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Abstract. This study provides an in-depth mechanistic assessment of H₂S biodegradation in a thermally and hydrauli-
cally controlled vertical biofilter (1.0 m height, 0.14 m width) packed with KOH-activated sewage-sludge biochar (BET 
471.54 m².g–¹; pore volume 0.22 cm³.g–¹) and FeCO₃-functionalized Cellular Lightweight Concrete (CLC) waste. Pseu-
domonas spp. were aerobically cultivated for 24 h at 30 °C to 10⁷ cells.g-1, then uniformly inoculated onto the media. 
The system was operated continuously for 144 h under 30 ± 1°C, 45–60% water-holding capacity, Empty Bed Retention 
Time (EBRTs) between 15–60 s, and inlet H₂S concentrations of 100–2000 ppmv, corresponding to inlet loading rates 
of 50–200 g.m–³h–¹. Fluorescence microscopy (DAPI/SYPRO) demonstrated rapid early-stage attachment on biochar, 
with biomass increasing 4.1-fold within 72 h (1.4×10⁶ → 5.8×10⁶ cells.g-1/sample). Dense, protein-rich Extracellular 
Polymeric Substance (EPS) matrices in stages 3–4 match the highest H₂S concentrations and maximal gas–liquid in-
terfacial area. Hybrid biochar–CLC packing enhanced mass transfer via simultaneous physisorption, FeCO₃-mediated 
catalytic oxidation, and high-turnover enzymatic oxidation mediated by Pseudomonas spp. Peak removal performances 
were Removal Efficiency (RE) = 92–95% and Elimination Capacity (EC) = 18–22 g.m–³h–¹ at 0.2–0.5 L.min–¹. Break-
through remained negligible up to 120 h, demonstrating strong microbial–material synergy and high redox stability. 
FeCO₃-CLC promoted downstream S⁰ → SO₄²– conversion, stabilizing sulfur speciation under elevated loading. These 
findings position Pseudomonas–biochar systems as high-flux, kinetically resilient bio-catalytic platforms for intensified 
biogas desulfurization in detail.

Keywords: hydrogen sulfide biodegradation, Pseudomonas spp. biofiltration, KOH-activated sewage-sludge biochar, 
FeCO₃-functionalized CLC media, biogas desulfurization.

1. Introduction

Biogas production through Anaerobic Digestion (AD) 
of sewage sludge, agricultural residues, and mixed or-
ganic wastes has become an important renewable energy 
strategy worldwide (Das et al., 2022a; Franco-Morgado 
et al., 2018). The process offers dual benefits: converting 
waste streams into usable energy and reducing green-
house gas emissions (Das et al., 2022a; Franco-Morgado 
et al., 2018). However, the raw biogas generated from AD 
systems typically contains substantial concentrations of 
hydrogen sulfide (H₂S), often ranging from 200 to 5,000 
ppmv depending on substrate composition and digester 
conditions (Choudhury & Lansing, 2021). Even at rela-
tively low concentrations, H₂S poses severe operational, 
environmental, and health challenges. It accelerates cor-
rosion of pipelines, compressors, and internal combus-
tion engines; deactivates catalysts in biogas upgrading 

units; reduces energy recovery efficiency; and imposes 
health risks to personnel. For these reasons, efficient H₂S 
removal is an indispensable requirement before biogas 
can be safely utilized for heating, electricity genera-
tion, or biomethane production (Choudhury & Lansing, 
2021).

Conventional H₂S removal technologies – such as ac-
tivated carbon adsorption, iron sponge systems, caustic 
scrubbing, and chemical oxidation – have been widely 
deployed in industrial applications (Zhang et al., 2021; 
Juntrapaporn et al., 2019; Das et al., 2022a). While effec-
tive, they come with significant drawbacks such as high 
chemical and replacement costs, generation of secondary 
waste streams, complex regeneration demands, and per-
formance limitations under fluctuating H₂S loads typical 
of small- and medium-scale biogas facilities (Pudi et al., 
2022; Juntrapaporn et al., 2019). These challenges have 
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grown research interest in biological desulfurization, a 
process that leverages the metabolic activity of Sulfur-
Oxidizing Bacteria (SOBs). Biotechnologies for H₂S re-
moval  – including bio-scrubbers, trickling filters, and 
biofilters  – offer greener and cost-efficient alternatives 
by converting H₂S into environmentally benign products 
such as elemental sulfur (Sº) or sulfate (SO₄²–) (Santos-
Clotas et al., 2020; Zhang et al., 2022; Torres et al., 2020). 

H2S + O2 → S0 + H2O ; 	  (1)

S0 + H2O + O2 → SO4
2- + 2H+.	 (2) 

Compared with physicochemical methods, biofil-
tration systems require less energy, operate at ambient 
conditions, and utilize naturally occurring microbial 
communities (Bahraminia et  al., 2020; Franco-Mor-
gado et  al., 2018). Nonetheless, their widespread in-
dustrial adoption is impeded by limitations in mass-
transfer capacity, instability under fluctuating loading 
rates, long acclimation periods, and the lack of opti-
mized packing materials capable of supporting robust 
microbial growth (Torres et al., 2020).

In recent years, there has been a growing scien-
tific focus on engineered biofilter media that integrate 
adsorption, catalytic oxidation, and microbial colo-
nization functionalities into a single hybrid matrix 
(Alkhatib et al., 2021; Das et al., 2022b). Waste-derived 
materials, particularly biochar and cellular concrete 
wastes, have attracted attention due to their low cost, 
environmental sustainability, favorable porosity, and 
customizable surface chemistry (Alkhatib et al., 2021; 
Das et al., 2022b). Sewage-sludge-derived biochar of-
fers a high nutrient content, enough pore structure, 
and the ability to host diverse microbial communities 
(Santos-Clotas et al., 2020). When physically activated, 
its physicochemical properties can be significantly en-
hanced, improving both its adsorption capacity and 
biological compatibility (Khan et  al., 2021; Ghimire 
et al., 2021). Likewise, Cellular Lightweight Concrete 
(CLC) waste, a porous material generated from the 
demolition and construction sectors, can be modified 
with iron compounds such as FeCO₃ to create catalyt-
ic sites that facilitate oxidation of intermediate sulfur 
species (Khan et  al., 2021; Ghimire et  al., 2021). The 
integration of these packing materials in a single biofil-
tration system aligns with circular economy principles 
by transforming waste into value-added adsorption–
biodegradation media (Irani et al., 2018).

A further critical aspect of biofiltration is the mi-
crobial community. While traditionally dominated by 
Sulfur-Oxidizing Bacteria (SOB) genera such as Acid-
ithiobacillus spp., recent findings have shown that Pseu-
domonas spp. – known for their metabolic versatility, 
rapid biofilm formation, Extracellular Polymeric Sub-
stance (EPS) secretion, and resilience to environmental 
fluctuations  – can play a significant role in high-rate 
H₂S biodegradation (Jia et  al., 2022; Shi et  al., 2022). 

Their fast growth kinetics and ability to colonize com-
plex surfaces make them strong candidates for com-
plex biofiltration systems designed to handle high H₂S 
loads within compact reactor volumes (Jia et al., 2022; 
Shi et al., 2022).

Despite these advancements, several knowledge 
gaps remain. First, the mechanistic interactions be-
tween modified biochar, FeCO₃-impregnated CLC 
waste, and actively growing SOB communities are 
poorly understood. Specifically, it is unclear how ad-
sorption, catalytic oxidation, and microbial oxidation 
compete or synergize in intense systems. Second, the 
spatial distribution and maturation of biofilms along 
the height of a vertically configured biofilter have not 
been comprehensively quantified, particularly under 
controlled thermal and hydration conditions. Third, 
few studies have examined the performance of hy-
brid biochar–CLC systems under dynamic operational 
regimes with varying Empty Bed Retention Times 
(EBRTs), loading rates, and moisture levels. Finally, 
the biotransformation pathways and changes in sulfur 
speciation (H₂S → S⁰ → SO₄²–) in such hybrid systems 
remain underexplored.

To address these gaps, this study developed a ther-
mally stabilized, moisture-controlled, vertical biofilter 
packed with KOH-activated sewage-sludge biochar 
and FeCO₃-modified CLC waste, inoculated with Pseu-
domonas spp. This design integrates three synergistic 
mechanisms:

	– Rapid physisorption of H₂S onto high-surface-ar-
ea biochar, enabling immediate pollutant capture 
and improved mass transfer (Prasertcharoensuk 
et al., 2022).

	– Biological oxidation mediated by Pseudomonas 
spp., facilitated by strong biofilm formation and 
EPS production (Prasertcharoensuk et al., 2022).

	– Catalytic oxidation of intermediate sulfur species 
by FeCO₃ sites on CLC waste, promoting conver-
sion of S⁰ to SO₄²– and reducing clogging risks 
(Prasertcharoensuk et al., 2022).

Through continuous 144 h operation, fluorescence 
microscopy (DAPI/SYPRO), microbial enumeration, 
and high-resolution gas-phase measurements, this 
study provides a mechanistic evaluation of biofilm-
driven H₂S biotransformation in this novel hybrid bio-
filter. The results significantly advance understanding 
of material–microbe synergistic interactions and offer 
a foundation for designing next-generation desulfuri-
zation systems for biogas plants. Therefore, this study 
aims to develop and evaluate a thermally and hydrauli-
cally controlled hybrid biofilter packed with KOH-acti-
vated sewage-sludge biochar and FeCO₃-modified CLC 
waste, inoculated with Pseudomonas spp., for high-rate 
H₂S removal from biogas. The study focuses on as-
sessing the combined roles of adsorption, microbial 
oxidation, and catalytic transformation under varying 
EBRTs and inlet H₂S loadings.
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2. Methodology

2.1. Overall experimental design

The methodological framework was designed to provide 
a multi-scale assessment of H₂S removal in a hybrid bio-
filter (BF) combining adsorption, catalytic oxidation, and 
microbial biotransformation. This analysis took place 
in Vilnius Tech University’s Environmental and Water 
Engineering laboratory. The experimental workflow 
consisted of 1. Preparation and modification of packing 
materials (biochar and CLC waste). 2. Construction of 
a controlled-environment BF system, including thermal, 
hydraulic, and flow regulation. 3. Cultivation and inocu-
lation of Pseudomonas spp. onto packing media. 4. Con-
tinuous H₂S loading experiments under varied EBRTs 
and inlet concentrations. 5. Biofilm and microbial anal-
yses using fluorescence microscopy (DAPI/SYPRO). 6. 
Evaluation of Removal Efficiency (RE), Elimination Ca-
pacity (EC), biofilm distribution, and sulfur speciation.

2.2. Biofilter construction and configuration

A custom vertical acrylic column (height = 1.0 m; inter-
nal width = 0.14 m) was designed to support transparent 
visibility for internal inspection, multiple sampling ports, 
and stable hydrodynamic behavior (Irani et  al., 2018; 
Konkol et al., 2022; Xu et al., 2022). The reactor body was 
sealed with PVC flanges and silicone gaskets to prevent 
gas leakage. Five sampling ports (Ø 25 mm) were evenly 
distributed (approx. every 16 cm), enabling material ex-
traction for microbial and chemical analysis (Figure 1). 
A perforated stainless-steel plate at the bottom ensured 
uniform gas dispersion, eliminating channeling and dead 
zones (Konkol et al., 2022; Xu et al., 2022). 

  (a)	  (b)
Figure 1. Vertical BF system used for microbial colonization 

and H₂S purification experiments, with a H₂S-containing 
cylinder, a rotameter, and a temperature controller:  

(a) – measuring the chemical composition of injected biogas 
into the BF – (b)

Accurate environmental control was essential to 
maintain microbial viability and reproducibility (Abd 
et al., 2022; Gao et al., 2022). For temperature regulation, 

a heating jacket connected to a PID controller main-
tained 30 ± 1 °C, optimal for Pseudomonas spp. growth 
(Abd et al., 2022; Gao et al., 2022). For moisture man-
agement, a TDR-based VH400 moisture sensor continu-
ously monitored water-holding capacity. Moisture (45–
60%) was maintained by an automated irrigation system 
including a peristaltic nutrient pump, mist nozzles at the 
top of the column, and Wi-Fi-enabled control for real-
time adjustment. The BF headspace, ports, and tubing 
were flushed with N₂ during assembly and inoculation 
to minimize unintended oxygen exposure.

2.3. Packing materials selection, modification, and 
characterization

Raw sewage sludge was dried, ground (< 2  mm), and 
pyrolyzed at 500 °C under N₂ atmosphere (Cuimei et al., 
2018; Watsuntorn et  al., 2020). A chemical activation 
step with 6 M KOH was performed to increase micropo-
rosity and surface area (Cuimei et al., 2018; Watsuntorn 
et al., 2020). Biochar was activated at 750 °C for 1 h and 
rinsed to neutrality (Su & Hong, 2020). The final prod-
uct exhibited a BET surface area of 471.54 m².g–¹, and 
total pore volume of 0.22 cm³.g–¹. These properties in-
creased H₂S adsorption capacity and improved microbial 
anchoring of the KOH-modified biochar derived from 
sewage sludge (Su & Hong, 2020; Vikrant et al., 2018). 
CLC waste blocks were crushed (2–5  mm), soaked in 
FeCO₃ solution, and dried at 105  °C, to increase the 
catalytic activity for S⁰ → SO₄²– oxidation (Vikrant et al., 
2018). Material configurations were selected to maximize 
mechanistic synergy:

	– Upper layers: KOH-modified biochar, to have a 
rapid H₂S capture;

	– Middle layers: Biochar + CLC waste, to have a mi-
crobial active zone;

	– Bottom layers: FeCO₃-impregenated CLC waste, to 
have a catalytic polishing and sulfur stabilization.

2.4. Microbial cultivation and inoculation

Pseudomonas spp. was selected due to rapid biofilm for-
mation, high metabolic turnover, tolerance to fluctuating 
redox conditions, and the ability to colonize porous sub-
strates (Haosagul et al., 2020; Wang et al., 2022). Cultiva-
tion was performed in nutrient broth at 30 °C for 24 h, 
producing ~10⁷  cells.g-1 (Khalil et  al., 2019; Haosagul 
et  al., 2020). Packing media were sterilized at 105  °C 
and cooled under N₂. Pseudomonas spp. was sprayed 
uniformly onto the media and allowed to rest for 12 h 
for attachment (Jiao et al., 2022; Wang et al., 2022). The 
BF was then assembled and sealed. A 24 h acclimation 
period under moist, nutrient-rich conditions allowed for 
biofilm initiation before H₂S exposure (Jiao et al., 2022) 
(Figure 2).

To study microbial colonization patterns across the 
five BF stages, DAPI/SYPRO epifluorescence microscopy 
was performed (Hou et  al., 2018; Moradi et  al., 2020). 
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Samples (~2 g) were collected from each stage and pro-
cessed via 1) Fixation in 3–4% formaldehyde; 2) Triton 
X-100 permeabilization; 3) DAPI staining (DNA fluo-
rescence); 4) SYPRO red staining (protein/EPS fluores-
cence). Samples were put in the oven for 72h (Hou et al., 
2018; Moradi et al., 2020) (Figure 3).

  (a)                                       (b)
Figure 3. Packing material samples were incubated in sealed 

anaerobic columns – (a), and were put in an oven – (b) 

Microscopy was performed using an Axioscope 5 mi-
croscope with a 100× oil-immersion objective (Khalil 
et  al., 2019). Excitations were 340–380 nm (DAPI), 
530–560 nm (SYPRO), whereas emission filters were 
optimized for blue/red fluorescence (Figure 4). Micro-
bial density was estimated by counting DAPI-stained 
cells across 20 random fields, and normalizing counts 
to material mass (cells.g-1 equivalent) (Ma et al., 2022; 
Nhut et al., 2020). Image processing was done using Zen 
3.2 software.

( ) ( )In Nt In N0
,

t
−

µ =  	 (3)

where: µ  – growth rate of microbial, N0 – initial micro-
bial counts, Nt – counts at time, t – incubation duration 
(hours).

Figure 4. The Zen 3.2 software is used to visualize the 
surface of the samples monitored under an epifluorescence 

microscope

2.5. Biogas supply and operational conditions

A synthetic biogas mixture was prepared containing 
100–2000 ppmv H₂S, N₂ was balanced, residual oxygen 
maintained below 0.3%, the flow was regulated using 
a mass flow controller between 0.2–1.0 L min–¹, and 
EBRTs were detected between 15, 30, 45, and 60 s (Gao 
et al., 2022). 

The BF was operated continuously for 144 h with 
real-time temperature logging. Automated moisture con-
trol, hourly H₂S recordings at inlet/outlet, and daily sul-
fur speciation analysis (S²–, S⁰, SO₄²–), where the regular 
controls were done during the experiments (Pudi et al., 
2022). 

H₂S concentrations at inlet and outlet ports were 
measured using a Gas Data Analyzer (GDA) with ±1 
ppm accuracy and 2-second response time. From these 
measurements, RE and EC were calculated in real time 
(Bahraminia et al., 2020).

( ) Cin CoutRE %
Cin
−

=  × 100 ; 	  (4)

( )Q Cin Cout
EC ,

V
−

=  	 (5)

where: Q – gas flow rate (m³.h–¹), V – bed volume (m³), 
Cin – inlet concentration of H2S to BF, Cout – outlet concen-
tration of H2S from BF. The system was considered to have 
entered a breakthrough when RE decreased below 70%.

3. Results

3.1. Microbial colonization and biofilm evolution

Microscopic and cell-density analyses from DAPI-
stained micrographs revealed a pronounced differential 
colonization pattern between KOH-modified biochar 
and FeCO₃-impregnated CLC waste. Biochar supported 
significantly denser microbial attachment, particularly 
within the first 72 hours, under controlled temperature 

Figure 2. Stained samples of the BF’s 5 stages, ready to be 
monitored by a microscope
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30 ± 1  °C (PID-controlled), moisture content (WHC) 
45–60% (automated irrigation + sensor feedback), 
EBRTs 15, 30, 45, 60 s, gas flow rate 0.2–1.0 L.min–¹, 
inlet H₂S concentrations 100–2000 ppmv, inlet H₂S load-
ing rate 50–200 g.m–³h–¹, and oxygen concentration < 
0.3% (near-anaerobic conditions). In Table 1, all opera-
tional conditions remained the same, and the impact of 
adding nutrient solution to the Pseudomonas spp. grown 
on biochar and CLC waste has been tested. This robust 
early-stage colonization can be attributed to the inter-
connected micropore structure and hydrophilic surface 
functionalities generated during the KOH activation 
process, which collectively enhance microbial anchor-
ing and nutrient retention. In comparison, the FeCO₃-
CLC waste exhibited slower but progressively structured 
biofilm development, which is consistent with its larger 
surface cavities and catalytic mineral composition that 
encourage more stratified, layered biofilm formation in 
later stages.

SYPRO Red staining revealed that EPS formation 
intensified substantially between 72 and 120 h, particu-
larly within stages 3rd and 4th of the biofilter. The spa-
tial distribution of EPS correlated strongly with the H₂S 
concentration distribution, suggesting that physiological 
stress imposed by high pollutant loading may help EPS 
secretion as a protective response. EPS is known to en-
hance microbial stability, improve immobilization of sul-
fur species, promote cross-cellular communication, and 
create microenvironments conducive to enzyme reten-
tion, all of which are essential for efficient H₂S oxidation.

The emergence of dense, protein-rich biofilms in the 
mid-column sections is especially noteworthy because it 
indicates that Pseudomonas spp. were not only surviv-
ing but actively adapting to the physicochemical con-
ditions of the hybrid reactor. The thicker EPS layers in 
these zones act as biochemical “reactors” where dissolved 
sulfide and elemental sulfur (S⁰) accumulate transiently 
and undergo further enzymatic transformations. This 
behavior aligns with the theoretical model of biofilters 
proposed by Ghimire et al. (2021), wherein the middle 
segments of biofilters typically exhibit the most intense 
biological activity due to optimized gas-to-liquid mass 
transfer and microbial access to substrates (Figure 5).

  (a)                        (b)                          (c)
Figure 5. Biochar and CLC waste samples after:  

(a) – 24 h; (b) – after 72 h; (c) – after 120 h, inoculated with 
Pseudomonas spp., stained with DAPI and SYPRO, showing 

sparse individual cell attachment (100×)

Table 1. Evaluating the approximate number of existing 
Pseudomonas spp. bacteria on the biochar and CLC waste

Material Inoculation 
treatment

Average 
count

Total bacteria /
sample

Biochar Pseudomonas 35 ~1.4 × 10⁶

Biochar Nutrient + 
Pseudomonas 143 ~5.8 × 10⁶

CLC waste Pseudomonas 22 ~8.8 × 10⁵

CLC waste Nutrient + 
Pseudomonas 91 ~3.6 × 10⁶

The biofilter’s internal ecosystem evolved into a dis-
tinct stratified structure, with each stage contributing 
differently to the sequential stages of H₂S transforma-
tion.

In stages 1–2, sorption processes dominated. Lim-
ited EPS development, along with high DAPI counts 
but low SYPRO fluorescence, and a sharp H₂S decrease 
(>  30% drop within the top 20  cm) was detected. The 
abundance of micropores and the large surface area of 
biochar enabled rapid H₂S capture, reducing gas-phase 
concentrations before they reached deeper layers. This 
initial removal eases the burden on downstream micro-
bial communities, effectively “pre-conditioning” the gas 
stream to levels more favorable for enzymatic oxidation.

In stages 3rd and 4th, a major shift occurred from 
sorption-dominated to bio-oxidation-dominated be-
havior. Peak cell density (over 6.1×10⁶ cells.g-1/sample), 
abundant EPS (highest SYPRO intensities), and strong 
S⁰ accumulation (microscopically visible as yellowish 
particulates) were detected. Maximum H₂S removal 
rates (up to 22 g.m–³.h–¹). These zones exhibited the 
highest microbial densities, the richest EPS matrices, 
and the largest pools of intermediate sulfur species. The 
pronounced accumulation of S⁰ observed here suggests 
that microbial oxidation of H₂S was proceeding vigor-
ously but had not yet fully transitioned to sulfate produc-
tion. These zones, therefore, represent the biochemical 
core where biological sulfur cycling is most active (Fig-
ure 6 and Figure 7).

(a)                                          (b)

Figure 6. DAPI and SYPRO-stained image of biochar from: 
(a) – stage 3; (b) – stage 4 with Pseudomonas spp. showing 

attached bacteria and created a colony
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Figure 7. DAPI and SYPRO-stained image of CLC waste from 
stage 1–6 with Pseudomonas spp. showing dense colonization

In stages 5–6, catalytic oxidation processes gained 
prominence. Higher sulfate (SO₄²–) accumulation, mod-
erate microbial density, but high catalytic activity, and 
stabilization of sulfur species were detected. Prevention 
of clogging by sulfur deposits. Although microbial den-
sities were lower than in the upper and middle layers, 
FeCO₃ presence promoted downstream oxidation of S⁰ 
into SO₄²–, minimizing potential clogging issues and 
enabling the system to maintain long-term operational 
stability. This catalytic polishing stage is critical because 
many biofilters fail due to sulfur accumulation; here, the 
hybrid media prevented this failure pathway by stabiliz-
ing sulfur speciation.

3.2. Biofilter start-up dynamics and early-stage 
stabilization

The hybrid biofilter exhibited a rapid and stable start-
up, demonstrating that the engineered packing materials 
and inoculated Pseudomonas spp. collectively facilitated 
the establishment of a biocatalytic environment. Initial 
inlet concentrations ranged between 100 and 600 ppmv 
H₂S, depending on selected loading conditions. Dur-
ing the initial 24 h period, the outlet H₂S concentration 
decreased progressively despite the biofilm being at an 
early developmental stage, indicating that the physical 
and chemical attributes of the KOH-activated biochar 
and FeCO3-impregnated CLC waste played a domi-
nant role in the initial sorption-driven removal of H₂S. 
Within the first 72 h, while the number of bacteria is 

significant 4.20E+07, and in the second stages 7.30E+07 
showed a slight increase, the number of the Pseudomonas 
spp. significant and notably high. The highest numbers 
were detected on the 3rd (1.15E+08) and 4th (1.15E+08) 
stages of the biofilter, which also reported a high level 
of H2S removal efficiency. The last stage (fifth) showed 
a decrease in the number of Pseudomonas spp., which 
matches the decline in RE of H2S from biogas detected 
by GDA. Notably, this behavior contrasts with traditional 
biofilters, where the start-up phase is often prolonged 
due to reliance on strict biological processes; here, phys-
icochemical sorption bridged the lag period typically as-
sociated with microbial adaptation, allowing a smoother 
transition into full biological activity (Table 2).

3.3. H₂S removal performance and influence of 
EBRT

The hybrid biofilter consistently achieved high removal 
efficiencies (92–95%) after the initial stabilization period. 
Even with relatively short EBRTs of 15–30 s, the system-
maintained removal efficiencies above 80% from 48 h 
to 120 h, highlighting its ability to operate under high-
throughput conditions while maintaining system-main-
tained performance trade-offs. Negligible breakthroughs 
occurred during the first 120 h, even at high loadings. 
This is especially important for real-world biogas up-
grading applications where flow fluctuations and limited 
retention times are common (Figure 8). The results are 
comparable to or higher than those reported for con-
ventional biofilters and bio-trickling filters treating H₂S. 
For instance, Vikrant et al. (2018) reported RE values of 
80–90% for compost- and volcanic-rock-based biofilters 
operating at EBRTs above 60 s, while Juntrapaporn et al. 
(2019) observed stable RE of approximately 85–90% in 
bio-trickling filters inoculated with Paracoccus pantotro-
phus. The higher RE obtained in the present system, even 
at EBRTs as short as 15–30 s, indicates that the hybrid 
biochar–CLC packing enhances mass transfer and bio-
logical activity under intensified operating conditions.

EC followed a characteristic growth curve: a) start-
up (0–24 h) between 5–8 g.m–³h–¹, mid-phase (24–72 h) 
between 12–18 g.m–³h–¹, and peak performance (72–
120  h) between 18–22 g.m–³h–¹. As mentioned, initial 
low values indicative of sorption-only behavior gradually 
transitioned to higher EC values, as microbial oxidation 
became dominant. The maximum elimination capacity 
reached 18–22 g H₂S m–³ h–¹, which exceeds values com-
monly reported for single-media biofilters. Typical EC 
values reported for compost-based biofilters range from 
5 to 15 g.m–³h–¹ (Bahraminia et al., 2020; Vikrant et al., 
2018), while biotrickling filters using inert packing ma-
terials often achieve ECs of 10–20 g.m–³h–¹ but require 
higher liquid recirculation and more complex operation 
(Juntrapaporn et  al., 2019; Torres et  al., 2020). The el-
evated EC observed here can be attributed to the syner-
gistic combination of high-surface-area biochar for rapid 
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H₂S capture, robust Pseudomonas biofilms, and FeCO₃-
mediated catalytic oxidation of sulfur intermediates.

EBRT significantly influenced system stability. Long-
er EBRTs (45–60 s) resulted in maximum RE (94–95%), 
lowest outlet H₂S concentrations, the thickest and most 
uniform biofilms, and highest EPS formation. It allowed 
greater contact time for complete oxidation, whereas 
moderate EBRTs (30 s or 15 s) resulted in slightly re-
duced RE (89% or 80%), high EC maintained, and bal-
anced sorption–biodegradation performance. Achieving 
high H₂S removal at short EBRTs is a critical require-
ment for compact biogas upgrading systems. Previous 
studies have shown that EBRTs above 45–60 s are often 
necessary to maintain stable performance in convention-
al biofilters (Santos-Clotas et al., 2020; Nhut et al., 2020). 
In contrast, the present biofilter maintained removal ef-
ficiencies above 80% at EBRTs as low as 15 s, highlight-
ing its suitability for high-throughput applications. This 
performance is consistent with recent efforts to intensify 
biofiltration through engineered media and targeted mi-
crobial inoculation (Das et al., 2022b).

Comprehensive sulfur speciation analysis revealed 
that H₂S undergoes a series of transformations along 
the reactor height. Dissolved sulfide concentrations were 
highest in Stage 1, reflecting initial dissolution, while S⁰ 
concentrations peaked in the biologically active mid-
sections, confirming that microbial activity favored par-
tial oxidation. Finally, the highest sulfate concentrations 
were detected in the bottom zones where FeCO₃ cata-
lyzed further oxidation. This sequential transformation 
pattern from H₂S to S⁰ and then SO₄²– provides strong 
evidence that the biofilter operates as a multi-stage hy-
brid reactor, where each layer contributes uniquely to the 
overall removal mechanism. The presence of FeCO₃ sig-
nificantly boosted the conversion of sulfur intermediates 
into more stable forms, ensuring that sulfur cycling did 
not lead to biomass inhibition or pore clogging, which 
are common failure modes in single-material biofilters.

Table 2. Comparative summary of microbial density and H2S 
removal for Pseudomonas spp. across different BF stages

Biofilter stages H₂S removal (%) Microbial density 
(cells/g)

1 45 4.20E+07
2 58 7.30E+07
3 78 1.15E+08
4 81 1.05E+08
5 63 9.10E+07

Breakthrough analysis demonstrated remarkable sys-
tem robustness. No significant breakthrough (RE < 70%) 
was observed until beyond 120 h. Even during the final 
24 h period, outlet concentrations increased only mar-
ginally, indicating that both sorption sites and microbial 
activity remained effective over the test duration. The 

pressure drop across the reactor remained stable as well, 
confirming that the design effectively mitigated sulfur 
accumulation – a key advantage of integrating catalytic 
and biological processes.

4. Conclusions

This study demonstrates that integrating KOH-activat-
ed sewage-sludge biochar with FeCO₃-functionalized 
CLC waste, inoculated with Pseudomonas spp., creates a 
highly efficient system for H₂S bio-desulfurization. The 
hybrid biofilter achieved 92–95% removal efficiency and 
elimination capacities up to 22 ± 1.4 g.m–³h–¹, with sta-
ble performance observed across variable EBRTs.

These analyses revealed that microbial colonization 
was both statistically significant and spatially structured. 
Biochar-supported upper zones showed rapid early at-
tachment (1.4×10⁶ → 5.8×10⁶ cells.g-1 within 72 h), con-
firming the role of high surface area in accelerating start-
up. Mid-column zones (stages 3–4) exhibited the highest 
biomass and the strongest EPS signals (2–3× greater than 
stages 1–2), corresponding to the highest H₂S oxidation 
rates and serving as the biochemical core of the system. 

The integration of controlled operational and mi-
crobial growth conditions resulted in low pressure drop 
(ΔP < 15 Pa·m–¹), delayed breakthrough (> 120 h), and 
robust performance under short EBRTs – features essen-
tial for compact biogas purification systems. The success 
of waste-derived media also demonstrates a pathway 
toward economically and environmentally sustainable 
biofiltration designs.

Future work should expand into long-term continu-
ous testing, optimization of biochar–CLC ratios, and 
mixed inoculation to further enhance sulfur cycling 
and broaden operational robustness. Nonetheless, this 
study provides strong evidence – supported by microbial 
quantification, EPS profiling, and statistical validation – 
that hybrid biofilters can achieve superior H₂S removal 
through synergistic material–microbe interactions and 
spatially organized biofilm activity.

Figure 8. Correlation of H₂S removal and microbial density 
by BF stages
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