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others. This research demonstrated the potential of using WWTP sludge by-products as bed materials in BFs for
odour abatement, thus supporting the implementation of the circular economy concept within the integrated

water cycle.

1. Introduction

Odour emissions from wastewater treatment plants (WWTPs) have
become a prominent public concern, as malodours lead to unpleasant
discomfort for both plant operators and the surrounding community
(Marquez et al., 2021). The most significant odour emissions are pro-
duced during the anaerobic biodegradation of organic compounds and
the direct discharge of odorous chemicals in wastewater from industrial
or domestic sources (Cabeza et al., 2013) (Ren et al., 2019). These
malodorous emissions contain nitrogen compounds like ammonia
(NHj3), sulphur compounds such as hydrogen sulphide (H»S) and a va-
riety of volatile organic compounds (VOCs) (Marquez et al., 2021).
Some VOCs, combined with NOy, act as precursors to the formation of
tropospheric ozone, thus contributing to the urban smog observed above
major metropolitan areas (Delhoménie and Heitz, 2005). Additionally,
the long-term exposure to these unpleasant odours is likely to be harmful
to human health (Lim et al., 2016;, Holmes et al., 2018; Kampa and
Castanas, 2008). Typically, H-S and NHs are used as key tracer odorants
to monitor odorous emissions from WWTPs. Several cities worldwide
have reported significant odour issues from WWTPs, resulting in public
complaints and health concerns. For example, in Poland between 2016
and 2021, 41.6 % of Environmental Protection Inspections addressed
odour nuisances, with 5.4 % of municipal WWTPs receiving complaints,
primarily related to H2S, ammonia, and VOCs (Czarnota et al., 2023). In
Curitiba, Brazil, outdoor H=S concentrations ranged from 0.14 to 32 pg
m-3, exceeding nuisance odour levels and posing potential chronic
health risks (Godoi et al., 2018). A WWTP in a coastal tourist area of the
Valencian Community (Spain), showed peak H=S emissions up to 13,939
pg m-> (10 ppm) at emission points, with higher risk periods between
June and August (Luckert et al., 2023). In Izmir (Turkey), despite odour
units exceeding 10 OU m-® at sources, dispersion modelling indicated
limited impact on residents, although treatment remains necessary for
regulatory compliance and worker safety (Dincer et al., 2020). These
examples emphasised the importance of quantifying odour emissions,
understanding temporal and spatial variations, and developing effective
management to mitigate community impact.

In terms of regulations, there are no specific European regulations
setting limit values for H2S, NHs, or VOC emissions from WWTPs.
However, some national legislations have set air quality limits based on
the total concentration of odorous compounds, expressed in European
Odour Units (OUe m™3). This metric reflects the combined olfactory
impact of all odorous substances present in the air, rather than the sum
of individual chemical concentrations, and these limits are typically
averaged over a specified exposure period (Bokowa et al., 2021). In
certain regions, instead of fixed emission limits, WWTPs must apply best
available technologies (BAT) to control odours, often guided by envi-
ronmental permits and the plant's proximity to residential areas. Emis-
sion treatment typically covers both ventilation and point sources such
as sludge handling. In contrast, China has set explicit emission limits for
H=S and NHs under the national “Emission Standards for Odor Pollut-
ants” (GB 14554-93) (Zhao, 2018), which vary according to facility
classification. Meanwhile, in the United States, odour regulations
mainly focus on worker safety, with the Occupational Safety and Health
Administration (OSHA) imposing occupational exposure limits,
including a ceiling of 20 ppm for H=S and a short-term maximum of 50
ppm for up to 10 min within an 8-h shift (Bokowa et al., 2021) (U.S.
Department of Labor, Occupational Safety and Health Administration, n.
d.).

When odour pollution preventions is not practical or economically
viable, bioprocesses typically emerge as the most cost-efficient solution

for end-of-the-pipe treatment, and have become the most popular
technology in the last decade for odour control (Ren et al., 2019). Bio-
technologies rely on the natural ability of fungi and bacteria to oxidize
odorants at ambient pressure and temperature, without the need of
additional chemicals. This makes these processes environmentally sus-
tainable and cost-efficient (Lebrero et al., 2021) (Barbusinski et al.,
2017). Biofiltration is one the most commonly employed bio-
technologies for odour treatment (Ren et al., 2019), and has been
implemented to treat a wide range of gaseous organic and inorganic
pollutants in both industrial and municipal emissions (Barbusinski et al.,
2017). Biofilters (BFs) rank among the simplest bioreactor configura-
tions for odour treatment, consisting of filter media where odorant-
degrading microorganisms attach and form a stable biofilm
(Pachaiappan et al., 2022). The concentration of odorous compounds at
the BFs inlets varies depending on the treatment process and plant
characteristics. Reported concentration ranges are approximately 4 to
75 ppmv for H2S and 5 to 15 ppmv for NHs (Rabbani et al., 2016; Gao
et al., 2001). BFs exhibit multiple advantages over their biological and
physical-chemical counterparts, such as simplicity, cost-effectiveness,
minimal pressure drop and effective removal of pollutants at low con-
centrations (Barbusinski et al., 2017). In this context, the selection of the
BF packed bed is a critical parameter in the design of biofiltration sys-
tems, as it represents the primary contributor to the operating costs of
odour biofiltration (Lebrero et al., 2013). The most commonly used
packing materials in BFs are soil, peat, compost, wood chips or cocopeat,
among others. Inert carriers, such as perlite, polyurethane foam,
expanded clay or activated carbon, can also be used (Barbusinski et al.,
2017). These materials meet most of the process-specific requirements,
such as high porosity, large specific surface area (300-1000 m? m™3),
structural integrity, high moisture retention (40-60 %), low bulk density
and mechanical and thermal stability (Pachaiappan et al., 2022).
Maintaining an adequate moisture content in the bed material is crucial
to support an active microbial community. Thus, insufficient moisture in
the BF can lead to biofilm drying, while excessive moisture can cause
significant pressure drop and additional gas-liquid mass transfer resis-
tance. Among organic packing materials, compost is the preferred ma-
terial due to its high microbial diversity, large surface area, excellent air
and water permeability, good buffering capacity and low cost (Lebrero
et al., 2013). However, a significant drawback of compost-based BFs, is
the degradation of the bed material over time, which requires regular
replacement every 2 to 3 years (Barbusinski et al., 2017). This not only
increases operational costs but also poses challenges in maintaining
odour abatement efficiency (Sheoran et al., 2022). A biofilter using
pellets as packing material can be easier to manage and operate than a
biofilter packed with raw compost. Pellets typically offer uniform shape,
improved porosity, and better airflow distribution, which help reducing
pressure drop and clogging. Additionally, they often provide a stable
surface for biofilm development and facilitate easier maintenance or
replacement compared to irregular or loose media (Barbusinski et al.,
2017; Ren et al., 2019; Pachaiappan et al., 2022). In this context, the use
of pelletised compost sourced from WWTPs as bed material in BFs can
reduce costs associated to packing media replacement and promote the
circular economy within the WWTP sector by effectively reusing by-
products and minimizing waste. Pelletised compost can increase the
lifetime of the packing material by increasing its structural durability. In
addition, compost supplementation with Fe salts (typically used in
WWTP to precipitate phosphorous) can help capturing HS more
efficiency.

This research aimed to develop and assess innovative compost-based
materials derived from WWTP sludge by-products as sustainable bed
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media for biofilters targeting odour abatement. By valorising sludge
waste through palletisation (with and without iron salt enrichment) the
research promotes a circular economy approach that transforms residual
materials into high-performance biofiltration packing material. The
effectiveness of these materials was compared to that of commercial
iron-doped clay pellets for treating a synthetic gas mixture containing
H=S, NHs, toluene, and a-pinene, under empty bed residence times
(EBRTs) ranging from 60 to 20 s. Additionally, microbial community
dynamics within each packing type were investigated to evaluate bio-
logical activity and stability.

2. Materials and methods

This study evaluated the performance of biofiltration systems packed
with different materials for the treatment of a synthetic gas stream
representative of odorous emissions from a WWTP. The bed materials
included a blend of commercial pellets, and two novel compost-based
materials derives from sewage sludge: pelletised sewage sludge
compost (PSS), pelletised sewage sludge compost with a Fe salts content
(PSS-Fe).

2.1. Microorganisms and mineral salt medium

An enriched culture adapted to the biodegradation of HsS, NHs,
toluene and a-pinene obtained from a previous experimental system
(Saez-Orviz et al., 2024) was used as inoculum. A sequencing analysis of
this microbial consortium was conducted to determine the structure of
initial bacterial community.

A mineral salt medium (MSM), simulating the composition of the
effluent of a domestic WWTP, was prepared to daily irrigate the BFs, in
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order to maintain moisture content and prevent nutrient limitation. The
MSM composition was: 66.0 mg Lt (NH4)2SO4 (CAS 7783-20-2); 14.4
mg L! KoHPO4-3H0 (CAS 16788-57-1); 1.7 g Lt NaHCOg3 (CAS
144-55-8) (all three reagents from Panreac AppliChem, Barcelona,
Spain) and 68.5 mg Lt glucose (CAS 50-99-7) (Sigma-Aldrich, Stein-
heim, Germany). The pH of the MSM was adjusted to 8.01 + 0.28.

2.2. Gas pollutants

H,S, NHs, toluene and a-pinene were chosen as representative
odorants in WWTP emissions. HsS (22 % in a No matrix) was acquired
from Carburos Metalicos (Spain). NH3 (30 % in an aqueous matrix) was
purchased from Panreac AppliChem (Barcelona, Spain). Toluene and
a-pinene, chosen as representative moderately and poorly water-soluble
VOCs, were obtained from Sigma-Aldrich.

2.3. Experimental setup and operating procedure

The experimental setup consisted of three independent cylindrical
PVC BFswith a packed column volume of 8 L (11.8 ¢cm internal diameter,
78.0 cm height) (Fig. 1). As bed material, both iron-doped raw compost
and undoped raw compost were previously pelletised. The raw compost
was sourced from a municipal wastewater treatment plant and was
initially characterized in terms of particle size distribution and moisture
content. The particle size was suitable for pelletisation without further
processing. Moisture content was adjusted by spraying water onto the
compost until it reached 20-25 %. Pelletisation was performed using a
flat die pellet mill equipped with 6 mm diameter matrices and a
compression ratio of 1:4. The process was carried out at a working
pressure of 20 bar, maintaining the die temperature below 50 °C. After
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Fig. 1. Outline diagram of the experimental set-up. The solid black lines represent the gaseous streams and the dotted blue lines the aqueous flow. BF-CP refers to the
biofilter filled with commercial UgnCleanPellets® as packing material, BF-PSS to the biofilter packed with pelletised sewage sludge compost, and BF-PSS-Fe to the

biofilter loaded with pelletised iron-doped sewage sludge compost.
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extrusion, the pellets were cut to size by height-adjustable knives
mounted on the rollers. To improve mechanical durability and reduce
fines, the pellets underwent a cooling phase. This step allowed further
moisture reduction and enhanced structural integrity. Final condition-
ing, including cleaning and cooling, ensured improved mechanical
performance and overall pellet quality. Pelletised sewage sludge
compost (PSS), pelletised sewage sludge compost with a Fe salts content
of 100 g Fe kg~! dry matter (PSS-Fe), and a mixture of commercial
UgnCleanPellets® S.3.5 and UgnCleanPellets® S.1.0 pellets at a 1:4 ratio
(CP), were tested (Fig. 2). The iron content of the UgnCleanPellets®
mixture was 117.9 g Fe kg™! dry matter. UgnCleanPellets® are
commonly utilized in biofilters and bioscrubbers in Europe due to their
consistent performance, high surface area, and durability. The charac-
terization of the PSS and PSS-Fe pellets was performed using internal
analytical procedures aligned with UNE-EN ISO standards to evaluate
their mechanical durability (%) (UNE-CEN/TS 15210-1-EX), bulk den-
sity (kg m_3) (UNE-CEN/TS 15103 EX), moisture content (%) (UNE-
CEN/TS 14774-2 EX), and dimensions (length and diameter, both
expressed in mm) (UNE-EN ISO 17829) (Table 1).

The airflow was generated using an air compressor (Puska-HP3,
Vizcaya, Spain) and was controlled by calibrated air rotameters (Aal-
borg, NY, USA) before entering the BFs. To prevent the inlet air from
drying out the compost, the gaseous stream was pre-humidified with two
1 m bubble columns in series.

The synthetic malodorous emissions to be treated was formulated to
have similar odorant levels to those measured in a full-scale Spanish
WWTP in the mediterranean area designed to treat 21.000 m® d~?
(WWTP-Sagunto, Valencia, Spain): 25.0 ppm, of H»S, 27.0 ppm, of NHs,
2.5 mg m > of toluene and 2.5 mg m 2 of a-pinene. The gas mixture of
HoS:Ny was introduced into the inlet air stream by means of a 25 L
Tedlar bag (Sigma-Aldrich) using a peristaltic pump (Watson-Marlow
Limited, Falmouth, UK). Liquid NH3 and VOCs were introduced into the
inlet air stream using a syringe pump (Fusion 100, Chemyx Inc., TX,
USA) equipped with a 25 mL and 5 mL glass syringes (Hamilton, CA,
USA). Before inoculation, an abiotic test was conducted for one week by
monitoring the inlet and outlet gas concentrations of H,S, NH3 and VOCs
to ensure the absence of removal mechanisms such as adsorption or
photolysis, and to check the microbiological activity of the compost.
Each BF was inoculated with 500 mL of acclimated biomass via irriga-
tion from the top of the BF at 24 mL min?, and initially operated at an
EBRT of 60 s. The experimental system was maintained at constant room
temperature (25 °C). The impact on the odorant removal efficiency (RE)
was assessed at 60, 45, 30 and 20 s EBRT for 93 days (Table 2).

The gas concentration of HyS, NH3 and VOCs was measured three
times a week in the inlet and outlet of the BFs. Liquid samples (~ 30 mL)
were also taken from the leachate of the BFs three times a week to
monitor the pH, concentration of Fe, SO?{, NO3, NO3, the dissolved
total organic and inorganic carbon (TOC and IC, respectively) and dis-
solved total nitrogen (TN). Besides, the pressure drop across the packed

Fig. 2. Packing materials tested in this work. (A) UgnCleanPellets® S.1.0, (B)
UgnCleanPellets® S.3.5, (C) pelletised sewage sludge compost (PSS) and (D)
pelletised sewage sludge compost doped with Fe salts (PSS-Fe).

Science of the Total Environment 991 (2025) 179927

bed was measured three times a week in each BF.
2.4. Analytical methods

Hj,S and NH3 were measured in the air stream using a Drager X-am
5000 electrochemical sensor (Dragerwerk, Liibeck, Germany). For HaS,
the measurement range was 0 to 200 ppm, with a sensitivity threshold of
1 ppm; while for NHs, the measurement range was 0 to 300 ppm, also
with a sensitivity threshold of 1 ppm. Due to an interference caused by
H,S in the electrochemical determination of NH3 concentration, the HyS
inlet was stopped for 15 min for NHg analysis. For VOCs determination,
sampling was performed by solid phase microextraction (SPME) in the
inlet and outlet of each BF. Gas samples were collected in 250 mL glass
bulbs (Sigma-Aldrich) and preconcentrated for 15 min using 85 pm
PDMS/Carboxen SPME fibers (Supelco, Bellefonte, PA, USA). The SPME
fibers were injected in a GC-FID (HP 6890 Series, Hewlett Packard, CA,
USA) equipped with a SupelcoWax (15 m x 0.25 mm x 0.25 pm)
capillary column. Oven, injector and detector temperatures were
maintained at 60, 280 and 250 °C, respectively. The flowrates of Hy and
air were fixed at 30- and 300-mL min~!, respectively. Helium was
employed as the carrier gas at 2 mL min "

The pH of the BF leachates was determined using a pH-meter
(Crisson, Barcelona, Spain). SO%’, NO; and NO3 concentration was
evaluated by HPLC-IC employing a Waters 515 HPLC pump coupled
with a conductivity detector (Waters 432) and fitted with an IC-Pak
Anion HC column (4.6 x 150 mm) and an IC-Pak Anion Guard-Pak
(Waters). Before analysis, samples were diluted and filtered with a
nonsterile nylon 0.22 pm syringe filter (Sigma-Aldrich). Samples were
eluted isocratically at 2 mL min~! with a solution of water/acetonitrile/
n-butanol/buffer at 84/12/2/2 % v/v at a temperature of 25 °C. TOC, IC
and TN were determined using a TOC-VCSH analyser (Shimadzu, Tokyo,
Japan) coupled with a total nitrogen chemiluminescence detection
module (TNM-1, Shimadzu, Tokyo, Japan). Prior to analysis, samples
were diluted and filtered with a nonsterile nylon 0.45 pm syringe filter
(Sigma-Aldrich). The pressure drop was assessed using a U-shaped gauge
with water as a manometric fluid and was quantified in mm of HoO with
a sensitive of 1 mm-H,0. Results were expressed as mm-H,0 per m ! of
bed height.

The concentration of Fe in the leachate from the BFs was determined
by atomic spectroscopy by means of inductively coupled plasma-optical
emission spectroscopy (ICP-OES, HC 7500 cc, Agilent, USA) according to
the internal procedures of the Instrumental Techniques Laboratory (LTI-
UVa). Samples from the MSM, and leachate of PSS-BF and PSS-Fe-BF
under steady state operation at 60, 45 and 30 s of EBRT were
collected to check whether the iron salts were retained in the compost
pellet or dissolved in the liquid phase. Those EBRTs were selected based
on the optimal BF performance in terms of odorant abatement. Prior to
analysis, samples were filtered with a nonsterile nylon 0.45 pm syringe
filter (Sigma-Aldrich).

2.5. Microbial community sequencing analysis

Different microbial samples were taken for metagenomic amplicon
sequencing analysis. Samples of the inoculum and the initial bed ma-
terials (CP, PSS and PSS-Fe) were collected before inoculation. Addi-
tionally, samples were obtained on the final experimental day of each BF
(BF-CP, BF-PSS and BF-PSS-Fe). The biomass was centrifuged at 13,000
x g for 15 min and the resultant pellet was employed for DNA extraction.
DNA was isolated using the FastDNA™ SPIN Kit for Soil (MP Bio-
medicals, WA, USA). The concentration of the DNA recovered after
extraction ranged from 12 to 28.4 ng/pL. Novogene (Cambridge, UK)
conducted the library preparation and Illumina Mini Seq amplicon
metagenomics. For quantification, Qubit and real-time PCR were used,
while size distribution was detected with a bioanalyzer. Paired-end
reads were combined using FLASH V1.2.11 (Magoc and Salzberg,
2011). Sequence analysis was conducted using Uparse software
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Table 1
Parameters analysed in the characterization of the pellets.

Science of the Total Environment 991 (2025) 179927

Compost packing material Length (mm) Diameter (mm)

Mechanical durability (%)

Bulk density (kg m~>)

Moisture content (%)

PSS 22.7 5.8 91.7 680 16.1
PSS-Fe 14.9 5.6 96.1 790 14.9
UgnCleanPellets® S.3.5 10-30 7 Not data available 450 <10 %
UgnCleanPellets® S.1.0 10-30 7 Not data available 450 <10 %
Table 2
Summary of the operational parameters during the evaluation of the EBRT influence.
EBRT Elapsed Q gas/ Q gas/ H,S:N, H,S H,S loading NH3 NH;3 Toluene Toluene a-pinene a-pinene
(s) time sr (L total (L (mL (mg rate (g m > (mg loading rate  (mg loading rate (mgmin~!)  loading rate
(days) min min min~1) min~1) h™h min~ 1) (gm3hY) minh (gm3hh (gm3h™h
) M
60 38 8.0 24.0 2.7 3.7 26.2 2.2 15.3 0.06 0.42 0.06 0.42
45 29 10.7 32.0 3.6 4.9 34.9 2.9 20.3 0.08 0.56 0.08 0.56
30 20 16.0 48.0 5.5 7.4 53.4 4.3 30.5 0.12 0.85 0.12 0.85
20 6 24.0 72.0 8.2 111 78.6 6.5 45.7 0.18 1.27 0.18 1.27

V.7.0.1001 (Edgar, 2013). Sequences with 97 % similarity were grouped
into the same Operational Taxonomic Units (OTUs) according to the
SILVA gene reference database (Quast et al., 2013).

2.6. Data treatment and statistical analysis

Removal efficiencies (RE) for H,S, NH3 and VOCs were determined
using the following equation (Eq. 1):

%RE = 100 x (%)

in

where Cj; and C,y represent the inlet and outlet concentrations,
respectively, measured in ppm, for HyS and NHs, and in mg m™~3 for
VOCs.

Elimination capacities (EC) were calculated for the odorous com-
pounds based on the following equation (Eq. 2):

where Cj, and C,y; are the inlet and outlet concentrations expressed in g
m3 Qg is the air flow rate (m® h™Y); H is the height of the reactor
expressed in m and S is the cross-section area of the reactor (m?). EC
results are expressed in g m™> h™L.

An analysis of variance (ANOVA) was conducted. Fischer's Least
Significant Difference (LSD) was used to determine significant differ-
ences between the data. A level of p < 0.05 was considered significant.
Analysis was performed using StatPlus v7.8.11 statistical software.

Thus, RE and EC are related but represent different performance
aspects. RE expresses the percentage of contaminant removed, while EC
quantifies the absolute amount removed per unit volume and time.
Although a higher RE often leads to a higher EC, the relationship is not
strictly linear, as EC also depends on airflow rate and reactor di-
mensions. Both metrics are complementary and necessary for a
comprehensive evaluation of system performance.
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Fig. 3. Time course of the pH in the MSM (@) and in the leachate of (o) BF-CP, (ll) BF-PSS and (a) BF-PSS-Fe under decreasing EBRTs. Horizontal arrow lines at the
upper part of the figure represent the empty bed residence time of the gas during this operational stage. Statistically significant differences were observed at EBRT 60
s between BF-CP/MSM and the sewage sludge-based biofilters (BF-PSS and BF-PSS-Fe); at shorter EBRTs, no significant differences were found (p < 0.05).
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3. Results and discussion
3.1. Influence of the EBRT on the pH of the leachate

The liquid volume daily irrigated was completely retained within the
packing material until day 22, when leachate from the BFs occurred for
the first time (Fig. 3).

The pH of the MSM used for irrigation was 8.01 + 0.28, while the
average pH values of the leachate under steady-state operation at 60 s
EBRT were 8.23 + 0.40, 7.78 + 0.40 and 7.65 + 0.31 in BF-CP, BF-PSS
and BF-PSS-Fe, respectively. BF-CP initially exhibited the highest
leachate pH, with a mean value of 9.08 + 0.21 during the first 10 days.
Over time, the pH gradually decreased, eventually aligning with that of
the MSM. During the first week, fungal growth was visually detected on
the packing material of BF-CP but disappeared as the pH decreased.
These fungi were likely inherent to the commercial pellets, as no fungal
growth was observed in BF-PSS or BF-PSS-Fe. Thus, their growth was
likely fostered by the high humidity and elevated pH values. Under
steady state operation at EBRTs of 45, 30 and 20 s, the pH remained at
average values of 8.07 + 0.22, 8.01 + 0.24 and 7.82 + 0.21 in BF-CP,
BF-PSS and BF-PSS-Fe, respectively. The pH levels observed were
favorable to the proliferation of bacteria involved in the degradation of
VOCs, as well as autotrophic bacteria responsible for the oxidation of
NH;3 and HjS (Chaudhary et al., 2023).

3.2. Iron concentration in the leachate from the BFs

Several studies have incorporated iron into compost in various
forms, such as Fe particles, FeoO3, Fe(NO)3, FeSO4 or FeCls, to mitigate
odorous emissions during compost production (Pan et al., 2024). For
instance, Chen et al. (2024) added 0.05 % (w/w) zero-valent iron, 3 %
(w/w) Ho03 and 0.5 % (w/w) ascorbic acid into compost, resulting in a
51 % reduction in ammonia emissions and a 43 % reduction in VOC
emissions.

To assess the loss of Fe from the pellets, the Fe concentration was
analysed in the inlet MSM (< 0.025 mg LY and in the BFs leachate
(Table 3). Fe concentrations in the BF-PSS leachate averaged 15.4, 4.67
and 8.12mg L1 at EBRTs of 60, 45 and 30 s, which was attributed to the
inherent presence of Fe in the pelletised sewage sludge compost. In the
BF-PSS-Fe leachate, Fe concentrations were 31.8, 23.8 and 7.51 mg L!
at 60, 45 and 30 s of EBRs, respectively. The initial concentration of Fe in
the pelletised sewage sludge compost with iron salts ranged from 60 to
100 g Fe kg~! dry matter. Thus, although some loss of these salts was
observed in the leachate, it remained low compared to the initial PSS-Fe
content. Consequently, the lower iron concentration observed at shorter
EBRTs, particularly at 30 s, may be attributed to the retention of iron
within the pellet matrix This retention is advantageous for the BF per-
formance, as it suggests that the supplemented iron remains available
within the system, potentially supporting microbial activity and
enhancing the degradation of pollutants over time.

3.3. Influence of the EBRT on inorganic and organic carbon concentration
in the leachate

The TOC concentration in the leachate was initially high during the
start-up of the BFs and gradually decreased over time in the three BFs

Table 3
Fe concentration (mg L)) in the MSM, and in the leachate of BF-PSS and BF-
PSS-Fe.

EBRT (s) Fe concentration (mg L")
MSM (irrigation) BF-PSS BF-PSS-Fe
60 < 0.025 15.4 31.8
45 - 4.7 23.8
30 - 8.1 7.5
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(Fig. 4-A). Significant differences were observed in the average TOC
concentrations at the end of the operating period at an EBRT of 60 s,
with values of 3960 =+ 829, 7730 + 2098 and 9496 + 1113 mg L' in
BF-CP, BF-PSS and BF-PSS-Fe, respectively. Since compost is primarily
composed of organic matter, these high TOC values could be attributed
to carbon leaching. This leaching progressively decreased over time in
the three BFs, reaching the lowest TOC concentrations at an EBRT of 20
s: 405.8 + 47.1,659.9 + 38.7 and 1117.7 + 204.3 mg L~! in BF-CP, BF-
PSS and BF-PSS-Fe, respectively.

The average inlet concentration of IC in the MSM was 214.9 + 26.4
mg L™ (Fig. 4-B). At 60 s EBRT, the IC concentrations in the leachates
were higher in the BF-PSS and BF-PSS-Fe (630.4 + 211.2 and 489.7 +
131.4 mg L™, respectively) than in the BF-CP (306.1 + 150.5 mg L™1),
likely due to the initial composition of the pellets. These higher initial
concentrations could be related to the absorption and accumulation of
IC within the system during the first 22 days, before leachate production
began. Since no leachate was produced during this initial period, the IC
concentration in the system gradually built up since MSM contained 1.7
g L1 NaHCO3. Once leachate started to be produced after day 22, the
accumulated IC was released, leading to a decrease in IC concentration
over time. At EBRTs of 45, 30, and 20 s, the IC concentrations in the
leachates levelled off, showing similar mean values of 206.0 + 85.4 in
BF-CP, 293.5 + 83.2 in BF-PSS, and 290.8 + 93.7 mg L ™! in BF-PSS-Fe.
This stabilization of IC levels suggests that the system reached an
equilibrium, where microbial processes, along with the characteristics of
the pellet material, regulated the retention and release of IC.

3.4. Influence of the EBRT on H,S and NH3 removal

The mean H,S concentration in the inlet gaseous stream was 31.4 +
4.9 ppmy (Fig. 5-A). During the 7 days of abiotic experiment (Ab), no
HjS adsorption or photolysis occurred. The addition of the compost and
UgnCleanPellets® pellets as packing bed material (Rf) in the biofilters
resulted in a 100 % H5S-RE in BF-CP and BF-PSS-Fe, while H,S removal
remained at 41.2 + 3.5 % in the BF-PSS. The absence of iron in BF-PSS
likely contributed to this lower removal efficiency, as iron is a critical
cofactor for sulphur-oxidizing bacteria involved in H,S degradation and
H,S chemical precipitation. In contrast, the presence of iron in BF-PSS-
Fe and in the commercial pellets supports microbial processes, enabling
complete HyS degradation even without inoculation, and chemical HaS
precipitation.

After inoculation, BF-CP and BF-PSS-Fe exhibited complete H)S
removal across all tested EBRTs. BF-PSS supported a HS-RE of 94.9 +
2.5 % during the first 9 days following inoculation, after which it
remained at 100 % for all EBRTs evaluated. These results demonstrate
the outstanding efficiency of the biofilters engineered in this work for
the aerobic degradation of H,S at low concentrations and at EBRTs as
low as 20s. This was likely attributed to the high aqueous solubility of
HsS, which facilitated a large gas-liquid concentration gradient (Vikrant
etal., 2018) (Lebrero et al., 2014). Similarly, Zhu et al. (2017) achieved
H2S-RE of 100 % in a 20 L BF packed with a mixture of mature compost,
porous perlite and inorganic binder at inlet loading rates of 49.5-80 g
m 2 h ! at EBRTs of 29-121 s. Likewise, Rabbani et al. (2016) operated
a 28 L BF packed with acid resistant polyethylene at a working EBRT of
60 s treating 31.85 ppm, of HyS with HyS-REs as high as 94.4 %. Our
study therefore confirmed the high efficiency of BFs in abating low HaS
concentrations at EBRTs ranging from 60 to 20 s.

As consistently reported in previous studies, gaseous H»S is absorbed
in the biofilm and compost and subsequently dissociated to HS™ at
neutral/slightly alkaline pH. The HS™ diffuses into the interior of the
biofilm attached to the compost, thereby becoming available to sulphur-
oxidizing bacteria (SOB), and is then oxidized to sulphates primarily due
to the metabolism of aerobic bacteria (Barbusinski et al., 2017; Bharathi,
2018). In our system, SO;Z;_ concentrations were measured in the
leachate of the three BFs (Fig. 5-B). In BF-CP, mean sulphate levels were
8362 + 5681, 15,692 + 1391, 14,546 + 1368 and 12,608 + 731 mg L™*
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at EBRTs of 60, 45, 30 and 20 s, respectively. Sulphate concentrations in
BF-PSS and BF-PSS-Fe were significantly higher than in BF-CP and
decreased as the EBRT was reduced. At 60 s EBRT, SO7~ values reached
26,904 + 3585 mg L ™! in BF-PSS and 37,738 + 3615 mg L ™! in BF-PSS-
Fe. Sulphate concentrations progressively decreased at EBRT of 45 s
(24,236 + 2720 and 33,232 + 3449 mg Lfl), 305 (18,817 + 4980 and
24,131 + 1626 mg L™} and 20 5 (17,401 + 6164 and 13,178 + 973 mg
L) for BF-PSS and BF-PSS-Fe, respectively.

The average inlet concentration of NHg over the experimental period
was 32.1 £+ 0.6 ppmy. During the abiotic tests, due to a malfunction of
the NHj3 sensor, data collection was not possible. However, preliminary
abiotic tests conducted in a similar experimental set-up showed negli-
gible NH3 adsorption and photolysis (Saez-Orviz et al., 2024). Through
the experimental period, all three BFs achieved complete NH3 removal
(Fig. 6-A). However, significant differences were found in the leachate
TN concentrations between BF-CP and BF-PSS/PSS-Fe at an EBRT of 60 s
(Fig. 6-B). From day 22nd onward (when leachate appeared), TN values
increased from 830 + 302 to 2476 + 859 mg L' in BF-CP and decreased
from 10,018 + 2630 to 4561 + 1898 mg L7 lin BF-PSS, and from 10,562
+ 2107 to 4432 + 459 mg L' in BF-PSS-Fe. The high TN values in
compost-based BFs may be attributed to organic nitrogen leaching,
while the increase in TN concentrations in BF-CP can be explained by a
combined accumulation of ammoniacal nitrogen and a slow-release of
nitrogen from UgnCleanPellets®. Hence, the differing TN concentration
patterns between CP and PSS/PSS-Fe may be attributed to the different
composition of the pellets. TN concentration continued to decrease as
the EBRT decreased, achieving the lowest values at an EBRT of 20 s (767
+ 27,1092 + 124 and 1487 + 394 mg L~! for BF-CP, BF-PSS and BF-
PSS-Fe, respectively), likely due to the gradual depletion of nitrogen
in the pellets.
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Nitrite and nitrate concentration was monitored in the leachate of
the BFs to assess the nitrifying activity of the microorganisms adhered to
the packing material (Fig. 6-C-D). The nitrification process involves two
distinct steps, each driven by specific bacterial groups. In the first step,
ammonium is oxidized to nitrite by bacteria primarily from the genera
Nitrosomonas and Nitrosococcus. In the second step, nitrite is further
converted into nitrate by microorganisms, predominantly from the
genus Nitrobacter (Gupta et al., 2021). Average NO3 concentrations of
176.6 + 21.4,149.8 + 11.8 and 162.6 + 14.9 4 mg L~! were recorded in
the leachate of BF-CP, BF-PSS and BF-PSS-Fe, respectively, during the
complete operating period (Fig. 6-C). Similarly, NO3 concentration
remained constant in the leachate of all three BFs independently of the
EBRT tested, with mean values of 222.4 4+ 9.1, 220.8 + 38.6 and 235.2
+ 15.2 mg L ™! in BF-CP, BF-PSS and BF-PSS-Fe, respectively. The mi-
crobial community analysis revealed the presence of ammonia-oxidizing
bacteria (AOB) and nitrite-oxidizing bacteria (NOB) in the biofilms at
the end of the experiment, such as Nitrospira (relative abundance of 0.51
%, 0.22 % and 0.40 % in BF-CP, BF-PSS and BF-PSS-Fe, respectively) and
Nitrosomonas (relative abundance of 0.20 %, 0.73 % and 0.11 % in BF-
CP, BF-PSS and BF-PSS-Fe, respectively).

Overall, HoS and NH3 ECs were identical in the three BFs as a result
of the complete oxidation of both odorants (Table 4). At the lowest EBRT
of 20 s, the maximum H,S-EC 0f 9.6 g m3h'and NH3-ECof3.9¢g m3
h™! were achieved. Several authors have analysed the simultaneous
removal of HyS and NH3 in BFs. For instance, Park et al. (2008) operated
a 1.0 L BF packed with a commercial inorganic/polymeric composite
carrier. These authors evaluated inlet loading rates ranging from 1.9 to
6.4 gm~>h™! for HyS and from 1.1 to 3.0 g m~> h™! for NHs, operating
at EBRTs ranging from 120 to 60 s. The maximum ECs achieved
accounted for 2.7 g m~3 h7! for NH; and 6.4 g m~3 h™! for HyS, in the
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Table 4
H,S and NH; steady state elimination capacities (EC; g m™> h™1).

HySEC(gm >h™")

EBRT (s) BF-CP BF-PSS BF-PSS-Fe
60 2.4 2.4 2.4
45 3.8 3.8 3.8
30 6.2 6.2 6.2
20 9.6 9.6 9.6
NH; EC (gm 3h™1)
EBRT (s) BF-CP BF-PSS BF-PSS-Fe
60 1.3 1.3 1.3
45 2.0 2.0 2.0
30 2.7 2.7 2.7
20 3.9 3.9 3.9

same order of magnitude to those observed in our study. Vela-Aparicio
et al. (2021) operated a 6.6 L BF packed with compost mixtures made
from chicken manure and lignocellulosic residues (pruning waste, sug-
arcane bagasse and rice husk) treating a gaseous stream with HyS and
NHj; concentrations of 52-260 mg m~> and 2-10 mg m ™3, respectively.
These authors obtained the highest EC for both compounds at an EBRT
of 255(32.0forHySand 1.2 g m3h! for NHs), corresponding to REs of
87 % for H,S and 86 % for NHs.

3.5. Influence of the EBRT on VOCs removal

The average inlet concentration of toluene during the experimental
period was 3.69 & 0.58 mg m 3. At an EBRT of 60 s, steady state was
achieved by day 29 in the three BFs, with average toluene REs of 97.3 +
0.4 % in BF-CP, 98.5 + 1.3 % in BF-PSS, and 99.0 + 0.7 % in BF-PSS-Fe
(Fig. 7-A). At an EBRT of 45 s, steady state was reached after 13, 11 and
5 days in BF-CP, BF-PSS and BF-PSS-Fe, respectively, with correspond-
ing toluene-REs of 94.5 + 2.0 %, 97.9 & 0.8 % and 98.2 + 1.2 %. These
efficiencies were maintained during operation at an EBRT of 30 s,
reaching values of 94.0 &+ 2.0 % in BF-CP, 98.9 + 0.4 % in BF-PSS and
99.3 + 0.6 % in BF-PSS-Fe, highlighting the superior performance of the
Fe-doped pelletised compost. However, at an EBRT of 20 s, toluene RE in
BF-CP remained similar to the previous stage, while BF-PSS and BF-PSS-
Fe experienced a gradual decline. This decrease was associated to
operational problems, including partial flooding in BF-PSS caused by
compost pellet disintegration and compaction. Consequently, the final
toluene REs achieved at 20 s EBRT dropped to 70.9 % in BF-PSS and
69.3 % in BF-PSS-Fe. These findings highlight the need for further
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research to improve the structural stability of pelletised compost.

Inlet concentration of a-pinene in the synthetic odorous stream
averaged 3.00 + 0.63 mg m°. Steady state REs of o-pinene were ach-
ieved by day 31, 26 and 19 in BF-CP, BF-PSS and BF-PSS-Fe, respec-
tively, which confirmed the superior performance of the Fe-doped
pelletised compost. o-pinene typically requires longer periods to
degrade than toluene, as it is a recalcitrant monoterpene (Kleinheinz and
Bagley, 1999), with high hydrophobicity and a complex cyclic structure
that limits its bioavailability to bacteria (Cantera et al., 2022). However,
employing a pre-acclimated inoculum for VOC biodegradation signifi-
cantly reduced the star-up time, achieving toluene degradation within 5
days and a-pinene degradation within 12 days. At an EBRT of 60 s,
a-pinene REs were 96.5 + 4.9 % in BF-CP, 98.5 + 1.3 in BF-PSS and 100
% in BF-PSS-Fe. The reduction in EBRT to 45 s did not significantly affect
a-pinene REs, that remained at comparable levels of 98.8 + 1.8 %, 100
% and 100 % in BF-CP, BF-PSS and BF-PSS-Fe, respectively. However, at
30 s EBRT, steady a-pinene-REs declined significantly in BF-CP to 31.7
=+ 1.5 %, while BF-PSS and BF-PSS-Fe maintained high REs 0f 99.4 + 1.1
% and 92.5 + 0.8 %, respectively. Finally, a gradual decline in RE from
34.1 % to 13.0 % in BF-CP, from 4.7 to 1.8 % in BF-PSS and from 62.7 to
31.3 % in BF-PSS-Fe was recorded under process operation at 20 s EBRT.
This reduction was likely due to insufficient contact time between the
gas phase and the biofilm containing VOC-degrading bacteria, leading to
a decrease in the removal of a-pinene. Similar findings were reported by
other authors during the biodegradation of gaseous toluene in fungal
and bacterial BF (Rajamanickam and Baskaran, 2017; Cheng et al.,
2016).

The VOCs-ECs depended on the bed material used in the BFs
(Table 5). Toluene inlet loading rates were 0.22, 0.27, 0.40 and 0.57 g
m > h™! at EBRTs of 60, 45, 30 and 20 s, respectively. The highest
toluene ECs were achieved in all BFs at an EBRT of 20 s, reaching 0.53 +
0.00, 0.40 + 0.00 and 0.41 + 0.0357 g m > h™! in BF-CP, BF-PSS and
BF-PSS-Fe, respectively. Compared to previous studies, the toluene
loading rates in this work were significantly lower as a result of the low
VOC concentrations tested. For instance, Rene et al. (2018) operated a
1.4 L BF with sieved compost (3—-6 mm) and ceramic beads (4-6 mm)
mixed in a 6:4 vol. ratio as packing material, achieving maximum
toluene EC of 29.2 g m > h™! at an inlet loading rate of 53.8 gm > h L.
Similarly, Rajamanickam and Baskaran (2017) operated a 1.1 L BF
packed with ceramic beads and cow dung compost at a toluene loading
rate between 0.052 and 3.810 g m > and EBRTSs of 1.2-2 min, obtaining
amaximum EC of 93 gm~>h~! at an inlet loading rate of 114 gm > h 1.
Despite the significantly higher ECs reported in these studies, toluene
REs remained comparable, eventually exceeded 90 %. Regarding
a-pinene, inlet loading rates were 0.17, 0.24, 0.30 and 0.46 gm > h ™' at
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Fig. 7. Time course of the removal efficiencies of (A) toluene and (B) a-pinene in BTF-CP, (ll) BF-PSS and (a) BTF-PSS-Fe under decreasing EBRTs. Vertical lines
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S. Saez-Orviz et al.

Table 5

Toluene and a-pinene steady state elimination capacities (EC; g m>hY) in the
biofilters packed UgnCleanPellets®, compost and Fe-doped compost. Different
superscripts indicate significant differences (p < 0.05).

Toluene EC (g m3h)

EBRT (s) BF-CP BF-PSS BF-PSS-Fe
60 0.21 +0.01° 0.21 + 0.01 2 0.22 +0.012
45 0.26 + 0.01? 0.26 + 0.01 2 0.27 +0.00 2
30 0.38 +0.01° 0.40 + 0.00 0.40 + 0.00 2
20 0.53 + 0.00 ® 0.40 + 0.00 0.41 + 0.03 ¢

a-pinene EC (g m 3 h™1)

EBRT (s) BF-CP BF-PSS BF-PSS-Fe
60 0.17 +£0.01 2 0.18 + 0.00 * 0.18 +0.01?
45 0.25 +0.012 0.24 +0.022 0.24 +0.012
30 0.10 + 0.03 2 0.31 +0.01° 0.27 +0.02°
20 0.19 +0.02 2 0.08 + 0.02° 0.27 + 0.05 ©
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EBRTs of 60, 45, 30 and 20 s, respectively. The maximum a-pinene EC
was reached at different EBRTs depending on the packing material: 0.25
+0.01 g m 3 h~!in BF-CP at 45 s EBRT, 0.31 + 0.01 g m > h~! in BF-
PSS at 30 s EBRT, and 0.27 + 0.02 and 0.27 + 0.05 g m > h~! in BF-PSS-
Fe at EBRTs of 30 and 20 s, respectively. Similarly to toluene, the inlet
loading rates of a-pinene in our study were lower than those reported in
literature. Cabeza et al. (2013) assessed the performance of a 9.0 L BF
packed with municipal solid waste compost both alone and mixed with
pruning residues for the treatment of an a-pinene concentration of 11.6
ppmy at an EBRT of 66 s. The maximum a-pinene ECs ranged between 79
and 113 g m~> h™}, reaching REs > 90 %.

Overall, the results obtained for VOC biodegradation in BF-PSS-Fe
were remarkably promising. The EBRTs typically reported in the liter-
ature for an effective VOCs removal in BFs are generally greater than
those tested in this study, ranging from 120 to 60 s.

3.6. Influence of the EBRT on pressure drop across the BF packed bed

The pressure drop across the packed beds remained below 51.3 mm
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H,0 m™' in the BF-CP and below 64.10 mm H,0 m ™! in the BF-PSS and
BF-PSS-Fe at EBRTs of 60, 45 and 30 s. Biofiltration for odour treatment
typically operates at EBRTs ranging from 45 to 90 s, increasing to 120 s
for the removal of VOCs, depending on the concentration and
complexity of the compounds being treated. Within this typical EBRT
operating range, the pressure drop in the BFs here tested was always
lower than the 100 mm Hy,0 m™ ' value considered as the upper
threshold for a cost-effective gas biofiltration (Delhoménie and Heitz,
2005). However, the step increase in the air flow rate led to higher
pressure drops in the three BFs, with operational flooding problems
appearing when operating the BFs at 20 s of EBRT. The high flow rate
entailed pressure increases up to 244-, 974- and 436-mm H,0 m ! in BF-
CP, BF-PSS and BF-PSS-Fe, respectively. At this point, structural differ-
ences were observed between CP and PSS/PSS-Fe as packing material.
Previous literature studies have shown that the structural stability of
packed beds can gradually deteriorate over time, and that pressure drop
tends to increase approximately linearly with rising gas flowrates
(Morgan-Sagastume et al., 2003).

3.7. Microbial community analysis

Sequence analysis was performed to compare the relative abun-
dances of bacteria at the class and genus level. The 35 most prevalent
bacterial species categorized by genus are shown in a heat map (Fig. 8-
A).

The bacterial community analysis of CP, PSS and PSS-Fe pellets at the
beginning of the experiment (before inoculation) showed differences in
terms of abundance of the bacterial class (Fig. 8-B). The prevalent class
in CP were Bacilli (68.3 %) and Actinobacteria (14.7 %), in PSS were
Bacilli (56.1 %), Gammaproteobacteria (22.5 %) and Actinobacteria (6.5
%) and in PSS-Fe were Actinobacteria (90.8 %) and Bacilli (8.5 %). In
terms of bacterial genus, the most representative genus belonged to
Bacillus (14.7 %) in CP samples, while bacteria from the genus Ther-
mobispora (9.3 %), Caldibacillus (7.8 %) and Brevibacillus (7.7 %) were
also found. On the other hand, the main genus found in PSS were Bacillus
(22.8 %) and Streptophomonas (19.6 %). Bacteria from the genus Plani-
filum (12.9 %), Tepidimicrobium (3.8 %), Delftia (2.4 %) and Geobacillus
(2.3 %) were also identified. Interestingly, the presence of iron salts in
the pelletised sewage sludge compost led to a substantial change in the
bacterial community. Unlike in the other two samples, the most domi-
nant bacteria identified belonged to the genus Nocardiopsis (84.9 %).
Members of this genus are ecologically versatile, most of them being
halotolerant or halophilic with prevalence in soils and marine envi-
ronments (Bennur et al., 2016). Nocardiopsis species produce an array of
bioactive compounds such as antimicrobial agents, toxins and immu-
nomodulators (Bennur et al., 2015). Bacteria of the genus Bacillus were
also identified in PSS-Fe (4.2 %), along with microorganisms from the
genus Planifilum (1.2 %), Thermobifida (1.2 %), Stackebrandtia (1.6 %)
and Sporosarcina (1.4 %).

The dominant class in the inoculum of the BFs was Gammaproteo-
bacteria (57.5 %) (Fig. 8-B). Since the inoculum was previously accli-
mated to the biodegradation of odorous compounds, bacteria associated
to SOB and VOC biodegradation were identified. Thiobacillus (28.9 %),
belonging to the group of SOB, plays a major role in the sulphur cycle
(Gerrity et al., 2016). Other detected bacteria known for VOC degra-
dation included Mycobacterium (6.0 %), Pseudoxanthomonas (4.4 %),
Luteimonas (3.3 %), Dokdonella (2.8 %) and Rhodococcus (1.2 %)
(Gonzalez-Martin et al., 2024) (Yamaguchi et al., 2018) (Kastner et al.,
1999). Additionally, Nitrosomas (2.6 %), an ammonia-oxidizing bacte-
ria, was detected in the inoculum.

After 93 days of experimentation, the microbial community of the
three BFs changed significantly. Interestingly, BF-PSS and BF-PSS-Fe
showed similar microbial structure in terms of class of bacteria. The
most abundant classes belonged to Gammaproteobacteria (37.5 % and
26.8 %), Actinobacteria (27.7 % and 30.4 %) and Alphaproteobacteria
(12.2 and 15.9 %) in BF-PSS and BF-PSS-Fe, respectively. In BF-CP, the
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dominant classes were Alphaproteobacteria (65.1 %) and Gammaproteo-
bacteria (15.1 %) (Fig. 8-B).

In terms of bacterial genus, the most abundant microorganisms in
BF-CP belonged to the genus Devosia (24.4 %). Shinella (5.7 %), Pseu-
dorhizobium (5.4 %), Thermomonas (4.1 %) and Thiobacillus (1.3 %) were
also present in the BF-CP. Conversely, the predominant bacteria in BF-
PSS corresponded to the genus Thermomonas (12.2 %), with bacteria
from the genus Thiobacillus (5.2 %), Actinotalea (5.5 %), Cellulosimi-
crobium (3.9 %), Bacillus (2.2 %) and Devosia (2.1 %) being also iden-
tified. Finally, the microbial community present in the BF-PSS-Fe at the
end of the experiment belonged to the genus Nocardiopsis (6.3 %),
Devosia (5.7 %), Demequina (4.9 %), Leptonema (4.2 %), Thermomonas
(3.8 %) and Thiobacillus (1.8 %).

Three bacterial genera were consistently detected across all bio-
filters, although with varying relative abundances. Among them, Thio-
bacillus, a sulphur-oxidizing bacterium (SOB) responsible for the
conversion of HS™ to SO42~ (Kumar et al., 2020), was present in all
systems. Likewise, both ammonia-oxidizing bacteria (AOB) and nitrite-
oxidizing bacteria (NOB) were identified. Nitrospira, capable of
oxidizing both ammonia and nitrite (Vijayan et al., 2021), was found at
relative abundances of 0.5 %, 0.2 %, and 0.4 % in BF-CP, BF-PSS, and
BF-PSS-Fe, respectively. Nitrosomonas (AOB) was also detected, with
relative abundances of 0.2 %, 0.7 %, and 0.1 % in the same systems.
Devosia, an aerobic bacterium associated with nitrogen fixation and the
degradation of organic sulphur, phosphorus, and aromatic compounds
(Talwar et al., 2020), was also present in all biofilters. In terms of VOC-
degrading bacteria, members of the genera Pseudoxanthomonas (0.1 %,
0.9 %, and 0.8 % in BF-CP, BF-PSS, and BF-PSS-Fe, respectively), Dok-
donella (0.03 %, 1.8 %, and 0.2 %), and Rhodococcus (0.1 %, 0.1 %, and
0.8 %) were identified. These genera are widely recognised for their role
in VOC biodegradation (Gonzalez-Martin et al., 2024; Yamaguchi et al.,
2018; Wu et al., 2018).

Since all three biofilters were operated under identical conditions,
including pollutant concentrations, loading rates, MSM irrigation, and
temperature, the observed differences in microbial composition are
likely due to the distinct chemical and physical properties of the packing
materials, as well as the native microbiota associated with each pellet
type. These material-specific properties may also influence microbial
colonisation and biofilm formation. Nevertheless, despite variations in
microbial abundance across the systems, several genera, such as Ther-
momonas, Thiobacillus, Pseudoxanthomonas, Dokdonella, and Devosia,
were shared by all biofilters, indicating a core community involved in
the degradation of the target pollutants.

4. Conclusions

This research demonstrates a practical application of circular econ-
omy principles within the integrated water cycle by valorising WWTP
sludge by-products (specifically sewage sludge compost and Fe-enriched
sewage sludge compost) as effective packing materials in biofiltration
systems for odour and VOC abatement. All tested bed materials achieved
a complete removal of H2S and NHas. However, the Fe-doped pelletised
sewage sludge compost clearly outperformed the commercial iron-
doped clay pellets in the removal of VOCs, particularly at low EBRT
(30 s), with REs exceeding 99 % for toluene and 92 % for a-pinene. These
results are significant as they indicate that BFs packed with this waste-
derived material not only match but surpass the performance of con-
ventional commercial media, while operating efficiently at shorter
residence times than typically reported for VOC abatement, thereby
reducing both the operational footprint and treatment costs. Moreover,
the Fe-doped pelletised sewage sludge compost promoted the growth of
bacterial genera known for their roles in the biodegradation of reduced
sulphurous and nitrogenous compounds, as well as VOCs, such as
Nocardiopsis, Devosia, Thermomonas, Thiobacillus, Nistrospira and Rho-
dococcus, further supporting its effectiveness. Overall, this work con-
tributes to both environmental biotechnology and circular waste
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management by offering a low-cost, sustainable and technically superior
solution for gaseous emission control in WWTPs and other odour-
emitting facilities.
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