating a structurally active but chemically inactive material. In
this system, biochar served as the sole chemically and biologically active compo-
nent, while PUF served as an unmodified structural support, enhancing gas-flow
distribution and biofilm attachment.

Table 3.15. H,S concentration monitoring after injecting biogas into the biofilter packed
with biochar + CLC waste

Low High
Low High H2S H2S
Biochar + CLC waste flow flow con- | concen-
rates, rates, centra- tra-
ppm ppm tions, tions,
_ : ppm ppm
_Inmal H-S concentratlt_)n 90 100 430 1550
in the feed gas reservoir
First round of analysis after 3 days
1st layer of biofilter 20 30 180 300
2nd layer of biofilter 10 10 80 90
H,S 3rd layer of biofilter 10 10 30 40
concentra- 4th layer of biofilter 0 10 20 30
tions, 5th layer of biofilter 0 0 10 20
ppm Second round of analysis after 6 days
1st layer of biofilter 20 20 60 150
2nd layer of biofilter 10 10 40 60
3rd layer of biofilter 0 0 10 20
4th layer of biofilter 0 0 10 10
5th layer of biofilter 0 0 0 0

Under optimal conditions, the biochar + PUF system achieved moderate to
high H.S removal efficiencies (RE =~ 80-90%, Table 3.16, Fig. 3.18), significantly
outperforming single-material PUF systems. However, unlike the biochar + CLC
waste configuration, this system lacked catalytic modification, resulting in a fun-
damentally different performance profile. Biochar dominated H.S removal
through adsorption and biological oxidation, while PUF contributed indirectly by
stabilizing biofilm development.

Similar biochar-PUF combinations have been reported in the literature as ef-
fective biofilm carriers and pressure-drop moderators (Shyam et al., 2022). How-
ever, the present comparative analysis demonstrates that structural support alone
does not prevent adsorption saturation or sustain high removal efficiency under
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elevated H-S loads, highlighting a limitation not explicitly addressed in previous
studies.

Table 3.16. H,S concentration monitoring after injecting biogas into the biofilter packed
with biochar + PUF

Low High
Low | High H2S H2S

Biochar + PUE flow | flow | con- | concen-

rates, | rates, | centra- tra-
ppm | ppm | tions, tions,
Initial H.S concentr_atlon Nl 160 110 370 1500
the feed gas reservoir
First round of analysis after 3 days
1st layer of biofilter 70 50 100 520
2nd layer of biofilter 30 30 80 280
3rd layer of biofilter 20 20 40 140
con?ezr?tra- 4th layer of biofilter 10 10 30 90
tions, ppm 5th layer of biofilter 0 _ 0 10 50
’ Second round of analysis after 6 days
1st layer of biofilter 40 40 90 300
2nd layer of biofilter 10 20 20 160
3rd layer of biofilter 10 10 10 100
4th layer of biofilter 0 0 0 60
5th layer of biofilter 0 0 0 20

At low flow rates, RE values exceeded 90%, whereas at higher flow rates
(0.8-1.0 L/min), RE declined to approximately 75-80%, reflecting kinetic limita-
tions associated solely with adsorption and biological processes. At high inlet H2S
concentrations (>1500 ppm), RE further decreased to 70-75%, indicating satura-
tion of biochar adsorption sites in the absence of catalytic regeneration. These
results demonstrate that structural support without chemical modification im-
proves biological stability but does not address adsorption saturation under high
loading conditions. Microbial densities in the biochar + PUF configuration
reached 10°-10% copies/g, substantially higher than in single-material PUF sys-
tems, confirming the effectiveness of PUF as a biofilm support medium (Table
3.16).

CLC waste + PUF. The CLC waste + PUF configuration represents a low-
cost hybrid system in which only one component (CLC waste) was chemically
modified, while PUF provided structural support. In this system, FeCOs-modified
CLC waste supplied catalytic oxidation capacity and moderate adsorption,
whereas PUF enhanced mechanical stability and microbial attachment.
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Table 3.17. H,S concentration monitoring after injecting biogas into the biofilter packed
with CLC waste + PUF

Low High
Low | High H2S H2S
CLC waste + PUF flow | flow con- concen-
rates, | rates, | centra- tra-
ppm | ppm | tions, tions,
Initial H2S concentr_atlon in 80 170 400 1670
the feed gas reservoir
First round of analysis after 3 days
1st layer of biofilter 30 90 210 580
2nd layer of biofilter 20 60 110 330
3rd layer of biofilter 10 40 70 240
o> [ th layer of biofilter 10 | 10 | 40 | 120
tions, ppm 5th layer of biofilter 0 _ 10 20 70
‘ Second round of analysis after 6 days
1st layer of biofilter 20 50 130 410
2nd layer of biofilter 10 30 90 280
3rd layer of biofilter 10 20 50 150
4th layer of biofilter 0 10 30 80
5th layer of biofilter 0 0 20 40

This configuration achieved moderate H.S removal efficiencies (RE =
70-80%, Table 3.17, Fig. 3.18), outperforming PUF alone but remaining less ef-
fective than biochar-containing systems. At low flow rates (0.2—-0.5 L.min?), RE
exceeded 75%, whereas at higher flow rates (0.8-1.0 L.min™) and elevated H.S
concentrations (>1500 ppm), efficiency declined to approximately 65%, indicat-
ing that catalytic capacity alone cannot fully compensate for the absence of a high-
capacity adsorption medium.

Comparable mineral-polymer systems reported in previous studies typically
emphasize cost reduction rather than functional optimization (Appala etal.,
2022). The present results clarify that while such configurations are economically
attractive, their performance is inherently constrained unless combined with high-
capacity adsorption media.

Microbial densities of 10°-107 CFU/g were observed, supporting biological
oxidation, particularly in zones where catalytic activity was locally limited. Alt-
hough this configuration offers economic and structural advantages, its perfor-
mance constraints underscore the need to combine chemical modification with
high-surface-area adsorption media under demanding operating conditions (Ta-
ble 3.17).
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Comparative performance, operational stability under laboratory conditions,
and the role of modification. A comparative summary of biofilter configurations
under varying operating conditions is presented in Fig. 3.18. The biochar +
FeCOs-modified CLC waste configuration emerged as the most robust and effi-
cient system across all tested gas flow rates and inlet H.S concentrations, in com-
parison to the other two configurations. This superior performance is directly at-
tributable to the complementary effects of thermal modification of biochar and
chemical impregnation of CLC waste, which together enable the simultaneous
operation of adsorption, catalytic oxidation, and biological processes within the
same filter bed.
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Fig. 3.18. Comparison of biofilter configurations RE of H,S from biogas

Previous studies have widely reported improved HS removal efficiencies in
hybrid biofilters compared to single-material systems; however, most of these
studies focus on short-term performance metrics and do not systematically address
operational stability under laboratory conditions or performance drift (Alkhatib
etal., 2021; Shyam et al., 2022). In contrast, the present study demonstrates that
the performance advantage of hybrid configurations persists over extended oper-
ational periods, highlighting the critical role of material modification in sustaining
biofilter functionality beyond initial adsorption capacity.
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During the initial operational period (0—144 h), H.S removal efficiency in-
creased gradually as modified material surfaces were progressively colonized by
microorganisms and biofilms matured. This start-up behavior is consistent with
classical biofiltration theory, in which an adaptation phase precedes steady-state
operation. Similar start-up trends have been reported by Bu (2021) and Appala
et al. (2022), who attributed early performance improvements primarily to micro-
bial acclimation; however, these studies did not distinguish between modified and
unmodified materials or assess how surface modification affects the duration and
stability of this phase. The present results extend this understanding by showing
that material modification accelerates biofilm establishment and reduces variabil-
ity during the start-up period.
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Fig. 3.19. Hydrogen sulfide RE using biochar after different pyrolysis temperatures and
during 60 days of the experiment

After pumping biogas into the biofilter, approximately every 120 h, the RE
growth trend stabilized, indicating the establishment of steady-state conditions.
Beyond this point, RE fluctuations remained minimal (£ 2-3%), confirming that
material modification contributes not only to higher removal efficiency but also
to operational stability under laboratory conditions (Figs. 3.19 and 3.20). In many
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previously reported biofilter systems, long-term operation is associated with grad-
ual efficiency decline due to adsorption site saturation, biofilm clogging, or loss
of catalytic activity (Huang et al., 2022b). The sustained stability observed in the
present dissertation suggests that catalytic regeneration on FeCOs-modified CLC
waste and the enhanced surface chemistry of thermally modified biochar effec-
tively mitigate these degradation mechanisms.

The long-term experiments further revealed that the pyrolysis temperature of
biochar plays a decisive role in stabilizing biofilter performance (Fig. 3.19). Bio-
char produced at higher pyrolysis temperatures exhibited superior H>S removal
capacity up to 60 days of experiments, reflecting improved pore structure, higher
surface reactivity, and enhanced suitability for sulfur-oxidizing bacterial growth.
While several authors have reported improved adsorption performance of high-
temperature biochars (Alkhatib et al., 2021; Bagheri etal., 2023), few studies
have examined the relationship between pyrolysis temperature and long-term (un-
der laboratory conditions) biofilter stability and configuration-level resilience, as
demonstrated here.

Similarly, Figure 3.20 illustrates that stable H.S removal during 60-day ex-
periments is achieved only when adsorption, catalysis, and biological oxidation
are functionally integrated. Previous investigations often report operational stabil-
ity under laboratory conditions based on bulk outlet concentrations without re-
solving whether stability arises from biological adaptation or from sustained phys-
icochemical reactivity of the packing material (Shyam et al., 2022). The present
study clarifies that operational stability under laboratory conditions is a direct out-
come of deliberate material modification, which enables continuous regeneration
of active sites and prevents irreversible saturation.

The gradual increase in removal efficiency observed in Figures 3.19 and 3.20
can be attributed to the progressive acclimation of the microbial community and
biofilm maturation on the packing material surfaces. During the initial operational
period, microorganisms adapt to the inlet H.S concentrations and establish stable
metabolic pathways. Simultaneously, surface colonization and biofilm develop-
ment enhance microbial retention, increase active surface area, and improve gas—
biofilm mass transfer. As a result, the biofiltration system reaches a more stable
and efficient operational state, leading to higher and more consistent removal ef-
ficiency performance over time.

Overall, compared to existing literature, the dissertation provides one of the
first experimentally supported demonstrations that material modification governs
not only peak biofilter performance but also the temporal evolution and stability
of HzS removal efficiency. By linking thermal and physicochemical modification
strategies to different operational behaviors, the study advances biofiltration re-
search from short-term efficiency assessment toward durability-oriented system
design.
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Statistical analysis of biofilter configuration performance. To quantitatively
evaluate differences in H.S removal efficiency among the investigated biofilter
configurations, statistical analysis was performed using the RE data presented in
Tables 3.15-3.17 and summarized in Figure 3.18. Data were expressed as mean
values with standard deviations. Normality of datasets was confirmed using the
Shapiro-Wilk test (p > 0.05).
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Fig. 3.20. Hydrogen sulfide RE using biofilter during 60 days of the experiment

The obtained results showed that the biochar + FeCOs-modified CLC waste
configuration achieved significantly higher removal efficiencies than both the bi-
ochar + PUF and CLC waste + PUF systems across all operational conditions
(error < 0.05). Notably, the biochar + CLC waste configuration exhibited the low-
est variance in RE, indicating superior operational robustness attributable to mod-
ification-driven synergistic effects.

Pearson correlation analysis revealed a strong positive correlation between
H-S removal efficiency and the presence of chemically modified functional media
(r > 0.85), whereas the correlation between RE and microbial density alone was



3. RESULTS OF THEORETICAL AND EXPERIMENTAL STUDIES OF... 105

moderate (r ~ 0.60-0.65). This confirms that material modification exerts a
stronger influence on biofilter performance than biological activity in isolation.

Compared to single-material systems, the multi-component biofilter combin-
ing biochar, CLC waste, and PUF demonstrated superior and more stable HS re-
moval efficiency. The improved performance results from the synergistic interac-
tion between adsorption-dominant biochar, catalytically active CLC waste, and
mechanically stable PUF. Overall, the comparative analysis confirms that no sin-
gle packing material optimally fulfills all functional requirements, whereas com-
bined biofiltration materials provide a balanced solution that maximizes removal
efficiency, stability, and operational robustness.

Influence of biochar thermal modification and validation of modeling. The
impact of biochar pyrolysis temperature on biofilter performance is illustrated in
Figure 3.19. Biochar produced at higher pyrolysis temperatures (up to 600 °C)
exhibited enhanced pore development and greater suitability for the growth of
sulfur-oxidizing bacteria, resulting in up to 20% higher H-S removal over 60 days
of operation. However, at an industrial-scale, 60 days may not be encountered as
a long-term operational evaluation. This demonstrates that thermal modification
of biochar is a critical upstream design parameter influencing downstream biofil-
ter performance.

Mathematical modeling using the constant kinetic equations almost matched
experimental results, predicting filter efficiencies of 70% to 90% after 6 days. This
agreement confirms that modification-induced performance gains can be captured
by predictive models, supporting their use in long-term biofilter design and opti-
mization (Alkhatib et al., 2021; Appala et al., 2022; Geni et al., 2020).

Scientific novelty and implications for biofiltration material modification. In
comparison with existing literature, the key scientific novelty of this subsection
lies in moving beyond empirical hybridization toward modification-driven con-
figuration engineering. Unlike previous studies that report improved H2S removal
through material combinations without mechanistic resolution, the present work
demonstrates that thermal biochar modification, chemical mineral impregnation,
and structural support must be intentionally integrated to control adsorption satu-
ration, catalytic regeneration, microbial stability, and long-term resilience.

The comparative performance analysis indicates that biofilters containing
modified biochar and multi-component packing systems achieve higher and more
stable H2S removal efficiencies. These results demonstrate the importance of com-
bining favorable surface properties with structural stability for efficient long-term
operation. This dissertation establishes a new design paradigm for biofilters, in
which material modification is treated as a primary control variable rather than a
secondary optimization step, providing a robust and scalable framework for ad-
vanced biogas desulfurization systems.
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3.5. Comparison of mathematical modeling and
experimental results

Statistical and mathematical modeling play a crucial role in validating experi-
mental biofiltration studies, identifying statistically significant controlling factors,
and uncovering mechanistic relationships between packing material properties,
microbial activity, and hydrogen sulfide RE. In this section, MATLAB-based Ki-
netic modeling is applied not merely as a descriptive curve-fitting tool, but as an
analytical framework for quantitatively linking experimental biofilter perfor-
mance with microbial growth dynamics under different material and operational
conditions.

MATLAB was used to evaluate the influence of packing materials, opera-
tional parameters, and their interactions on H>S removal efficiency. The independ-
ent variables included packing materials (biochar and CLC waste), gas flow rates
(0.2-1.0 L-min™), and inlet H2S concentrations (300-1600 ppm), while the de-
pendent variable was H>S removal efficiency. Statistical analysis revealed signif-
icant differences in RE across different materials and operational conditions (error
< 0.05), confirming that biofilter performance is governed by multiple interacting
factors rather than a single dominant mechanism.

Effect size analysis demonstrated that packing material properties accounted
for approximately 45% of the total variance in H>S removal efficiency, highlight-
ing the dominant roles of adsorption capacity, surface chemistry, and catalytic
activity. Modified materials, including KOH-modified biochar and FeCOs-im-
pregnated CLC waste, consistently outperformed their unmodified counterparts,
confirming that targeted modification of biofiltration materials fundamentally al-
ters biofilter performance. Gas flow rate explained approximately 30% of the var-
iance, with lower flow rates systematically improving RE due to increased gas—
solid contact time. Inlet H.S concentration accounted for approximately 20% of
the variance, reflecting increased adsorption saturation and microbial inhibition at
higher pollutant loads.

The relationship between microbial population density and H>S removal ef-
ficiency was further evaluated using Pearson correlation analysis. A strong posi-
tive correlation was observed (r = 0.89, error < 0.001), confirming the critical role
of sulfur-oxidizing bacteria, particularly Acidithiobacillus spp. and Pseudomonas
spp., in sustaining high removal efficiency. Notably, this correlation coefficient is
substantially higher than those typically reported in conventional biofilter studies
(often r = 0.6-0.75), which are usually based on bulk reactor measurements rather
than layer-resolved analysis. This highlights the added mechanistic resolution
achieved in the present study compared to earlier modeling approaches.
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Comparison of modeled and experimental microbial growth dynamics. Fig-
ures 3.21-3.24 compare experimentally measured and MATLAB-modeled bio-
mass concentrations of Acidithiobacillus spp. and Pseudomonas spp. grown on
biochar and CLC waste across five operational biofilter layers. In all cases, both
modeled and experimental datasets exhibited a consistent growth—peak—decline
pattern, with peak biomass occurring reproducibly between days 5.5 and 6.5.
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Fig. 3.21. Comparing the mathematical modeling and experimental results of
Acidithiobacillus spp. growth rate on biochar

For Acidithiobacillus spp. grown on biochar (Fig. 3.21), biomass concentra-
tions increased from approximately 0.002 g-L! at day 0 to peak values of 0.007—
0.009 g'L™! by day 6, followed by a gradual decline. The mathematical model
accurately reproduced both the timing and magnitude of biomass peaks, with rel-
ative deviations generally remaining below 10%. In contrast, Acidithiobacillus
spp. growth on CLC waste (Fig. 3.22) reached lower peak concentrations (0.005—
0.007 g-L "), reflecting the mineral support’s lower surface area, reduced porosity,
and weaker nutrient retention capacity.

Figures 3.23 and 3.24 present corresponding results for Pseudomonas spp.
grown on biochar and CLC waste, respectively. Pseudomonas spp. exhibited sub-
stantially higher biomass concentrations than Acidithiobacillus spp. on both ma-
terials, reaching peak values of approximately 0.022 g-L™' on biochar and 0.013—
0.014 g-L' on CLC waste. Initial growth rates followed the same trend, with
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Pseudomonas spp. on biochar exhibiting the highest rates ((1.0-2.0) x 1073
g'L1-day™) and Acidithiobacillus spp. on CLC waste the lowest ((0.4-0.7) x 103
g.Lfl.dayfl).
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Fig. 3.22. Comparing the mathematical modeling and experimental results of
Acidithiobacillus spp. growth rate on CLC waste

Across all four microorganism—material combinations, relative errors be-
tween modeled and experimental biomass concentrations generally remained be-
low 10%, confirming the robustness of the calibrated kinetic model across diverse
biological and material conditions.

Figures 3.23 and 3.24 present corresponding results for Pseudomonas spp.
grown on biochar and CLC waste, respectively. Pseudomonas spp. exhibited sub-
stantially higher biomass concentrations than Acidithiobacillus spp. on both ma-
terials, reaching peak values of approximately 0.022 g-L! on biochar and 0.013—
0.014 gL' on CLC waste. Initial growth rates followed the same trend, with
Pseudomonas spp. on biochar exhibiting the highest rates ((1.0-2.0) x 1073
g-L™'-day™') and Acidithiobacillus spp. on CLC waste the lowest ((0.4-0.7) x 103
g.L—l.day—l).

Across all four microorganism—material combinations, relative errors be-
tween modeled and experimental biomass concentrations generally remained be-
low 10%, confirming the robustness of the calibrated kinetic model across diverse
biological and material conditions.
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Model parameterization and kinetic interpretation. The evaluated Kinetic pa-
rameters used in the MATLAB simulations include a maximum specific growth
rate pmax = 0.4 day™!, maximum biomass concentration Xmax = 1.75 g-L™', and sub-
strate saturation and inhibition constants consistent with values reported in previ-
ous biofiltration modeling studies. The consistency of peak timing and growth
limitation behavior across all layers confirms that the adopted kinetic formulation
captures the essential biological constraints governing biofilter operation.
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Fig. 3.23. Comparing the mathematical modeling and experimental results of
Pseudomonas spp. growth rate on biochar

Linkage between modeling results and modification of biofiltration materi-
als. The combined mathematical modeling and experimental results demonstrate
that microbial growth dynamics and H>S removal performance are not intrinsic
biological phenomena, but are strongly governed by the modification state of the
biofiltration materials. Thermally modified biochar consistently supported higher
maximum biomass concentrations, faster initial growth rates, and delayed onset
of growth limitation for both microorganisms, as explicitly reflected in the cali-
brated kinetic parameters. This confirms that thermal modification enhances pore
accessibility, surface functionality, and moisture retention, thereby increasing the
biological carrying capacity of the biofilter.
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In contrast, FeCOs-modified CLC waste supported lower peak biomass con-
centrations but enabled effective H>S removal through catalytically assisted oxi-
dation pathways. The model demonstrates that chemical modification shifts the
dominant removal mechanism from purely biologically driven processes toward
hybrid catalytic—biological conversion. Importantly, the strong correlation be-
tween microbial density and removal efficiency (r = 0.89) must therefore be in-
terpreted in the context of material modification: high biomass alone is insuffi-
cient to sustain high performance under elevated H.S loads without catalytically
active surfaces.
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Fig. 3.24. Comparing the mathematical modeling and experimental results of the
Pseudomonas spp. growth rate on CLC waste

The layer-resolved growth—peak—decline patterns reproduced by the model
further indicate that material modification enhances operational stability under la-
boratory conditions of the biofilter. Modified biochar delayed biomass decay,
while FeCOs-modified CLC waste mitigated efficiency loss after microbial activ-
ity plateaued. These effects explain the stabilization of removal efficiency ob-
served experimentally after approximately 120 h of operation and confirm that
material modification buffers biological limitations through physicochemical
mechanisms.

Comparison with existing biofilter modeling studies. Most biofilter models
reported in the literature rely on bulk reactor averages, steady-state assumptions,
or empirical removal efficiency fitting, without explicitly resolving microbial
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growth dynamics or spatial heterogeneity within the filter bed (e.g., Devinny et al.,
1999; Shareefdeen & Singh, 2005). Such models often provide acceptable macro-
scopic predictions but lack mechanistic explanatory power regarding the role of
packing material properties and microbial ecology.

More recent studies (e.g., Li et al., 2020; Shyam et al., 2022) have incorpo-
rated biological terms into kinetic expressions; however, these models typically
use averaged biomass values and do not distinguish growth behavior across dif-
ferent filter layers or support materials. In contrast, the present study integrates
layer-resolved experimental biomass data directly into the kinetic modeling
framework, enabling quantitative differentiation between biochar- and mineral-
supported microbial growth.

Previous modeling efforts have reported prediction errors commonly exceed-
ing 15%, particularly under transient conditions or high pollutant loading. The
ability of the present model to reproduce microbial growth dynamics on both bi-
ochar and CLC waste, with relative errors consistently below 10%, therefore rep-
resents a clear improvement over existing biofilter modeling approaches.

Furthermore, while several authors have qualitatively noted that biochar en-
hances microbial colonization, direct coupling of this effect with validated kinetic
parameters has rarely been demonstrated. The present work guantitatively con-
firms that thermal modification of biochar increases biological carrying capacity
and that this effect can be incorporated into predictive models, constituting a novel
contribution to biofiltration modeling.

By merging the effects of thermal and chemical modification into kinetic pa-
rameters, this work advances biofiltration modeling from empirical curve fitting
toward predictive, design-oriented analysis. The close agreement between mod-
eled and experimental results (Figs. 3.21-3.25) confirms that the effects of biofil-
tration material modification and microbial ecology can be quantitatively repre-
sented within a unified kinetic framework. This represents a clear methodological
and conceptual advancement over traditional biofilter modeling approaches and
provides a robust foundation for optimizing and scaling biofilters for hydrogen
sulfide removal.

3.6. Modeling of H,S removal efficiency from biogas
using COMSOL 6.1

Numerical simulation was employed as an advanced analytical tool to comple-
ment experimental and statistical analyses and to provide a spatially resolved in-
terpretation of the mechanisms of H2S removal in biofilters. Unlike purely empir-
ical performance evaluations, COMSOL Multiphysics 6.1 modeling enabled



112 3. RESULTS OF THEORETICAL AND EXPERIMENTAL STUDIES OF...

visualization and quantification of gas transport, concentration gradients, hydro-
dynamics, and pressure distribution within the biofilter under experimentally de-
fined conditions. Importantly, the simulation framework was explicitly linked to
biofiltration material modification, allowing mechanistic interpretation of how
thermally and chemically modified media influence biofilter performance (Mo-
hammadi et al., 2025a; Mohammadi et al., 2025e).

Model geometry, assumptions, and parameterization. A schematic prototype
of the laboratory-scale biofilter used for experimental H.S removal was imple-
mented in COMSOL Multiphysics 6.1 (Figs. 3.25 and 3.26). Based on previous
modeling studies of structured biofilters with low aspect ratios, a two-dimensional
(2D) axisymmetric geometry was selected. This approach follows the recommen-
dations of Sugurbekova et al. (2023), who demonstrated that 2D axisymmetric
models capture essential gas transport and reaction phenomena while maintaining
computational efficiency. Although three-dimensional (3D) models may provide
finer spatial resolution, their added computational cost was not justified for sys-
tems with uniform radial symmetry, consistent with earlier biofilter modeling
studies (Li et al., 2020; Zhang et al., 2020a).

The Transport of Diluted Species (TDS) module was used to simulate the
transport and removal of H.S within the porous filter bed. The model assumed
steady-state laminar flow, homogeneous porosity within each packing material,
and constant temperature. These assumptions are common in biofilter modeling
and allow direct comparison with other COMSOL -based studies (Zhu et al., 2020;
Sugurbekova et al., 2023). Material-specific parameters, including porosity, ef-
fective diffusivity, and permeability, were derived from experimental BET and
material characterization data, thereby explicitly embedding the effects of biofil-
tration material modification into the numerical framework.

H-S removal kinetics were implemented using Monod-type reaction expres-
sions, linking microbial activity to local gas concentration fields. Boundary con-
ditions included a fixed inlet H2S concentration, zero-flux sidewalls, and pressure-
controlled outlet conditions. The model was parameterized using experimentally
determined operational conditions and kinetic coefficients described in the Sec-
ond Chapter.

Simulation of H-S concentration fields and comparison with COMSOL-based
biofilter models reported in the literature. Figures 3.27-3.29 present simulated
HaS concentration distributions during the first five days (24-144 h) after biogas
introduction into biofilters packed with biochar, CLC waste, and PUF, respec-
tively. For the biochar-packed biofilter (Fig. 3.27), the simulation revealed ini-
tially heterogeneous concentration fields, followed by progressive homogeniza-
tion and overall concentration reduction over time. By day 5-6, high-
concentration regions diminished markedly, corresponding to a reduction in sim-
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ulated H-S concentration from approximately 800 ppm to 500-550 ppm. This be-

havior is consistent with experimental observations and reflects the combined ef-
ochar.

fect of adsorption and biologically mediated oxidation on thermally modified bi-

In engineering applications, a deviation of less than 10% between experi-
mental results and model predictions is generally considered acceptable for vali-
dating model performance. Therefore, deviations observed within this range in the
present study indicate good agreement between the developed model and the ex-
perimental data.

Comparable trends have been reported in COMSOL-based biofilter simula-

tions by Danila et al. (2022), Huan et al. (2021), and Hou et al. (2018), who ob-
served a gradual replacement of high-concentration zones by intermediate-con-
centration fields as H2S removal efficiency increased. However, the present study
extends these findings by explicitly linking the evolution of the concentration field
to biochar thermal modification, rather than treating adsorption capacity as an in-
trinsic, unchanging material property.

\\
b A \\
2
y ;

Fig. 3.25. Prototype schematic of the laboratory-scale biofilter drawn
in COMSOL 6.1 Multiphysics 6.1

Simulation results for CLC waste-packed biofilters (Fig. 3.28) showed a sim-
ilar but less pronounced reduction in H-S concentration, with values decreasing
from approximately 800 ppm to 400-500 ppm over five days. This behavior aligns

with experimental data and previously reported COMSOL simulations for min-
eral-based media (Torres et al., 2020; Su et al., 2020). Notably, the present results
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demonstrate that chemical modification of CLC waste (FeCOs impregnation) en-
hances catalytic oxidation zones, which appear as localized low-concentration re-
gions within the simulated fields — an effect rarely resolved in earlier modeling

studies.
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Fig. 3.26. Simulation of H,S concentrations during the first six days
after the operation in the lab-scale biofilter packed with biochar
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Fig. 3.27. Simulation of H,S concentrations during the first six days
after operation in the lab-scale biofilter packed with CLC waste
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Fig. 3.28. Simulation of H,S concentrations during the first six days
after operation of the lab-scale biofilter packed with PUF

In contrast, simulations for PUF-packed biofilters (Fig. 3.29) showed more
limited HaS reduction, despite relatively uniform gas distribution. The absence of
chemically or thermally modified reactive surfaces resulted in weaker concentra-
tion gradients, consistent with experimental findings and simulations reported by
Zagorskis and Vaisktnaité (2016). This comparison underscores that structural
materials alone, even when hydrodynamically favorable, cannot sustain high H.S
removal without active surface modification.

Hydrodynamics, gas distribution, and pressure fields. Simulated biogas ve-
locity fields (Fig. 3.30) revealed stable, nearly uniform gas flow across the biofil-
ter layers, particularly in CLC waste-packed systems. High-velocity regions mi-
grated toward upper biofilter layers, indicating effective mixing between injected
biogas and entrapped air. Similar velocity profiles have been reported by Danila
etal. (2022) and Hou et al. (2018), validating the hydrodynamic realism of the
model.

Biogas concentration fields (Fig. 3.31) demonstrated the progressive integra-
tion of injected biogas throughout the biofilter, with concentrations increasing to-
ward the outlet over time. This behavior reflects efficient gas transport but also
highlights that hydrodynamics alone does not determine HS removal efficiency;
instead, reactive surface availability and modification dictate removal effective-
ness.
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Fig. 3.29. Simulation of biogas velocity during the first six days
after the operation in the lab-scale biofilter
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Fig. 3.30. Simulation of biogas concentrations during the first six days
after operation in the lab-scale biofilter

Pressure field simulations (Fig. 3.32) revealed dynamic pressure fluctuations
during the first 144 h of operation. Initial negative pressure zones transitioned
toward more uniform distributions before stabilizing. The presence of air regula-
tors in the experimental setup was consistent with simulation results, indicating
that uncontrolled pressure fluctuations could adversely affect gas distribution and
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microbial desulfurization activity. Similar pressure evolution trends have been re-
ported in COMSOL simulations of biochar-based biofilters (Danila et al., 2022;
Huan et al., 2021).

Integration with statistical analysis and experimental validation. To validate
the numerical model, simulated H=S concentration profiles were compared quan-
titatively with experimentally measured values across the biofilter layers. The av-
erage deviation between simulated and experimental removal efficiencies was be-
low 7%, confirming strong agreement. This level of accuracy is comparable to or
better than that reported in previous biofilter modeling studies (Sugurbekova
etal., 2023; Zhang et al., 2020b).

Importantly, the numerical results are fully consistent with the statistical
analysis presented in Section 3.5. The dominant influence of packing material
properties (~45% of RE variance) is reflected in the simulated concentration
fields, where modified biochar and FeCOs-impregnated CLC waste exhibit dis-
tinctly stronger removal zones than unmodified or structurally passive materials.
Similarly, the statistically identified contribution of gas flow rate (~30%) aligns
with the relatively uniform velocity fields observed in Figure 3.30, confirming
that hydrodynamics act as a secondary, but non-negligible, control parameter.
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Fig. 3.31. Simulation of air pressure (values shown on graphs are based on Pa) during
the first six days after operation of the lab-scale biofilter

Scientific novelty and implications for biofiltration design. The scientific
novelty of this section lies in demonstrating that COMSOL-based simulation,
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when combined with statistically validated experimental data, provides a direct
mechanistic bridge between biofiltration material modification and observed H-
S removal performance. Unlike conventional biofilter models that rely on bulk-
averaged parameters, the present approach captures spatial variability, material-
dependent reaction zones, and temporal stabilization behavior.

The close agreement between modeled and experimental results (Figs. 3.21—
3.25, 3.27-3.32) confirms that the effects of biofiltration material modification
and microbial ecology can be quantitatively represented within a unified numeri-
cal framework. Compared with previous studies that primarily use COMSOL for
qualitative visualization, this work demonstrates how simulation can serve as an
interpretive and decision-support tool for rational biofilter design. The results es-
tablish that effective H.S removal depends not only on hydrodynamics but criti-
cally on targeted material modification, enabling the creation of functionally spe-
cialized adsorption, catalytic, and biological zones within the biofilter. This
represents a clear methodological and conceptual advancement in biofiltration re-
search and provides a robust foundation for optimizing and scaling biofilters for
hydrogen sulfide removal.

3.7. Comparative analysis and scientific discussion
of biofilter performance based on experimental,
statistical, and simulation results

The integrated analysis of experimental measurements, statistical evaluation, and
numerical simulations presented in this Chapter demonstrates that biofilter per-
formance and H-S removal efficiency cannot be adequately explained by opera-
tional parameters or biological activity alone. Instead, the results clearly show that
targeted modification of biofiltration materials is the dominant factor governing
adsorption capacity, reaction pathways, microbial stability, and long-term process
robustness.

Unlike many previous studies, in which packing materials are treated as pas-
sive supports, and performance is primarily correlated with inlet loading rates or
empty bed residence time, this dissertation establishes a material-centered inter-
pretation of biofiltration performance, in which thermally and chemically modi-
fied media actively shape the dominant H.S removal mechanisms.

Comparison with experimental biofilter studies reported in the literature
sources. Numerous experimental studies on biofilters packed with biochar report
H-S removal efficiencies of 80-95%, depending on feed concentration and oper-
ational conditions (Lee et al., 2021; Das et al., 2019; Ma et al., 2022; Mitchell
et al., 2022). While these studies confirm the suitability of biochar as an effective
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packing material, they typically attribute performance improvements to high sur-
face area alone, without clearly linking removal efficiency to biochar modification
strategy.

In contrast, the present work demonstrates that KOH-activated, thermally
modified sewage-sludge-derived biochar consistently achieves high removal effi-
ciencies (> 92%) under a broader range of operating conditions, and that this per-
formance is statistically robust. This finding extends previous biochar-based stud-
ies by showing that biochar modification fundamentally alters its functional role
from a passive adsorbent to a multifunctional adsorption—biological reaction me-
dium.

For mineral-based materials, earlier investigations using construction by-
products or inert mineral media typically report moderate H>S removal efficien-
cies (= 60-70%), often limited by low adsorption capacity (Lebrun et al., 2019;
Poser et al., 2023). The results obtained in this dissertation show that FeCOs im-
pregnation transforms CLC waste into a catalytically active biofiltration medium,
increasing removal efficiency to approximately 75% and stabilizing performance
at elevated inlet H>S concentrations. This represents a clear advancement over
studies that rely on unmodified mineral materials.

Studies employing synthetic polymeric media, such as PUF, emphasize their
role in microbial support rather than in direct pollutant removal (De Souza et al.,
2021; Hasanzadeh et al., 2018). The present results confirm these observations but
further demonstrate that PUF alone cannot sustain high H.S removal efficiency,
reinforcing the conclusion that structural support, without chemical or thermal
modification, is insufficient under demanding operating conditions.

Comparison with hybrid and multilayer biofilter systems. Hybrid biofilters
combining multiple packing materials have been reported to outperform single-
material systems (Lin et al., 2021; Paulionyte et al., 2022). However, in most pub-
lished studies, material combinations are selected empirically, and the mecha-
nisms underlying synergy are rarely resolved experimentally.

This dissertation provides experimental, statistical, and simulation-based ev-
idence that synergy in hybrid biofilters arises specifically from modification-
driven functional specialization of materials. In the biochar + FeCOs-modified
CLC waste configuration, biochar acts as a high-capacity adsorption and micro-
bial support phase, while modified CLC waste functions as a catalytic oxidation
and adsorption-regeneration zone. Such regeneration-driven synergy has been
only conceptually proposed in the literature but rarely demonstrated with quanti-
tative evidence.

Comparison with mathematical modeling and COMSOL-based simulations.

Previous biofilter modeling studies using COMSOL Multiphysics typically
focus on qualitative visualization of concentration gradients and hydrodynamics
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(Hou et al., 2018; Huan et al., 2021; Sugurbekova et al., 2023). These models of-
ten assume fixed material properties and do not explicitly account for material
modification effects.

In contrast, the present work integrates experimentally measured material
properties and modification-dependent Kinetic parameters into both MATLAB
and COMSOL models. The close agreement between simulated and experimental
results (average deviation < 7%) confirms that material modification effects can
be quantitatively embedded into predictive modeling frameworks, representing a
methodological advancement over earlier modeling approaches.

Furthermore, the observed spatial stabilization of reaction zones in modified-
material biofilters, confirmed by COMSOL simulations and supported by statisti-
cally reduced RE variance, has not been explicitly reported in earlier studies,
where biofilters are often treated as spatially homogeneous systems.

In summary, the comparison with results reported by other authors and those
obtained in this study indicates that the achieved HzS removal efficiency was gov-
erned not by individual operating parameters but by interrelated physicochemical
and structural properties of the biofiltration materials. First, high porosity and a
well-developed specific surface area ensured efficient gas—solid contact and high
adsorption capacity, while also providing favorable conditions for intensive mi-
crobial colonization. Second, a sufficient empty bed residence time (EBRT) en-
sured adequate reaction time for biological and catalytic H-S oxidation. The com-
bined effect of these parameters, further enhanced by targeted thermal and
chemical modification of the biofiltration materials, resulted in higher and more
stable H2S removal efficiency than that reported for most systems described in the
literature, in which material properties are typically treated as constant and non-
adaptive.

Scientific novelty and conceptual advancement. The scientific novelty of this
Chapter lies in demonstrating that biofiltration material modification is not a sec-
ondary optimization step but a primary design variable that governs biofilter per-
formance at multiple scales. By integrating experimental data, statistical valida-
tion, and numerical simulation, this dissertation establishes that:

— thermal modification of biochar shifts its function from passive adsorp-
tion toward a coupled adsorption—biological reaction medium;

— chemical modification of mineral waste creates catalytically active biofil-
tration zones that can sustain performance under high pollutant loads;

— hybrid configurations enable deliberate spatial and functional separation

of adsorption, catalysis, and biological activity within the biofilter bed.
Compared with previous studies that emphasize operational tuning or empir-
ical material selection, this work advances biofiltration research toward rational,
modification-driven system design. The results provide a robust conceptual and
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technological foundation for scaling biofilters from laboratory systems to indus-
trial biogas desulfurization applications, where operational stability under labora-
tory conditions and resilience are critical requirements.

3.8. Conclusions of the Third Chapter

1.

This Chapter quantitatively demonstrates that hydrogen sulfide removal
from biogas by biofiltration is predominantly controlled by targeted mod-
ification of biofiltration materials. Statistical analysis confirmed that
packing material properties accounted for approximately 45% of the total
variance in H.S RE, compared to ~ 30% attributed to gas flow rate and
~20% to inlet H=S concentration (error < 0.05), establishing material
modification as the primary performance-determining factor.

Thermal modification of sewage sludge—derived biochar significantly en-
hanced its physicochemical properties and biofiltration performance. In-
creasing pyrolysis temperature from 400 °C to 600 °C increased biochar
porosity from < 10% to ~65% and specific surface area from < 3 m2-g™!
to ~ 24 m?-g™', while KOH activation further increased surface area by
up to 19-fold. These modification-induced changes resulted in experi-
mentally measured H.S removal efficiencies of 90-99.9% after 144 h of
operation, compared to 50-70% during the initial 96 h, indicating statis-
tically significant performance improvement (error < 0.01).

Chemical modification of mineral packing material was essential for ac-
tivating catalytic H.S oxidation. FeCOs-impregnated CLC waste
achieved average H2S removal efficiencies of ~75%, exceeding the per-
formance of unmodified mineral materials by 10-15 percentage points
under identical operating conditions. COMSOL simulations confirmed
localized low-concentration reaction zones corresponding to catalytically
active regions, supporting the mechanistic role of chemical modification.
Hybrid biofilter configurations exhibited statistically significant syner-
gistic effects. The combination of thermally modified biochar and
FeCOs-modified CLC waste resulted in consistently higher and more sta-
ble RE values, with long-term fluctuations limited to + 2—-3%, compared
to + 6-10% observed in single-material systems. Analysis of variance
confirmed that hybrid configurations outperformed single-material sys-
tems with p < 0.05.

Microbiological analysis confirmed that microbial activity is strongly
conditioned by material modification. Pearson correlation analysis re-
vealed a strong positive relationship between sulfur-oxidizing bacterial
density and H:S removal efficiency (r = 0.89, error < 0.001). Thermally
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modified biochar pyrolyzed at 600 °C supported bacterial growth rates
up to four times higher than biochar pyrolyzed at 400 °C, with peak mi-
crobial abundance reaching 5.73 x 10* CFU-g™! in the mid-layer biofilter
after 6 days of operation. These results demonstrate that microbial den-
sity is a material-controlled response governing biological H=S oxidation
in biofilters.

Pseudomonas spp. consistently exhibited higher biomass concentrations
than Acidithiobacillus spp. across all materials. Peak biomass values
reached ~0.022 g-L™!' for Pseudomonas spp. on biochar and ~0.013-
0.014 g-L ' on CLC waste, compared to ~0.007—0.009 g-L ™" and ~0.005—
0.007 g-L™, respectively, for Acidithiobacillus spp. Initial growth rates
ranged from (1.0-2.0) x 1073 g-L'-day! on biochar to (0.4-0.7) x
1073 g-L'-day! on CLC waste, confirming material-dependent biologi-
cal kinetics.

Mathematical modeling by MATLAB accurately reproduced experi-
mental biomass dynamics across all systems. Modeled and experimental
growth curves exhibited consistent growth—peak—decline behavior, with
biomass maxima occurring between days 5.5 and 6.5 and post-peak re-
ductions of 20-30% by day 10. Relative deviations between modeled and
experimental values remained below 10%, validating the predictive ca-
pability of the kinetic model.

Numerical simulations using COMSOL Multiphysics 6.1 confirmed the
spatial structuring of H>S removal processes induced by material modifi-
cation. Simulated concentration profiles showed H-S reduction from 800
ppm to 400-500 ppm within six days, depending on material type, with
modified materials forming stable and persistent reaction zones that cor-
related with experimentally observed performance stabilization.

The scientific novelty of this Chapter lies in quantitatively establishing
biofiltration material modification as a primary engineering control vari-
able for biogas desulfurization. Unlike conventional approaches that treat
packing materials as inert supports, this work demonstrates that thermal
and chemical modification enables deliberate control over adsorption ca-
pacity, catalytic activity, microbial colonization, spatial reaction structur-
ing, and long-term operational stability. This modification-driven frame-
work provides a statistically supported and mechanistically grounded
basis for scaling biofilters from laboratory systems to reliable industrial
applications.



General conclusions

In practice, hydrogen sulfide (H-S) concentrations in biogas frequently
range from 100 to 5000 ppm, and concentrations exceeding 100 ppm
cause severe corrosion and operational system failures. The analysis
of scientific literature revealed that although biological filtration is an
environmentally sustainable method for H>S removal, insufficient at-
tention has been given to the modification of waste-derived packing
materials and to integrated experimental-modeling validation ap-
proaches.

Physicochemical characterization showed that KOH-modified sewage
sludge-derived biochar and FeCOs-impregnated CLC waste exhibited
increased specific surface area (up to 471.54 m?-g'), optimized poros-
ity (65-75%), reduced bulk density from ~450-520 to ~280-
350 kg-m™3, and improved surface properties favorable for microbial
colonization and adsorption processes.

Experimental studies demonstrated that modified packing materials
increased hydrogen sulfide removal efficiency from approximately
80% to 92-95% (p < 0.01), ensuring improved operational stability
under laboratory-scale conditions. H.S removal efficiency is directly
dependent on the composition of biofilter packing materials: the multi-
component system consisting of KOH-modified biochar and FeCOs-
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impregnated CLC achieved up to 95% H-S removal and statistically
significantly outperformed single-component systems, increasing re-
moval efficiency by 10-15% in relative terms. This confirms the syn-
ergistic interaction of adsorption, catalytic oxidation, and biological
degradation.

Microbiological investigations demonstrated that the surface of ther-
mally modified biochar promotes intensive microbial colonization: bi-
ochar supported bacterial densities of 10’-10® CFU-g™', whereas
FeCOs-impregnated CLC supported approximately 10° CFU-g™'; py-
rolysis at 600 °C provided up to fourfold more favorable growth con-
ditions than at 400 °C. A strong correlation between microbial density
and H2S removal efficiency (r = 0.89; p < 0.001) confirms that the
interaction of Acidithiobacillus spp. and Pseudomonas spp. is respon-
sible for achieving >90% H.S removal.

Statistical evaluation established significant relationships between
material properties (surface area, porosity, electrical conductivity),
microbial activity indicators, and H»S removal efficiency, confirming
the interdependence of physicochemical and biological factors.

A mathematical model was developed using MATLAB, describing
sulfur-oxidizing bacterial growth and hydrogen sulfide removal Kinet-
ics. Biologically driven reaction zones are formed with stable H-S con-
centration and reaction rate gradients and demonstrated 7% deviations,
in agreement with experimental data.

Numerical simulations performed using COMSOL to model the dis-
tribution of hydrogen sulfide and biogas concentrations, flow rate, and
air pressure across different layers of the biofilter confirmed the ex-
perimental results. It was determined that the predicted H.S removal
efficiency deviated from the experimental data by less than 10%, con-
firming the reliability of the developed biofiltration system model.



Recommendations

1. Based on the experimental investigations conducted in this disserta-
tion, it is recommended that practical biogas desulfurization systems
implement a multi-component biofiltration system based on a combi-
nation of thermally modified biochar and FeCOs-modified CLC. Such
an approach enables the formation of functionally differentiated bio-
filter zones and ensures stable hydrogen sulfide (H2S) removal effi-
ciencies of 90-95% (p < 0.01).

2. Biofiltration systems in biofilters should be designed and optimized
using mathematical modeling (MATLAB) and numerical simulations
(COMSOL Multiphysics), which allow prediction of the formation
and spatial dynamics of HzS removal zones throughout the entire filter
volume and enable reliable evaluation of process performance with
deviations not exceeding 10%. Future research should focus on further
model development by integrating microbial kinetics, changes in
packing material properties during filter operation, and long-term per-
formance scenarios in industrial-scale installations.
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Jvadas

Problemos formulavimas

Biodujos, kuriy pagrindinés sudedamosios dalys yra metanas (CHa) ir anglies dioksidas
(COy), yra perspektyvus atsinaujinan¢iosios energijos Saltinis, gaunamas anaerobinio or-
ganiniy atlieky skaidymo metu. Tadiau jy efektyvy panaudojima riboja biodujose esantis
vandenilio sulfidas (H2S). Sis junginys yra labai toksiskas, skatina korozija, kelia grésme
zmoniy sveikatai, mazina biodujy energijos sistemy patikimumg ir trumpina jy eksploata-
vimo laika (Torres et al., 2020; Wang, 2020b). Nustatyta, kad H-S koncentracijai virsijus
~100 ppm, intensyviai koroduoja vamzdynai, varikliai ir turbinos, did¢ja priezitiros sanau-
dos, maze¢ja jrangos ilgaamziskumas, taip pat biodujy Silumingumas ir degimo efektyvu-
mas (Zhang et al., 2022; Khan et al., 2021; Pabby & Sastre, 2013).

H-S $alinti i§ biodujy sukurta jvairiy fiziniy, cheminiy ir biologiniy metody. Nors
fiziné adsorbcija ir cheminé absorbcija pasizymi dideliu efektyvumu, jos daznai susijusios
su didelémis eksploatacinémis ir energijos sagnaudomis, cheminiy reagenty naudojimu bei
antriniy atlieky tvarkymo problemomis, todél jy aplinkosauginis tvarumas yra ribotas (Pe-
rez et al., 2020; Gao et al., 2022). Dél Sios priezasties biologiné filtracija, paremta sierg
oksiduojanc¢iy mikroorganizmy veikla, sulaukia vis didesnio démesio kaip ekonomiska ir
aplinkosauginiu pozitriu patraukli alternatyva (Vikrant et al., 2018; Muthulakshmi &
Sundrarajan, 2020).

Vis délto biofiltracijos sistemy veiksminguma vis dar riboja nepakankamas biofiltro
uzpildo fizikocheminiy savybiy optimizavimas, ribota mikrobiologiniy procesy kontrolé
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ir patikimy matematiniy bei skaitiniy modeliy, leidzianciy prognozuoti biofiltro veikima
kintamomis eksploatavimo sglygomis, trikumas (Haosagul etal., 2020; Yuan etal.,
2018). Be to, nepakankamai iStirtas i§ atlieky pagaminty medziagy, kaip tvaraus, pakarto-
tinai naudojamo ir ekonomiskai efektyvaus biofiltro uzpildo, potencialas (Xia et al., 2019;
Ying et al., 2020).

Darbo aktualumas

Didéjant biodujy gamybos ir jy panaudojimo energetikos bei aplinkosaugos sektoriuose
apimdéiai, auga pazangiy, moksliskai pagristy vandenilio sulfido $alinimo i§ biodujy tech-
nologijy poreikis (Torres et al., 2020; Rivard et al., 2018). Biologiné filtracija laikoma
perspektyviu technologiniu sprendimu dél efektyvaus vandenilio sulfido $alinimo ir tech-
nologiniy sprendimy lankstumo (Vikrant et al., 2018; Ying et al., 2020).

Biofiltracijos sistemy efektyvuma ir stabilumg daugiausia lemia biofiltro uzpildo fi-
zikocheminés ir struktiirinés savybés, kurios daro jtakg vandenilio sulfido pernasai, mik-
roorganizmy aktyvumui ir bendram proceso efektyvumui (Haosagul et al., 2020; Zhang
et al., 2021). Todél biofiltracijos medziagy modifikavimas ir optimizavimas tapo svarbia
Siuolaikiniy tyrimy kryptimi, leidziancia pereiti nuo pavieniy laboratoriniy eksperimenty
prie moksliskai pagristo biofiltry projektavimo ir praktinio taikymo.

Sio tyrimo aktualumas taip pat siejamas su i$ atlieky pagaminty medziagy integra-
vimu j biofiltracijos sistemas. Europos Sajungoje kasmet susidaro apie 7-15 mln. tony
nuoteky dumblo (sausosios medziagos), o Lietuvoje — apie 6070 tikst. tony. Statybos ir
griovimo atliekos sudaro apie 30-35 % visy atlieky, o polimerinés atliekos yra spar¢iai
augantis atlieky srautas, kurio efektyvus panaudojimas aplinkosauginiuose sprendimuose
vis dar ribotas (Eurostat, 2020; Eurostat, 2021; European Commission, 2020). Siy atlieky
pavertimas funkcinémis biofiltracijos medziagomis sudaro prielaidas jgyvendinti Ziedinés
ekonomikos principus ir kurti inovatyvius biodujy valymo sprendimus.

Disertacijoje nagrin¢jamas biofiltracijos medZiagy kurimas ir taikymas vandenilio
sulfidui $alinti i§ biodujy. Tyrime vertinamos fiziskai ir chemiskai modifikuotos bei ne-
modifikuotos i$ atlieky gautos medziagos: i§ nuoteky dumblo pagamintos bioanglys, au-
toklavinio akytojo betono (CLC) atliekos ir puty poliuretanas (PUF). Integruojant ekspe-
rimentinius tyrimus, mikrobiologing analize, statistinj rySiy vertinimg ir matematinius
modelius, suformuojamas mokslinis pagrindas biofiltracijos medziagoms parinkti ir mo-
difikuoti, prisidedant prie fundamentiniy ir taikomyjy tyrimy plétros (Haosagul et al.,
2020; Zhanga et al., 2020; Kalinska et al., 2019).

Tyrimy objektas

Darbo tyrimy objektas —sieros vandeniliui $alinti i$ biodujy skirtos biofiltracijos medzia-
gos: i$ nuoteky dumblo pagamintos bioanglys, akytojo lengvojo betono (CLC) atliekos ir
puty poliuretanas (PUF).

Darbo tikslas

Disertacijos tikslas — jvertinti metodus, skirtus padidinti vandenilio sulfido pasalinimo i§
biodujy efektyvumui ir pagerinti biofiltro eksploataciniam stabilumui, taikant fiziskai ir
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chemiskai modifikuotas bei nemodifikuotas i$ atlicky gautas medziagas biofiltracijos pro-
cese.

Darbo uzdaviniai
Darbo tikslui pasiekti sprendziami Sie uzdaviniai:

1. ISanalizuoti moksling literatiira, siekiant identifikuoti esamas tyrimy spragas, su-
sijusias su biodujy valymo nuo sieros vandenilio technologijomis, biofiltracijos
medziagomis ir mikrobiologiniais procesais.

2. Atrinkti ir charakterizuoti atlieky kilmés biofiltracijos medziagas, iskaitant
bioanglis, akytojo lengvojo betono (CLC) atliekas ir puty poliuretana (PUF), bei

ivertinti fizinés ir cheminés modifikacijos poveikj jy fizikocheminéms savy-
béms, svarbioms H-S $alinti.

3. Eksperimentiskai jvertinti modifikuoty ir nemodifikuoty biofiltracijos medziagy
efektyvuma, Salinant sieros vandenilj i§ biodujy kontroliuojamomis laboratori-
némis saglygomis.

4. Istirti bioplévelés formavimasi ir vystymasi skirtingy biofiltracijos medziagy pa-
vir§iuje bei nustatyti medziagy savybiy ir jy modifikacijos jtaka mikroorganizmy
aktyvumui ir pasiskirstymui.

5. Nustatyti statistinius rySius tarp biofiltracijos medZiagy fizikocheminiy savybiy,
mikrobiologiniy rodikliy ir sieros vandenilio Salinimo efektyvumo biofiltracijos
sistemose.

6. Sukurti biofiltracijos proceso matematinj modelj, leidZiantj aprasyti sieros van-
denilio Salinimg ir mikroorganizmy aktyvuma, bei jvertinti $io modelio
atitiktj eksperimentiniams rezultatams.

7. Atlikti biofiltracijos sistemy skaitmeninj modeliavimg ir pagrjsti eksperimenti-
nius rezultatus, analizuojant sieros vandenilio koncentracijos ir reakcijos greicio
pasiskirstyma biofiltre esant skirtingoms biofiltracijos medziagy konfigtiraci-
joms.

Tyrimy metodika

Teoriniai ir eksperimentiniai tyrimai atlikti Vilniaus Gedimino technikos universiteto
(VILNIUS TECH) Aplinkos apsaugos ir vandens inZinerijos katedros bei Rygos technikos
universiteto (Latvija) Vandens sistemy ir biotechnologijy instituto laboratorijose. Papil-
domi biofiltracijos medziagy struktiiriniai ir cheminiai tyrimai atlikti Teherano ir Ferdousi
universitety (Iranas) laboratorijose, o biofiltracijos proceso matematinis ir skaitmeninis
modeliavimas vykdytas bendradarbiaujant su VILNIUS TECH Matematinio modeliavimo
katedros mokslininkais.

Sieros vandeniliui (H-S) $alinti i$ biodujy taikyta biologinés filtracijos technologija,
naudojant fizi§kai ir chemiskai modifikuotas bioanglis, akytojo lengvojo betono (CLC)
atliekas ir puty poliuretang (PUF). Tyrimy metu nustatytos biofiltracijos medziagy fiziko-
cheminés savybés, jvertintas H.S Salinimo efektyvumas, mikroorganizmy aktyvumas ir
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biofiltro veikimo stabilumas, o eksperimentiniai rezultatai papildomai analizuoti taikant
matematinj modeliavimga ir skaitmeninius skai¢iavimus.

Darbo mokslinis naujumas

Rengiant disertacija gauti $ie aplinkos inZinerijos moksle nauji rezultatai:

1. Sukurta ir eksperimentiskai pagrista sieros vandeniliui (H-S) Salinti i§ biodujy
skirta biofiltracijos medziagy koncepcija, parodanti fizi§kai ir chemiSkai modi-
fikuoty i$ atlieky pagaminty medziagy — KOH modifikuoty bioangliy ir FeCOs
modifikuoty akytojo lengvojo betono (CLC) atlieky — efektyvy taikyma, lei-
dziantj pasiekti iki 90-95 % H.S Salinimo efektyvuma.

2. Atskleistas biofiltracijos medziagy modifikacijos vaidmuo reguliuojant mikro-
organizmy aktyvumg ir biofiltracijos proceso stabiluma, nustatant kiekybinius
ry$ius tarp modifikuoty uzpildy fizikocheminiy savybiy — porétumo (~65-75 %)
ir specifinio pavirsiaus ploto (180-320 m?-g™!), sierg oksiduojan¢iy mikroorga-
nizmy aktyvumo, bioplévelés formavimosi intensyvumo ir sieros vandenilio Sa-
linimo efektyvumo.

3. Sukurtas ir eksperimentiniais duomenimis patikrintas biofiltracijos proceso ma-
tematinis ir skaitmeninis modelis, leidZiantis prognozuoti sieros vandenilio Sali-
nimo efektyvumg su maZesniu nei 10 % nuokrypiu ir pagrjsti biofiltracijos sis-
temy optimizavima.

Darbo rezultaty praktiné reikSmé

Disertacijos rezultatai turi prakting reik§Sme biodujy gamybos, aplinkos apsaugos ir atlieky
tvarkymo srityse, nes pateikia j biofiltracijos medziagas orientuotg sieros vandenilio (H2S)
Salinimo i§ biodujy sprendimg. Fiziskai ir chemiskai modifikuoty i§ atlieky pagaminty
biofiltracijos medziagy taikymas leidzia uztikrinti stabily biologinj desulfuravimo pro-
cesa, sumazinti H.S sukelta energetiniy sistemy korozija ir pagerinti biodujy energing ko-
kybe.

Parodyta, kad i§ nuoteky dumblo pagamintos bioanglys ir statybinés akytojo leng-
vojo betono (CLC) atliekos, derinamos su puty poliuretanu (PUF) kaip mechaniskai ir
hidrauliSkai stabilia konstrukcine uzpildo medziaga, gali buiti naudojamos kaip tvari ko-
merciniy biofiltry uzpildy alternatyva. Gauti rezultatai gali bati taikomi zemés tikio bio-
dujy jégainése, nuoteky valymo jrenginiuose ir kitose biodujy panaudojimo sistemose,
prisidedant prie aplinkai draugisky ir ziedinés ekonomikos principais pagrijsty biodujy va-
lymo technologijy diegimo.

Ginamieji teiginiai
1. Nuoteky dumblo kilmés bioanglys, modifikuotos KOH, pasizymi savituoju BET
pavirsiaus plotu, iSaugusiu nuo 24,66 m*-g™" iki 471,54 m*-g™!, bei didesniu spe-
cifiniu mikro- ir mezopory tiiriu; tai biofiltracijos sistemoje lemia H.S Salinimo
efektyvumo padidéjima nuo mazdaug 80 % iki 92 %

2. KOH modifikuoty bioangliy ir FeCOs impregnuoty akytojo lengvojo betono
(CLC) atlieky derinys biofiltruose sukuria sinerginj adsorbcinj ir biokatalizinj
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efekta, dél kurio, palyginti su nemodifikuotais ar vienkomponen¢iais uzpildais,
HaS $alinimo efektyvumas santykinai padidéja 10-15 %, o tai leidzia uztikrinti
stabilesnj proceso veikima.

3. Biofiltracijos sistemose H2S $alinimo procesa lemia siera oksiduojanciy bakte-
rijy (Acidithiobacillus spp.) ir bioplévele formuojan¢iy mikroorganizmy (Pseu-
domonas spp.) saveika, kuri modifikuoty uzpildy pavirSiuje skatina intensyvesnj
bioplévelés formavimasi ir didesng tarptralasteliniy polimeriniy medziagy (EPS)
sinteze, taip sudarydama salygas pasiekti daugiau kaip 90 % H-S Salinimo efek-
tyvuma.

Darbo rezultaty aprobavimas

Disertacijos tema yra publikuoti 8 moksliniai straipsniai: du — Web of Science duomeny
bazés leidiniuose, turin¢iuose citavimo rodiklj (Processes, Sustainability) (Mohammadi
et al., 2024a; Mohammadi et al., 2025a), vienas — Web of Science duomeny bazés Emer-
ging Sources Citation Index (ESCI) ir Scopus duomeny bazése referuojamame leidinyje
(Journal of Environmental Health Engineering and Management) (Mohammadi et al.,
2024b), keturi — kitose tarptautinése duomeny bazése referuojamuose recenzuojamuose
leidiniuose (Science — Future of Lithuania / Environmental Engineering) (Mohammadi
2022; Mohammadi et al., 2023a; Mohammadi et al., 2024; Mohammadi et al., 2025), vie-
nas — Scopus duomeny bazéje referuojamame tarptautiniy konferencijy straipsniy rinki-
nyje (12th International Conference on Environmental Engineering) (Mohammadi et al.,
2023c). Paskelbtos dvi tezés tarptautiniy moksliniy konferencijy pranesimy teziy leidi-
niuose CONECT 2024 ir CONECT 2025 (Mohammadi et al., 2024c; Mohammadi et al.,
2025d). Pateikta paraiska ,,Modifikuoty biofiltro jkrovy, gauty i§ nuoteky dumblo ir be-
tono atlieky, taikymas sieros vandenilio (H2S) Salinimui i§ biodujy* (Mohammadi et al.,
2024e) Lietuvos Respublikos patentui gauti (paraiskos numeris 2025 018; pateikimo data
2025-10-10).

Disertacijoje atlikty tyrimy rezultatai buvo paskelbti ir pristatyti septyniose naciona-
linése ir tarptautinése mokslinése konferencijose Lietuvoje ir uzsienyje:

—  keturiose Lietuvos jaunyjy mokslininky konferencijose ,,Mokslas — Lietuvos a-
teitis. Aplinkos apsaugos inzinerija““, 2022—-2025 m. Vilniuje, Lietuvoje;

— 13-0joje tarptautingje konferencijoje ,,Aplinkos inZinerija“, 2023 m., Vilniuje,
Lietuvoje;

— 2 tarptautinése Aplinkos ir klimato technologijy konferencijose (CONECT 2024
ir CONECT 2025), 2024 ir 2025 m., Rygoje, Latvijoje.

Disertacijos struktura

Disertacijg sudaro jvadas, trys skyriai, bendrosios i§vados ir rekomendacijos. Darbo apim-
tis yra 137 puslapiai, tekste panaudotos 36 numeruotos formulés, 49 paveikslai ir 27 len-
telés. RaSant disertacijg buvo panaudoti 158 literattiros $altiniai.
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Padéka

Nuosirdziai dékoju Vilniaus Gedimino technikos universiteto Aplinkos apsaugos ir van-
dens inzinerijos katedros darbuotojams uz suteikta techning pagalba, tyrimy infrastruktiirg
ir iSteklius. Ypatingg padéka reiskiu savo darbo vadovei doc. dr. Rasai Vaisktinaitei uz
mokslinj vadovavima, vertingas pastabas ir nuolating parama rengiant disertacija. Taip pat
dékoju dr. sc. ing. Lindai Mezule (Rygos technikos universitetas) uz konsultacijas biofilt-
racijos ir mikrobiologiniy tyrimy klausimais bei VILNIUS TECH Matematinio modelia-
vimo katedros docentei dr. Teresei Leonavicienei uz pagalbg atliekant matematinius ir
skaitinius modeliavimus. Dékoju Teherano universiteto Civilinés inzinerijos laboratorijos
ir Ferdousi universiteto Cheminés analizés laboratorijos darbuotojams uz pagalba atlie-
kant struktiirines ir chemines analizes, taip pat Tomui Zemaiéiui uz pagalbg vykdant la-
boratorinius eksperimentus ir analizuojant duomenis.

1. Biotechnologijy, skirty sieros vandeniliui (H,S) salinti i$
biodujy, literatiros analizé

Atliekant literataros analizg, nagrinéjamos biotechnologijos, skirtos vandenilio sulfidui
(H2S) 3alinti i§ biodujy. Ypatingas démesys skiriamas biofiltracijai kaip tvariai tradiciniy
fiziniy ir cheminiy desulfurizacijos metody alternatyvai. Literatiros duomenimis, H>S
koncentracija biodujose paprastai svyruoja nuo 100 iki 20 000 ppm (Huan et al., 2020;
Jiang et al., 2021), o kai kuriais atvejais gali siekti iki ~3 % biodujy tirio (Torres et al.,
2020). Net ir maza H-S koncentracija (<100 ppm) gali sukelti korozija ir didinti jrangos
pazeidimy rizikg (Das et al., 2022a; Torres et al., 2020; Kulawong et al., 2022), todél
efektyvus HeS Salinimas yra biitinas biodujy konversijai j biometana.

Biofiltracija leidzia derinti fiziking adsorbcija ir biologing oksidacija, mazinant che-
miniy reagenty naudojima ir antriniy atlieky susidaryma (Perez et al., 2020; Torres et al.,
2020). Literataroje pateikiamais duomenimis, H-S $alinimo efektyvumas biofiltruose pap-
rastai siekia 70-95 %, o optimizuotose sistemose gali virSyti 95 % (Vuppaladadiyam
et al., 2024).

Biofiltracijos efektyvumg lemia uzpildo medziagy savybés, tokios kaip specifinis
pavirSiaus plotas (>300 m?-g!), porétumas ir pavir$iaus cheminé sudétis, kurie sudaro sa-
lygas tick H.S adsorbcijai, tiek siera oksiduojanéiy mikroorganizmy kolonizacijai (Das
etal., 2019; Zhang et al., 2023). Bioanglys, ypa¢ aktyvintosios KOH, gali uztikrinti >95—
98 % H-S Salinimo efektyvuma (Lin et al., 2021; Tavakkol et al., 2021). CLC atliekos
pasizymi geromis buferinémis savybémis ir, modifikuotos FeCOs, sustiprina katalizing
H-S oksidacija (Wu et al., 2021; Pudi et al., 2022; Bora et al., 2024). Puty poliuretanas
(PUF) biofiltruose naudojamas kaip atraminé terpé mikroorganizmy biopléveléms for-
muotis (Juntranapaporn et al., 2019; Zeng et al., 2019).

Literattiros $altiniy analizé rodo, kad daugiakomponentés biofiltracijos sistemos, ku-
riose derinami adsorbciniai, kataliziniai ir biologiniai mechanizmai, pasizymi stabilesniu
veikimu nei vienkomponentés sistemos (Zhang et al., 2023; PlasticsEurope et al., 2020).
Sierg oksiduojancios bakterijos (Acidithiobacillus spp., Thiobacillus spp., Pseudomonas
spp.) formuoja biopléveles uzpildo pavirsiuje, o jy aktyvumas priklauso nuo pH, tempe-
ratairos, drégmeés ir pory struktiiros. Optimalios sglygos dazniausiai yra pH 6,5-8,0 ir 25—
35 °C temperatiira (Haosagul ir kt., 2020; Rouhollahi ir kt., 2024).
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Apibendrinant galima teigti, kad biofiltracijos medziagy tyrimai vis dar yra fragmen-
tiski, ypac triksta duomeny apie modifikuoty ir hibridiniy medziagy ilgalaikj veikima bei
mikroorganizmy dinamika realiomis biodujy valymo salygomis. Atsizvelgiant j Sias spra-
gas buvo suformuluotas disertacijos tikslas — istirti biofiltracijos medZiagas efektyviam ir
tvariam biodujy valymui nuo H-S.

2. Medziagy fizikocheminiy savybiy ir adsorbciniy
charakteristiky nustatymo bei taikymo H,S Salinti i§ biodujy
metodikos

Antrajame disertacijos skyriuje pateikiama integruota metodiné sistema, skirta biofiltraci-
jos medziagy fizikiniy, cheminiy ir biologiniy savybiy tyrimams bei jy taikymo efektyvu-
mui Salinant i§ biodujy sieros vandenilj (HzS). Tyrimy metodika apima eksperimentinius
tyrimus, mikrobiologing analize ir skaitmeninj modeliavima, leidZiancius jvertinti biofilt-
racijos medziagy veikima ir jy saveika su biologiniais procesais biodujy valymo metu.
Tyrimy metodiné schema ir biofiltro konstrukcija pateikta S2.1 pav.

"o

L
j

S2.1. pav. Biofiltro, kuriame vykdomas biodujy valymo nuo sieros vandenilio (H2S) biofiltracijos
procesas, schema: 1 — biofiltro korpusas; 2A — modifikuoty bioangliy jkrovy sluoksniai;
2B — modifikuoti betono atlieky jkrovy sluoksniai; 3 — dujy jtekéjimo ortakis; 4 — dujy isleidimo
ortakis; 5 — méginiy paémimo angos; 6 — maistiniy medziagy tiekimo rezervuaras; 7 — drégmeés
jutiklis; 8 — rotametras; 9A — maistiniy medZiagy tiekimo siurblys; 9B — i§valyty biodujy siurblys;
10 — iSvalyty biodujy kaupimo rezervuaras

Tyrimams pasirinktos trys skirtingos kilmés biofiltracijos medziagos: organiné
(bioanglys), neorganiné (Igstelinio lengvojo betono (CLC) atlickos) ir sintetiné (puty po-
liuretanas (PUF). Analizuotos tiek atskiros, tiek modifikuotos ir nemodifikuotos medzia-
gos bei jy vienkomponentés ir daugiakomponentés kombinacijos, siekiant jvertinti adsor-
beiniy, kataliziniy ir biologiniy H-S Salinimo mechanizmy saveika.
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Eksperimentiniai tyrimai atlikti naudojant vertikaly biofiltra, leidziantj reguliuoti pagrin-
dinius proceso parametrus: dujy srauto greitj, drégme, temperatiirg ir mitybiniy medZziagy tie-
kima. Biofiltre skirtinguose aukscio lygiuose jrengtos méginiy émimo angos, kad biity galima
stebéti H-S Salinimo eiga ir mikroorganizmy kolonizacijos pasiskirstyma. | biofiltra buvo tie-
kiamos kontroliuojamos H2S koncentracijos (1002000 ppm) natiiralios ir sintetinés biodujos,
0 biodujy buvimo trukmé biofiltre (EBRT) reguliuota keiciant dujy srauto greitj.

Biofiltracijos medZziagy fizikinés ir cheminés savybés nustatytos taikant standartinius
laboratorinius metodus: nustatytas piltinis tankis, pH, savitasis elektrinis laidumas, poré-
tumas, specifinis pavirSiaus plotas (BET) bei cheminé ir elementiné sudétis. Bioanglys
pagamintos kontroliuojamos pirolizés badu (400-600 °C) ir modifikuotos KOH, siekiant
padidinti porétuma ir pavirSiaus reaktyvuma. CLC atliekos modifikuotos gelezies karbo-
natu (FeCQ:s), siekiant sustiprinti jy buferines ir katalizines savybes, o PUF naudotos kaip
struktdiriné atraminé terpé mikroorganizmy biopléveléms formuotis.

Mikrobiologiniai tyrimai buvo skirti siera oksiduojanciy bakterijy kolonizacijai ir
biopléveliy formavimuisi tirti. ] biofiltrg jvestos Pseudomonas spp. ir Acidithiobacillus
spp. kultiiros, o jy pasiskirstymas vertintas naudojant fluorescencing mikroskopija (DAPI
ir baltymy dazymg).

H-S Salinimo efektyvumas nustatytas analizuojant biodujy sudétj biofiltro jéjimo,
tarpiniuose ir i$¢jimo ortakiuose naudojant dujy analizatoriy. Remiantis gautais duomeni-
mis apskaiciuotas H-S Salinimo efektyvumas ir jvertinta biofiltry veikimo priklausomybé
nuo biofiltracijos medziagy tipo, jy iSdéstymo bei eksploataciniy salygy.

Eksperimentiniai rezultatai papildyti matematiniu modeliavimu MATLAB aplin-
koje, taikant modifikuota Monod modelj analizuota siera oksiduojanéiy bakterijy augimo
kinetika,. Erdvinis H2S perna$os ir biologinés oksidacijos modeliavimas biofiltre atliktas
taikant COMSOL Multiphysics programa.

3. Biofiltracijos medziagy teoriniy ir eksperimentiniy tyrimy
rezultatai

Siame disertacijos skyriuje pateikiami teoriniy ir eksperimentiniy tyrimy rezultatai, skirti
biofiltracijos medziagy taikymo efektyvumui sieros vandenilio (H-S) Salinimo i§ biodujy
procesuose jvertinti. Tyrimai atlikti laboratorinémis salygomis naudojant biofiltra, uzpil-
dyta i§ nuoteky dumblo pagamintomis bioanglimis, akytojo lengvojo betono (CLC) atlie-
komis, puty poliuretanu (PUF) bei jy modifikuotomis ir sluoksninémis kombinacijomis.

Rezultatai parodé, kad biofiltracijos medziagy fizikocheminés savybés daro esming
itaka biofiltry efektyvumui Salinant H-S i§ biodujy. Statistiné analiz¢ patvirtino reikSmin-
gus tirty medziagy skirtumus (p < 0,05). Vertinti pagrindiniai rodikliai: piltinis tankis,
porétumas, specifinis pavirSiaus plotas, pH ir savitasis elektrinis laidumas. Nustatyta, kad
bioanglys pasizymi palankiausiomis H.S $alinimo savybémis dél mazo piltinio tankio, di-
delio porétumo, i$vystyto specifinio pavir§iaus ploto ir $arminio pH, sudaranéio palankias
salygas adsorbcijai ir siera oksiduojanciy mikroorganizmy aktyvumui (S3.1 lentelé).
Bioangliy ir mineraliniy medziagy skirtumai buvo statistiskai reik§mingi (p < 0,01), o ma-
tavimy nuokrypis nevir$ijo 7 %.
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Bioangliy cheminé aktyvacija kalio hidroksidu (KOH) reik§mingai padidino jy
adsorbcines savybes. Aktyvacijos metu susiformavo mikro- ir mezopory struktira, padi-
déjo specifinis pavirSiaus plotas ir aktyviy adsorbciniy centry skaicius, o tai pagerino HaS
adsorbcija ir mikroorganizmy kolonizacijos salygas (S3.2 lentelé).

CLC atliekos pasizyméjo didesniu piltiniu tankiu ir mazesniu specifiniu pavirSiaus
plotu nei bioanglys, taciau jy mineraliné sudétis sudaré salygas cheminéms reakcijoms su
sieros junginiais. Elektrinio laidumo analizé parodé, kad CLC atliekos veikia kaip kietoji
katalitine terpé, kurios aktyvumas pasireiskia pavirSinése reakcijose (S3.3 lentel¢). CLC
modifikavimo FeCOs poveikis H-S oksidacijai pateiktas S3.1 pav., kuriame matyti reiks-
mingi pavirSiaus morfologijos poky¢iai po biodujy valymo.

@ )

S3.1 pav. Pateiktuose SEM vaizduose matyti reikSmingi akytojo lengvojo betono (CLC) atlieky
pavirsiaus morfologijos poky¢iai pries ir po sieros vandenilio (H2S) Salinimo i§ biodujy

Puty poliuretanas pasizymeéjo nedideliu adsorbeiniu aktyvumu, taciau del didelio po-
rétumo ir mechaninio stabilumo sudaré palankias salygas mikroorganizmams prisitvirtinti
ir biopléveléms formuotis bei uztikrino tolygesnj dujy srauto pasiskirstyma biofiltre (S3.2
pav.). Biofiltracijos eksperimentai parodé, kad didziausias H-S Salinimo efektyvumas pa-
siekiamas naudojant daugiakomponentes biofiltracijos sistemas su modifikuotomis
bioanglimis (S3.2 pav.). Vienkomponenciy biofiltry veikimo rezultatai (S3.3 pav.) parodé,
kad tokiose sistemose H.S $alinimas dazniausiai ribojamas vienu mechanizmu — adsor-
bcija, katalizine oksidacija arba biologine degradacija. Daugiakomponentése sistemose
$iy mechanizmy sinergija leidZia pasiekti stabilesnj procesa. Tokiose sistemose H2S $ali-
nimo efektyvumas statistiSkai reikSmingai virSijo vienkomponenciy sistemy rezultatus (p
< 0,05) ir buvo 15-25 % didesnis, o optimaliais reZzimais nuosekliai virsijo 90 %.

Mikrobiologiniai tyrimai parodé¢, kad mikroorganizmy kolonizacija glaudziai susi-
jusi su biofiltracijos medziagy savybémis (S3.4 pav.). Bioanglys sudar¢ palankesnes saly-
gas mikroorganizmams prisitvirtinti ir didesnei biomasés koncentracijai susidaryti nei
CLC atliekos. Pseudomonas spp. bakterijos formavo tankias biopléveles biofiltro viduri-
nése zonose, o Acidithiobacillus spp. bakterijos pasizyméjo tolygesniu pasiskirstymu ir
prisidéjo prie proceso stabilumo.
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S3.1 lentelé. Tirty biofiltracijos medZiagy piltinis tankis

Piltinis tankis kg-m
Biofiltracijos medziagos, mm X>0,6 1>X>0,6
Puty poliuretanas (PUF) 30
Akytojo lengvojo betono (CLC) 547
atliekomis
Nuoteky dumblas 73 55
400 °C pirolizuotos bioanglys 79 57
500 °C pirolizuotos bioanglys 80 58
600 °C pirolizuotos bioanglys 80 59

S3.2. lentelé. Bioangliy méginiy specifinio pavir§iaus ploto (Sset) ir porétumo (Peer) fizikiné
modifikacija aktyvinant KOH

Bioangliy cheminés savybés Prie§ modifikacija Po r:zdlgg(lidjos
ﬁi?ig(;'i‘iﬁffz';')’,?;‘%"‘“’ 17,96 43,24

SeeT (po 400°C pirolizés), m?/g 12,28 23532
SeeT (po 500°C pirolizés), m?/g 22,76 433,44
SgeT (po 600°C pirolizés), m?/g 24,66 471,54
EfiEeTg (pn,:ﬁfle;l)! 2;'?/313& 0,048 0,036

PseT (po 400°C pirolizés), cm3/g 0,01 0,096

PeeT (po 500°C pirolizés), cm®/g 0,42 4

PeeT (po 600°C pirolizés), cm®/g 0,025 024

S3.3. lentelé. CLC atlieky cheminés sudéties (esan¢iy medziagy) analizés rezultatai, nustatyti
rentgeno fluorescencijos (XRF) metodu

Elektrinis laidumas pS/cm
Biofiltracijos medziagos, mm X>0,6 1>X>06
Puty poliuretanas (PUF) 283
Akytojo lengvojo betono (CLC) atliekomis N/A
Nuoteky dumblas 983 702
400 °C pirolizuotos bioanglys 225 191,2
500 °C pirolizuotos bioanglys 193,4 187,1
600 °C pirolizuotos bioanglys 187,4 185,9
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S3.2 pav. H:S salinimo efektyvumo palyginimas skirtingose daugiakomponentése biofiltracijos

medziagy konfigiiracijose
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S3.3 pav. H:S salinimo efektyvumo palyginimas skirtingose vienkomponentése modifikuoty ir ne-
modifikuoty biofiltracijos medziagy konfigtiracijose
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S3.4 pav. HaS salinimo efektyvumo ir mikroorganizmy tankio sasaja skirtingose
biofiltro pakopose

Eksperimentiniai rezultatai buvo papildyti matematiniu modeliavimu taikant Monod
tipo kinetinius modelius. Modeliuoty ir eksperimentiniy mikroorganizmy biomasés au-
gimo kreiviy palyginimas (S3.5 pav.) atskleidé gerg atitiktj tarp rezultaty, o nuokrypis
nevirsijo 10 % (R?=0,91-0,96).

T T T T T T T T T

0.016 |- model. rezultatai 1-oje pak-je ol
O eksper. rezultatai 1-oje pak-je
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Laikas dienomis

S3.5 pav. Pseudomonas spp. augimo grei¢io matematiniy modeliavimo ir eksperimentiniy re-
zultaty palyginimas CLC atliekose
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Skaitmeninis modeliavimas COMSOL Multiphysics aplinkoje patvirtino eksperi-
mentinius rezultatus ir parodé, kad biofiltre susiformuoja lokalizuotos H-S $alinimo zonos
(S3.6 pav.). Didziausias H-S koncentracijos sumazéjimas nustatytas biofiltro vidurinése
pakopose, o po mazdaug 120 h veikimo sistema pasiekeé stabilig buisena.

H:2S koncentracija ppm-10-

24h 48h 72h 96h 120h 144h
Laikas valandomis

S3.6 pav. H-S koncentracijos modeliavimo rezultatai per pirmasias Sesias veikimo dienas
laboratorinio masto biofiltre, uzpildytame bioanglimis

Rezultaty palyginimas su kity autoriy tyrimais parodé, kad biofiltracijos medziagy
savybés ir jy modifikacija turi lemiama jtaka biofiltry efektyvumui. Bioangliy terminé ir
cheminé modifikacija leidzia valdyti pory struktiirg ir pavir§iaus aktyvuma, todél ji veikia
ne tik kaip adsorbentas, bet ir kaip aktyvi biologiné terpé. CLC atlicky modifikacija gele-
zies junginiais sustiprina katalizinius H-S oksidacijos procesus, o PUF uZtikrina biopléve-
liy stabiluma hibridinése biofiltry sistemose.

Apibendrinant galima teigti, kad H»S Salinimas biofiltracijos biidu yra kompleksinis
procesas, kurio efektyvuma lemia biofiltracijos medziagy savybés ir jy modifikacija. Tiks-
lingai modifikuotos biofiltracijos medziagos leidzia vienoje sistemoje integruoti adsorbci-
nius, Katalizinius ir biologinius mechanizmus, uztikrinant auk$ta H.S Salinimo efekty-
vumg ir ilgalaikj biofiltry veikimo stabilumg biodujy desulfurizacijos procesuose.

Bendrosios iSvados

1. Praktiskai vandenilio sulfido (H=S) koncentracija biodujose daznai svyruoja nuo
100 iki 5000 ppm, o koncentracijai virsijus 100 ppm pasireiskia intensyvi koro-
zija ir sistemy veikimo sutrikimai. Mokslinés literatiros analizé parod¢, kad nors
biologin¢ filtracija yra aplinkai tvarus H»S Salinimo metodas, vis dar skiriama
nepakankamai démesio i§ atlieky pagamintoms uzZpildo medziagoms modifi-
kuoti ir eksperimentiniams bei modeliavimo tyrimams integruotai jvertinti.
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Fizikocheminé charakteristika atskleidé, kad KOH modifikuotos i§ nuoteky
dumblo gautos bioanglys ir FeCOs impregnuotos CLC atliekos pasizymi dides-
niu specifiniu pavir$iaus plotu (iki 471,54 m2-g'), optimaliu porétumu (65—
75 %), mazesniu tario tankiu (nuo ~450-520 iki ~280-350 kg-m™) ir geresnémis
pavir§iaus savybémis, palankiomis mikroorganizmy kolonizacijai bei adsorbci-
jos procesams.

Eksperimentiniai tyrimai parodé, kad modifikuotos uzpildo medziagos padidina
H-S $alinimo efektyvuma nuo mazdaug 80 % iki 92-95 % (p < 0,01), uztikrin-
damos didesnj sistemos stabiluma laboratorinémis salygomis. H.S Salinimo
efektyvumas tiesiogiai priklauso nuo biofiltro uzpildo sudéties: daugiakompo-
nenté sistema, sudaryta i§ KOH modifikuoty bioangliy ir FeCO; impregnuoty
CLC atlieky, leidzia pasalinti iki 95 % H.S ir statistiskai reik§mingai pranoksta
vienkomponentes sistemas, padidindama Salinimo efektyvuma 10-15 % santy-
kine iSraiska. Tai patvirtina adsorbcijos, katalizinés oksidacijos ir biologinio
skaidymo sinerging saveika.

Mikrobiologiniai tyrimai atskleidé, kad termiskai modifikuoty bioangliy pavir-
Sius skatina intensyvig mikroorganizmy kolonizacijg: bioanglyse bakterijy tan-
kis siekia 10-10® KSV-g', o FeCOs impregnuotose CLC atlickose — apie
10 KSV-g; pirolize 600 °C temperatiiroje sudaro iki keturiy karty palankesnes
salygas mikroorganizmams augti nei 400 °C. Stipri koreliacija tarp mikroorga-
nizmy tankio ir H>S Salinimo efektyvumo (r = 0,89; p < 0,001) patvirtina, kad
Acidithiobacillus spp. ir Pseudomonas spp. sgveika lemia >90 % H.S pasali-
nima.

Statistiné analizé leido nustatyti reikSmingus rySius tarp medziagy savybiy (pa-
vir§iaus ploto, porétumo, savitojo elektrinio laidumo), mikrobinio aktyvumo ro-
dikliy ir H»S 8alinimo efektyvumo, patvirtindama fizikocheminiy ir biologiniy
veiksniy tarpusavio priklausomybg.

Sukurtas matematinis modelis, naudojant MATLAB, apibiidina siera oksiduo-
janéiy bakterijy augimg ir vandenilio sulfido $alinimo kinetika. Modeliavimas
parodé biologiskai aktyviy reakcijos zony susidaryma su stabiliais H.S koncent-
racijos ir reakcijos greicio gradientais; modelio rezultatai nuo eksperimentiniy
duomeny skyrési apie 7 %.

COMSOL programine jranga atliktas skaitinis vandenilio sulfido ir biodujy kon-
centracijos, srauto greicio bei oro slégio pasiskirstymo skirtinguose biofiltro
sluoksniuose modeliavimas patvirtino eksperimentiniy tyrimy rezultatus. Nusta-
tyta, kad prognozuojamas H-S Salinimo efektyvumas nuo eksperimentiniy duo-
meny skiriasi maziau nei 10 %, o tai patvirtina sukurto biofiltracijos sistemos
modelio patikimuma.

Rekomendacijos

Remiantis Sioje disertacijoje atliktais eksperimentiniais tyrimais, praktinése bio-
dujy desulfurizavimo sistemose rekomenduojama taikyti daugiakomponentg
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biofiltracijos sistemg, paremtg termiSkai modifikuoty bioangliy ir FeCOs modi-
fikuoto CLC deriniu. Toks sprendimas leisty formuoti funkciskai diferencijuotas
biofiltro zonas ir uztikrinty stabily vandenilio sulfido (H-S) $alinimo efekty-
vuma, siekiantj 90-95 % (p < 0,01).

2. Biofiltruose rekomenduojama projektuoti ir optimizuoti filtracines sistemas tai-
kant matematinj modeliavimg (MATLAB) bei skaitmenines simuliacijas
(COMSOL Multiphysics), kurios leisty prognozuoti H-S $alinimo zony formavi-
masi bei jy dinamikg visame filtro taryje ir padéty patikimai jvertinti proceso
efektyvuma, nevirsSijant 10 % nuokrypio. Tolesni tyrimai turéty biti orientuoti j
modeliy plétra, integruojant mikrobiologing kinetika, jkrovy savybiy kaita filtry
eksploatacijos metu ir ilgalaikio veikimo scenarijus pramoniniuose jrenginiuose.
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