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Abstract. This article interrogates the sulfur-oxidation kinetics and spatial biofilm architecture of Acidithioba-
cillus spp. (DSM 12475, DSM 739) supported on KOH-activated biochar and FeCOs-modified Cellular Light-
weight Concrete (CLC) waste within a 1.0-m controlled biofilter. Pure cultures were anaerobically enriched for
96 h at 30 °C in nitrate-reducing medium, achieving ~107 CFU mL™ before inoculation. The reactor was oper-
ated for 144 h at 30 °C, 45-60% moisture, 0.2-1.0 L min™" flow, Empty Bed Retention Time (EBRT) 15-60 s, and
inlet concentrations of 100-2000 ppm H,S. Microscopy revealed slower, but highly stable colonization kinetics
compared to Pseudomonas spp. Biomass increased from 7.2x10° to 3.1x10° CFU/sample over 72-96 h, with
uniform distribution across all six bed layers. Extracellular Polymeric Substance (EPS) visualization confirmed
maturation of cohesive biofilms under localized acidification driven by sulfate accumulation. The hierarchical
porosity of biochar promoted greater cell loading, while FeCO3-CLC enhanced catalytic oxidation of thiosul-
fate and sulfur intermediates, contributing to stable redox cycling. Steady-state operation yielded Removal
Efficiencies (RE) of 85-92% and elimination capacities of 14-18 g H,S m™ h™ with minimal functional de-
cline across the 144-h cycle. The facultative anaerobic metabolism of Acidithiobacillus spp. enabled sustained
oxidation under oxygen-limited and mildly acidic microenvironments — operational regimes in which many
conventional SOBs destabilize. Collectively, the results validate the presence of Acidithiobacillus spp. — engi-
neered media systems as robust, acid-tolerant, and long-duration biocatalytic platforms suited for high-sulfur,

variable-composition biogas purification.
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1. Introduction

Biogas hydrogen sulfide (H,S) is one of the most criti-
cal contaminants in raw biogas, frequently occur-ring at
concentrations ranging from several hundred to several
thousand parts per million depending on substrate com-
position, digester performance, and operational conditions
(Appala et al., 2022; Alkhatib et al., 2021). Its presence pos-
es severe environmental and industrial challenges due to
its high toxicity, corrosive action on metallic surfaces, and
inhibitory effects on catalytic upgrading systems (Bu et al.,
2021; Cortes et al., 2021). Beyond direct material degrada-
tion, the oxidative conversion of H,S to SO, emissions re-
stricts its combustion-based utilization and contributes to
air quality deterioration (Choudhury & Lansing, 2021; Clo-
tas et al., 2020). As biogas upgrading technologies expand
globally, the development of reliable and sustainable H,S
abatement systems has become a techno-logical priority
(Cano et al., 2021; Danila et al., 2022).

Biological H,S removal offers an intrinsically self-
regenerating, low-cost, and environmentally compatible
alternative, relying on Sulfur-Oxidizing Bacteria (SOBs)
to convert sulfide into elemental sulfur (S°, thiosulfate
(S,052Y), or sulfate (SO427) (De Souza et al., 2021; Das et al.,
2022). However, the use of biofilters (BFs) in biogas puri-
fication remains limited by several unresolved mechanistic
and operational limitations (Ghimire et al., 2021; Haosagul
et al., 2020). These include a) packing material instability,
especially under acidic conditions generated by sulfate ac-
cumulation; b) insufficient microbial retention and limited
long-term biofilm persistence on conventional substrates
such as compost or woodchips; ¢) oxygen diffusion limita-
tions in deeper filter zones, which suppress the activity of
classical obligately aerobic SOBs (e.g., Thiobacillus, Para-
coccus); and d) slow regeneration and mass-transfer bot-
tlenecks under high-sulfide loading rates typical of real di-
gester gases (Jiang et al., 2020; Jedynak & Charmas, 2023).

Recent advances have highlighted that waste-de-
rived materials such as sewage sludge-derived bio-char
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offer promising sorptive, catalytic, and structural proper-
ties suitable for SOB colonization (Khan et al., 2021; Lee
et al., 2021). KOH-modified biochar can be used due to
its micro-mesoporous structure, increased surface area,
favorable moisture-retention capacity, and good environ-
ment for microbial activity (Lin et al., 2021; Mohammadi
& Vaiskunaite, 2023). Mean-while, FeCOs-modified cellu-
lar lightweight concrete (CLC) waste introduces catalytic
redox-active Fe (Il)/Fe (Ill) cycling, which can accelerate
sulfur-intermediate transformations and buffer local acid-
ity in the biofilm microenvironment (Mitchell et al., 2022).

Equally important is the selection of microbial spe-
cies capable of tolerating fluctuations in oxygen pres-
ence, acidic conditions, and nutrient limitations within the
operating biofilters (Nhut et al., 2020). Un-like classical
obligate aerobes (e.g., Thiobacillus thiooxidans), anaero-
bic Acidithiobacillus spp. allow sustained sulfur oxidation
under nitrate-reducing, oxygen-limited, and mildly acidic
conditions-operational regimes where many traditional
SOB communities become unstable (Pudi et al.,, 2022;
Poser et al., 2023; Shi et al., 2022).

Despite growing interest, the mechanistic coupling be-
tween engineered waste-derived media and anaerobic SOBs
remains insufficiently studied, particularly in terms of a)
spatial biofilm architecture and vertical distribution patterns
along the filter bed; b) colonization kinetics on chemically
modified substrates with hierarchical porosity; c) the cata-
lytic role of FeCO; in mediating sulfur intermediate oxida-
tion under biologically relevant redox conditions; d) micro-
environmental acidification effects on long-term viability of
Acidithiobacillus spp.; and e) sustained elimination capacity
under high-sulfur, fluctuating concentration loads typical of
industrial biogas (Torres et al.,, 2020; Vaiskanaité, 2020).

To address these knowledge gaps, this study system-
atically investigates the biofilm kinetics and sulfur oxida-
tion performance of Acidithiobacillus spp. strains DSM
12475 and DSM 739 supported on KOH-modified biochar
and FeCO;-impregnated CLC waste within a 1.0-m con-
trolled laboratory biofilter operating under realistic biogas
treatment conditions (100-2000 ppm H,S; EBRT 15-60 s).
By integrating fluorescence microscopy, microbial quanti-
fication, sulfur-intermediate profiling, and multilayer bed
analysis, the research elucidates the spatial distribution of
biomass, Extracellular Polymeric Substance (EPS) develop-
ment, and the material-microbe interactions. The com-
bined physicochemical and microbiological in-sights pro-
vide a mechanistic foundation for designing durable and
high-performing biofilters that leverage waste-derived,
low-cost packing materials and anaerobic sulfur-oxidizing
bacteria (Wang et al., 2022; Wu et al,, 2020).

2. Materials and methods

2.1. Biofilter design and experimental
configuration

A laboratory-scale, vertically oriented packed-bed bio-
filter was constructed to evaluate the performance of

Figure 1. Schematic of the reactor, gas inlet/outlet,
irrigation system, and sampling port arrangement

engineered media (KOH-modified biochar and FeCOj;-
impregnated CLC waste) in supporting Acidithiobacillus
spp. mediated sulfur oxidation (Jiang et al., 2020). Raw bio-
char was produced via slow pyrolysis of municipal sewage
sludge at 600 °C for 2 h under oxygen-limited conditions,
followed by KOH activation (Watsuntorn et al., 2020). The
reactor column was fabricated from a transparent cylinder
(height: 1.0 m; inner diameter: 14 cm), allowing continuous
monitoring of moisture distribution, material settling, and
biofilm development (1 Figure). The column was equipped
with six equidistant sampling ports (every 16 cm) along
its height to facilitate spatially resolved analysis of micro-
bial colonization, physicochemical changes, and biofilm
dynamics. Gas distribution was controlled by a support
plate at the column base, ensuring integrated upward flow
through the packed bed.

A Wi-Fi-enabled automated irrigation system main-
tained optimal moisture conditions (Mitchell et al., 2022).
A TDR-based moisture probe (VH400, +3 % accuracy) was
installed at mid-column depth and interfaced with a so-
lenoid pump to activate a water spray when the moisture
content fell below 45% (Xu et al., 2022). The BF was ther-
mally regulated at 30 °C using a digital heat-control unit
to sustain microbial metabolic activity (Table 1) (Ying et al.,
2020; Zhang et al., 2022; Zhang et al., 2021).

Table 1. The BF was operated under conditions simulating
realistic biogas desulfurization

Parameter Range

H,S 100, 500, 1000, 1500, and 2000 ppm
concentrations

Flow rate Adjusted accordingly between 0.2-1.0 L min™
EBRT 15, 30, 45, and 60 s

Moisture 45-60% (automatic irrigation)
Temperature 30 °C (thermostatically controlled)

Real-time H,S concentrations were recorded at inlet
and outlet ports. The Removal Efficiency (RE, %) and Elimi-
nation Capacity (EC, g m™ h™") of the biofilter were calcu-
lated as follows (Zhanga et al., 2020):
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Cin—Cout

x 100; 1
Cin M

RE(%) =

Q(Cin-Cout

EC= Q @)
%

Q = gas flow rate (m* h™), V = bed volume (m3), C;, = inlet

concentration of H,S to BF (ppm), C,,+ = outlet concentra-

tion of H,S from BF (ppm).

2.2. Preparation and modification of packing
materials

Two waste-derived materials-sewage-sludge biochar and
CLC waste (at a 1:1 mass ratio (corresponding to approxi-
mately 60:40 v/v due to density differences), were engi-
neered to enhance surface area, porosity, catalytic reactiv-
ity, and biocompatibility.

Raw biochar (particle size: 2-5 mm) was modified
with KOH (1:3 mass ratio, biochar: KOH) to introduce
micro—mesoporous structures and increase surface area.
The mixture was heated in a muffle furnace under N, at
600 °C for 2 h, followed by extensive washing with deion-
ized water until the pH reached neutrality (Torres et al,
2020; Ying et al., 2020). Expected modifications included
increased BET surface area, creation of microporous net-
works, and improved microbial activity. CLC waste particles
were sieved (3—7 mm), rinsed, and dried before being im-
pregnated in FeCOj; solution (0.1 M) (Wang et al., 2022).
Through precipitation-impregnation, FeCO; formed within
the CLC pore network and on external surfaces. This modi-
fication provided catalytic Fe (Il)/Fe (Ill) cycling, enhanced
oxidation of thiosulfate and S°® intermediates, and local pH
buffering.

2.3. Microscopy and biofilm assessment

Solid-phase samples (approx. 2 g) were collected from
each of the six ports at different times (0, 24, 72, 96,
144 h). Samples were taken for fluorescence microscopy,
microbial quantification, and EPS assessment.

Biofilm was visualized using DAPI (DNA) and SYPRO
red (proteins/EPS) (Xu et al., 2022). Steps were as follows:
1) Formaldehyde fixation (3-4%, 20 min), 2) Triton X-100
permeabilization (0.1%, 10 min), 3) DAPI staining (10 pg
mL-1, 10 min, dark), 4) SYPRO red staining (1:500 dilution,
10 min), 5) Rinsing and drying under sterile airflow. Mi-
croscopy was per-formed using a Zeiss Axioscope 5 with
10x and 40x objectives for pattern detection, and 100x oil
immersion for cell-level visualization. Emission filters were
DAPI (excitation 340-380 nm, emission at 461 nm) and
SYPRO (excitation 580 nm, emission at 620 nm).

Microbial density was estimated by first counting
fluorescent nuclei in randomly selected fields; second,
extrapolating cell density to the total surface area of the
sample; and third, calculating CFU per gram of medium
(2, 3 Figure).

Figure 2. DAPI, SYPRO, and Triton solutions were used on
the samples before microscopy analysis

Figure 3. A microscope is used to monitor, and samples are
stained

3. Results and discussions

Fluorescence microscopy revealed that Acidithiobacillus
spp. colonization proceeded slowly, with sparse initial ad-
hesion and moderate EPS development, becoming evident
after 72-96 h. Quantitative counts confirmed these trends:
biochar supported up to 5.8 x 10° cells/sample for Acid-
ithiobacillus spp. and 3.1 x 10° cells/sample for Acidithio-
bacillus spp. (Table 2).

Table 2. Number of Acidithiobacillus spp. on the biochar
and CLC waste after 144 h

Material Condition Average Eshma}ted total
count | bacteria/sample
Biochar Acidithiobacillus spp. 18 ~7.2 x 10°
Biochar Nutrient + 77 ~3.1 x 10°
Acidithiobacillus spp.
CLC Waste | Acidithiobacillus spp. 12 ~4.8 x 10°
CLC Waste | Nutrient + 55 ~22 x 10°
Acidithiobacillus spp.

Biochar consistently outperformed CLC waste as a
microbial carrier, supporting higher biomass and more
cohesive biofilms due to its greater porosity and surface
area. CLC waste exhibited lower densities and more spatial
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Figure 4. Image of biochar from layer 6, DAPI-stained with
Acidithiobacillus spp., showing dense colonization (after 144 h)

Pseudomonas spp.
cells & colony

Acidithiobacillus spp.
cells & colony

.
Pseudomenas sﬁb

Acidithiobacillus spp.
produced biofilm

(a) (b)

Figure 5. Comparison of biofilm intensity for biochar (a) and
CLC waste (b) samples stained with Acidithiobacillus spp.

coverage, particularly in the upper filter zones, where
moisture and nutrient availability decreased.

Acidithiobacillus spp. exhibited a uniform vertical dis-
tribution, with moderate densities (3.9-6.8 x 107 cells g-1)
across all layers, reflecting its tolerance to oxygen-limited
and nutrient-variable microenvironments. The produced
biomass was lower than that of Pseudomonas spp. spp.,
but it remained present even in less favorable zones, indi-
cating metabolic adaptability (4 Figure).

H.S RE closely reflected the spatial patterns of colo-
nization. Peak removal occurred in layers 3-4, achieving
78-81% layer-level RE, corresponding to zones of highest
microbial activity. RE toward the column ends (45-47%),
where both biomass and EPS intensity were lower. This
correlation highlights the importance of biofilm maturity
and microbial density for effective sulfur oxidation. Over-
all, the BF achieved steady-state system performance of
85-92% RE and 14-18 g H,S m™ h™ EC, indicating stable
long-term operation under variable inlet loads (5 Figure).

Afterwards, the desulfurization process resulted in the
production of elemental sulfur (S°), Thiosulfate (S,05%),
and Sulfate (SO42).

4. Conclusions

1. Quantitative microscopy and reactor performance
data demonstrate that engineered waste-derived me-
dia significantly influence microbial colonization dy-
namics and biofilter efficiency. KOH-activated biochar
supported consistently higher microbial densities than
FeCO;-modified CLC waste, with cell counts reaching
3.1 x 10° cells/sample for Acidithiobacillus spp., com-
pared to < 3.6 x 10° cells/sample on CLC waste under
equivalent conditions. These differences, characterized
by a 60% higher biomass on biochar, are attributed to
its greater porosity and surface roughness, which pro-
mote stronger attachment and EPS development, as
confirmed by the higher SYPRO fluorescence intensity.

2. Species-specific growth kinetics strongly affected spa-
tial biofilm distribution. Acidithiobacillus spp. showed
slow growth but a more uniform vertical distribution,
maintaining 3.9-6.8 x 107 cells g™' across all layers. This
broader distribution reflects the facultative anaerobic
metabolism of Acidithiobacillus spp., enabling per-
sistence under oxygen-limited and nutrient-depleted
conditions, whereas Pseudomonas spp. activity declined.

3. Biofilter performance correlated strongly with microbial
density and biofilm maturity. Layers exhibiting the high-
est biomass and EPS production achieved 78-81% lay-
er-level H,S removal, while layers with lower microbial
counts showed reduced removal efficiencies (45-47%).
At the system level, steady-state operation yielded an
overall removal efficiency of 85-92% and elimination
capacities of 14-18 g H,S m™ h™", with minimal perfor-
mance decay over 144 h, indicating statistically stable
operation under variable inlet concentrations.
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BIOPLEVELES FORMAVIMOSI KINETIKA IR SIEROS
OKSIDACIJOS EFEKTYVUMAS KULTIVUOJANT
ACIDITHIOBACILLUS SPP. BIOFILTRO |KROVOJE IS KOH
MODIFIKUOTOS BIOANGLIES IR FECO; IMPREGNUOTY
CLC ATLIEKY

Santrauka. Siame straipsnyje analizuojama Acidithiobacillus spp.
(DSM 12475, DSM 739) sieros oksidacijos kinetika ir bioplévelés
erdviné struktara, susiformuojanti 1,0 m aukscio biofiltro jkrovoje.
Bioplévelé buvo formuojama ant KOH aktyvuotos bioanglies ir
FeCO; modifikuoto akytojo lengvojo betono (CLC) atlieky. Prie$
mikroorganizmy jterpima j biofiltrag grynos bakterijy kultdros buvo
anaerobiskai papildomos nitratus redukuojancioje terpéje 96 va-
landas 30 °C temperatdroje, kol pasieké mazdaug 10”7 CFU mL™
koncentracija. Paskui filtras buvo eksploatuojamas 144 valandas
palaikant 30 °C temperatara, 45-60 % drégme ir 0,2-1,0 L min™"
dujy srauta. Biodujy buvimo trukmé biofiltre (EBRT) svyravo nuo
15 iki 60 s, o jeinanti pradiné H,S koncentracija — nuo 100 iki
2000 ppm. Mikrobiologiniai tyrimai parodé, kad Acidithiobacillus
spp. kolonizacijos kinetika buvo létesné nei Pseudomonas spp.,
taciau pasizyméjo dideliu stabilumu. Per 72-96 val. biomasés kiekis
padidéjo nuo 7,2 x 10° iki 3,1 x 10° CFU méginyje, o mikroorga-
nizmai tolygiai pasiskirsté visuose Sesiuose biofiltro sluoksniuose.
Tarplasteliniy polimeriniy medziagy (EPS) struktlros stebéjimas
patvirtino vientisos bioplévelés formavimasi ir jos brendima. Sis
procesas vyko lokalioje ragstéjancioje mikroaplinkoje, kuri susidaré
dél elementinés sieros kaupimosi. Daugialygé bioanglies pory
struktdra sudaré tinkamas salygas gausesniam mikroorganizmy
prisitvirtinimui ir jy biomasés kaupimuisi. Su FeCO; modifikuotos
akytojo lengvojo betono (CLC) atliekos pagerino tiosulfato ir
sieros tarpiniy junginiy katalizine oksidacijg bei palaiké stabily
oksidacijos-redukcijos procesa. Veikiant pastovios busenos rezimu
biofiltras uztikrino 85-92 % sieros vandenilio Salinimo efektyvuma
(RE) ir 14-18 g H,S m™ h™ Salinimo pajéguma, o per 144 val.
trukmés valymo procesa nenustatyta reikSmingy sistemos vei-
kimo sutrikimy. Fakultatyvinis anaerobinis Acidithiobacillus spp.
metabolizmas leido palaikyti nuolatine sieros oksidacijg net esant
ribotam deguonies kiekiui ir Siek tiek ragsciai mikroaplinkai. Tai
salygos, kuriomis daugelis kity sierg oksiduojanciy bakterijy tam-
pa nestabilios. Apibendrinant galima teigti, kad Acidithiobacillus
spp. pagrindu sukurti inzineriniai biofiltro uzpildai yra patikima,
ragstims atspari ir ilgalaikio veikimo biokataliziné sistema, tinkama
biodujoms valyti esant dideléms ir kintancioms sieros vandenilio
koncentracijoms.

ReikSminiai Zodziai: vandenilio sulfido 3alinimas, biofiltras, bio-
anglis, akytojo lengvojo betono (CLC) atliekos, mikrobiologinis
sieros junginiy skaidymas, biodujy valymas.
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