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Abstract

The exhaust produced by gasoline engines is a significant source of air pollution and a severe hazard to human health
and the environment because it releases volatile organic compounds (VOC), nitrogen oxides (NOx), carbon monoxide
(CO) and particulate matter (PM), and polycyclic aromatic hydrocarbons (PAHs). Traditional methods of control like
catalytic converters, chemical scrubbers and adsorption systems are sometimes expensive, require a lot of
maintenance, and they also produce secondary pollutants, therefore there is a need to find a sustainable solution. This
paper describes a hybrid biofiltration system, which uses activated wood-chip biochar in KOH, and a synergistic
bacterial consortium of Bacillus subtilis and Pseudomonas aeruginosa to treat the gasoline engine exhaust. The porous
biochar structure allows gaseous pollutants to adsorb effectively and at the same time allows the growth of microbes
and their biodegradation potential. The proximate analysis, pH, electrical conductivity, and Fourier transform infrared
spectrophotometer (FTIR) were used to characterize the biochar. A seven-day closed-loop operation of a laboratory-
scale fixed-bed column with gasoline exhaust was conducted. Gas chromatography—mass spectrometry (GC-MS)
analyzed the inlet and outlet gases to determine the removal of the pollutants. The developed system of adsorption-
biodegradation was able to reduce exhaust pollutants with low operational cost and low levels of secondary waste.
These results indicate that biochar-microbe biofiltration has a great potential as a scalable and sustainable technology

in gasoline exhaust treatment.
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1 Introduction

The gasoline powered vehicles continue to be one of the gravest environmental and public health problems across the
world, especially in the rapidly urbanizing and industrializing areas (Debelu et al., 2024). Gasoline combustion
involves emission of a complex of dangerous pollutants, such as volatile organic compounds (VOCs), nitrogen oxides
(NO), carbon monoxide (CO), particulate matter (PM), benzene compounds, and polycyclic aromatic hydrocarbons
(PAHs) (Sapate & Tikekar, 2008; Colbeck et al., 2010; Khan et al., 2019). These are long-lasting, poisonous, and long-
range pollutants that can spread across the air. An expanding epidemiological literature suggests that long term
exposures to such pollutants are associated with higher risks of respiratory and cardiovascular illnesses, endocrine
system malfunction, and cancer, making vehicular emissions one of the largest sources of disease on the planet (Song
& Hao, 2024). The effects are also especially high in developing nations, where the number of vehicles is increasing
at a rapid pace and the implementation of regulations is inadequate or even insufficient, which further worsens the

quality of urban air (Anjum et al., 2021; Yaqoob et al., 2021; Rasheed et al., 2015).

BTEX compounds of particular concern due to their carcinogenic, mutagenic, and cytotoxic potential include benzene,
toluene, ethylbenzene, and xylenes and PAHs, which are among the gasoline related pollutants (Yu et al., 2022). The
BTEX species are also implicated in the development of photochemical smog and the PAHs like naphthalene,
phenanthrene, and pyrene are oxidized in the atmosphere to form secondary organic aerosols that worsen the quality
of the air further (Mansha et al., 2011; Nakhjirgan et al., 2024). The chemical complexity of such emissions is another
reason to insist on the necessity of the control technologies which will be able to cover a wide spectrum of pollutants
at once. Traditional methods of emission control like catalytic converters, mechanical filters, activated carbon
adsorption, and chemical scrubbers have resulted in major reduction of some of the pollutants (Agarwal & Mustafi,
2020). Specifically, catalytic converters are very efficient in oxidizing carbon monoxide, nitrogen oxides, and
hydrocarbons that are not burned (Sharif et al., 2021; Costa et al., 2023). In spite of these developments, several
physical and chemical treatment systems continue to have challenges such as adsorption capacity saturation, high cost
of operation and secondary waste streams which have to be further handled and disposed (Usman et al., 2023). These
restrictions highlight the necessity of more sustainable, biologically-based options that are able to actively degrade
pollutants and not just capture them. Biofiltration has therefore become a promising technology in the treatment of

volatile organic compounds and other gaseous contaminants in this regard. It has the benefits of low operating cost,
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low secondary wastes produced, and biologically mineralizing pollutants (Wu et al., 2023; Sheoran et al., 2022).
Biofilters operate on the principle of immobilizing microorganisms in a type of packing media, in which incoming
contaminants are first absorbed and then biodegraded (Sheoran et al., 2022). A packing material is a design issue that
is very crucial. It should help to sustain strong microbial colonization, maintain substantial moisture, and have a high

mass transfer area, and should have a stable structure over long periods of operation (Hendrych et al., 2021).

Recently, biochar has gained a lot of interest as an advanced biofilter medium due to its high porosity, large specific
surface area, and high level of chemical stability (Beesley et al., 2010; Zhao et al., 2017). Activated by KOH, biochar
forms a clear network of micro and mesopores and obtains oxygen containing functional groups that include hydroxyl,
carboxyl, and carbonyl groups improving the adsorption of aromatic hydrocarbons and electron transfer during
microbial respiration (Liu et al., 2019; Dong et al., 2022; Deng et al., 2025). These properties render activated biochar
a very appealing dual functional material. It does not only serve as an effective adsorbent but also a supporting
structure of pollutant degrading microorganisms (Pachaiappan et al., 2022). Pseudomonas aeruginosa and Bacillus
subtilis are microbial communities that are instrumental in the oxidation of VOCs and BTEX compounds as well as
the mineralization of PAHs by enzyme-mediated oxidation, aromatic ring breakdown and complete mineralization
pathways (Abo-State & El-Kelani, 2020). Immobilized as consortia on porous biochar matrices, these microorganisms
tend to exhibit better degradation rates, wider substrate coverage, and increased resistance to changes in pollutant
loading (Fang et al., 2024; Xue et al., 2020; Niu et al., 2024). Moreover, biochar due to its porous structure provide
resistance against desiccation and toxic shocks, which helps to preserve stable and active biofilms during long-term

operation (Edeh et al., 2023).

Irrespective of these benefits, there are still great gaps in knowledge with respect to the use of activated biochar
microbe systems in the treatment of gasoline engine exhaust. Most previous studies have focused on individual VOCs
or synthetic gas mixtures under controlled laboratory conditions, which do not reflect the chemical variability and
complexity of actual exhaust streams. Furthermore, limited research evaluates KOH-activated biochar as a combined
adsorbent—biological support for simultaneous removal of BTEX and PAHs from real exhaust streams (David, 2023;
Diaz-Maroto & Masek, 2023; Zhou & Shi, 2022). The long-term structural stability of microbial biofilms on activated
biochar under continuous, moisture-variable, heated exhaust exposure also remains poorly understood (Zhao et al.,

2022).
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The present study addresses these gaps by developing and evaluating a hybrid biofiltration system composed of KOH-
activated wood-chip biochar and a microbial consortium of Pseudomonas aeruginosa and Bacillus subtilis. The
objectives are to: (i) synthesise and characterise activated biochar using proximate analysis, pH, electrical
conductivity, and FTIR; (ii) immobilise microbial strains onto the biochar matrix; and (iii) assess the system’s
performance in removing pollutants from real gasoline engine exhaust in a fixed-bed, closed-loop setup. This work
offers a cost effective and sustainable approach for mitigating hazardous vehicular emissions and contributes novel

insights into the design of advanced biochar-microbe systems for air pollution control.

2 Materials and Methods

2.1 Study Design
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Fig. 1 Graphical Abstract of the study

The aim of conducting this study was to investigate the effectiveness of KOH-activated woodchip biochar inoculated
with a bacterial consortium of Bacillus subtilis and Pseudomonas aeruginosa in the treatment of gasoline engine

exhaust. The biochar was made by the pyrolysis of woodchips under controlled conditions and at 500 C and then
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chemically activated by the ratio of biochar-KOH 1:1 to enhance its porosity, surface area and total adsorption capacity.
The activated biochar was placed into a column and fixed, and flushed with distilled water. To guarantee uniform
colonization of the bacterial cultures grown in nutrient broth, a mixed culture was introduced in the column. The
exhaust of gasoline engines was pumped into gas-tight, sampling bags, and pumped into the column with the help of
a gas compressor, the flow rate was controlled to ensure that the gas stream had enough time to mix with the biofilm.
The system was left in the lab and ran throughout seven days. During the experiment, regular checks were done in
order to have the operating conditions kept constant, and the gas composition, microbial activity, and structural
characteristics of the biochar were assessed at the start and end of the seven-day trial. The activated biochar was cooled
down and then washed by deionised water followed by 0.1 M HCl in the sequence until the pH reached neutral. It was
then dried at 105°C and placed in airtight containers to be subsequently characterized and assembled into biofilters.
Overall, the study design enables systematic evaluation of the combined adsorptive and biodegradative performance
of KOH-activated biochar and hydrocarbon-degrading bacterial consortia for mitigating pollutants in engine exhaust

emissions.

2.2 Biochar Preparation

Wood-chip biomass was collected from Quaid-i-Azam University's Central Workshop in Islamabad, Pakistan. The
feedstock was initially washed to get rid of any loose debris, and then it was oven-dried for four hours at 120 °C to
get rid of any moisture. Dried biomass was then exposed to slow pyrolysis at 500 °C for 90 min under oxygen-limited

conditions in a muffle furnace to obtain raw biochar. Biochar yield was calculated as:
Yield (%) = "2 « 100
L) = —=
Wy

where Wjis the dry feedstock mass and W, is the biochar mass after pyrolysis.

To obtain a uniform particle size appropriate for chemical activation and packing, the biochar was thoroughly crushed
with pestle and mortar and then sieved. Chemical activation was carried out using analytical-grade potassium
hydroxide (KOH). A 1:1 (w/w) biochar—KOH impregnation ratio was prepared and mixed for 1 h, followed by 24 h
impregnation in a shaking incubator to achieve uniform diffusion of the activating agent. The impregnated material

was dried at 100 °C for 48 h, then thermally activated at 750 °C for 1 h in a closed lid ceramic crucible.
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Upon cooling, the activated biochar was sequentially cleaned with deionised water and 0.1 M HCI until the pH was
neutral. It was then dried at 105 °C and kept in airtight containers for subsequent characterization and biofilter

assembly.

2.3 Biochar Characterization

In order to determine the appropriateness of the activated biochar as an adsorptive and physiologically favorable

medium, a comprehensive physicochemical characterization was conducted.

2.3.1 Proximate and Chemical Properties

Proximate analysis was conducted according to the ASTM D1762-84 (2007) standards, in order to establish the
quantity of moisture, volatile matter, ash, and fixed carbon. EC measurements were recorded following a 24-hour
equilibration of a 1:5 (w/v) biochar-water suspension, whereas the pH of biochar was measured by using a 1:10 (w/v)
suspension. Collectively, these properties reveal information about acidity, ionic strength as well as carbon structure-

parameters which are important in microbial colonisation and effective pollutant adsorption.

2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra were taken on a PerkinElmer system at the wavelength range of 400-4000 cm™. In order to analyze
the chemical changes that pyrolysis and further activation by KOH caused, some of the key functional groups, such
as hydroxyl (OH), carbonyl (C=0), aromatic C=C, and carboxyl groups, were analyzed. The reactive surface sites that
help in adsorbing VOCs and biocatalytic interactions were determined through the variation in the peak intensity and

changes in the band position.

2.4 Microbial Consortium

Bacillus subtilis and Pseudomonas aeruginosa, the hydrocarbon-degrading bacterial strains, were chosen due to their

favourable metabolic abilities regarding the degradation of VOCs.

Pure cultures were streaked on nutrient agar and incubated for 24 h at 37 °C. Isolated colonies were inoculated
separately into 50 mL nutrient broth and cultivated at 150-200 rpm for 18—24 h until reaching ODsoo = 0.6—0.8 (~10®
CFU/mL). Equal volumes of both cultures were then mixed and co-incubated for 18—24 h to form a stable microbial

consortium. Gram staining, microscopic inspection, and biochemical tests such as catalase, citrate utilization, urease,
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indole, and lactose fermentation tests, assisted by API identification kit, were used to validate the identity and viability

of the strains. The validated consortium was used for immobilization in the biofilter column.

2.5 Fixed-bed Column Setup

The fixed-bed biofilter was built using a cylindrical glass column with an internal diameter of 2.5 cm and a length of
15 cm. After being cleaned with 70% ethanol and washed with sterile water, the column was autoclaved for 15 minutes
at 121 °C.
The filter bed was prepared by evenly packing 30 g of sterilized activated biochar. A peristaltic pump was used to flow
500 mL of sterile distilled water through the column in order to eliminate particulates and guarantee uniform settling.
During the biofiltration process, permeability and adequate void fraction were made certain to allow uniform gas

distribution.

2.6 Exhaust Generation and Delivery

A 125 cc motorcycle engine was used as the source of gasoline exhaust and operated at a steady idle speed of
approximately 1,400—1,600 RPM to keep the exhaust composition consistent. Before collecting samples, the engine
was run for 10 minutes to reach stable operating conditions, since emissions during cold start are known to fluctuate
and can strongly affect VOC, BTEX, CO, and NOx levels. Once the engine reached thermal equilibrium, exhaust gases
were sampled directly from the tailpipe. To maintain the original chemical makeup of the exhaust, including volatile
organic compounds (VOCs), BTEX species, carbon monoxide (CO), nitrogen oxides (NOy), and other combustion-
related pollutants, the exhaust was collected in 2 L Teflon gas-tight sampling bags. The bags were then directly
attached to the biofilter inlet with airtight Teflon tubing, reducing the chances of leakage, dilution or contamination

by ambient air.

A low-flow air compressor was then used to feed the exhaust at a maintained flow rate of 2.0 L min -1 in the fixed-
bed biofilter column. This flow rate ensured constant and even load of pollutants without causing too much pressure
drop or channeling in the biofilter bed. Based on the column dimensions (2.5 cm internal diameter X 15 cm length),
the internal column volume was approximately 0.074 L, giving an empty bed residence time (EBRT = V/Q) of

approximately 2.2 s, which is adequate to permit effective gas—biofilm contact and microbial degradation.
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2.7 Biofilm Formation and Operation

The microbial consortium was prepared and the 250 mL of it was added to the biochar packed column in six hours. In
order to ensure even attachment of the microbes in the bed, up-flow and down-flow cycles alternated. The system was
left undisturbed two to four hours after inoculation so that the microorganisms could settle on the biochar surface and
start to form an introductory biofilm layer. A nutrient medium was then added to the flow of 0.75 mL/min to support
the growth of biofilms under nonstress conditions and induce the microbial metabolism prior to exposure to exhaust

pollutants after 48 hours.

The compressor, fixed-bed column, and exhaust sampling bag were then connected together, creating a recirculating
biofiltration system made in a closed-loop. Seven days of continuous feeding of gasoline exhaust into the column at
room temperature was carried out. The microbial activity in this stage was ensured through a steady flow rate and
internal hydraulic pressure, avoiding desiccation, biofilm detachment by shear forces, and oxygen limitation. The
performance of the biofilter after some time was analyzed by collecting samples of the exhaust gases before and after

the biofiltration.

2.8 Analytical Evaluation

2.8.1 Gas Chromatography—Mass Spectrometry (GC-MS)

The Gas Chromatography-Mass Spectrometry (GC-MS) is a type of chromatography that is equipped with a mass
spectrometer (MS) at its end. All samples of exhaust (treated and untreated) were extracted with dichloromethane
(DCM) solvent and had to undergo GCMS to measure VOCs, BTEX compounds, and other hydrocarbons. Separating
the compounds upon injection was done in split/splitless mode in a capillary column with optimized temperature
program in light aromatics and aliphatics. The compounds were identified using the NIST mass spectral library
matching and typical fragmentation patterns. Chromatographic peak areal extents were used as a basis of quantitative

evaluation and inlet-outlet concentration differentials were used to calculate removal efficiencies.
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2.8.2 FTIR Analysis of Biochar Before and After Treatment

FTIR (4000-400 cm™) was used to assess the alteration in surface functional groups of the biochar samples before
exposure to gasoline exhaust pollutants and after exposure. The disparity will be taken as a pointer of removal

performance of the biofilter.

3 Results

3.1 Physical Characteristics of Biochar:

The biochar generated during the pyrolysis process of the woodchips at 500°C in 90 minutes had a matte, dark black
solid, an indicator which sufficiently revealed that the biomass was completely carbonized. The end product was a
biochar of 36.9% or slightly more than a third of the starting mass of the woodchip turned to solid carbon. This yield
represent an efficient thermal conversion at the selected conditions and is quite close to the range of values generally

cited with lignocellulosic materials subjected to these temperatures.

3.2 Proximate Analysis of Biochar:

The proximate analysis indicates that the properties of the woodchips biochar have changed significantly once they
have been activated with KOH. The untreated biochar contained some traces of moisture (0.75%), and the activated
material was totally dry, which means that more bound water was removed. The percentage loss in volatile matter was
also found to be considerably high, going down to 20.5% on activation compared to 37.5% of the inactivated biochar,
which indicates an increase in thermal stability, and an enhanced carbon structure. Meanwhile, the amount of ash rose
to 15.1% as opposed to 10.07% in the initial sample, which is probably caused by inorganic residues that were
deposited during the activation process. Such modifications were also followed by an increment in fixed carbon, which
rose from 52.4% in the untreated sample to 58.5% in the KOH-activated biochar. By and large, the findings propose
the notion that chemical activation increased carbon enrichment and a more stabilized and adsorptive material that can

be applied in the environment.

10
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3.3 Chemical Characterization of Biochar:

The biochar of woodchips had a pH of 7.0 which implies that it is neither an acid nor basic and can be widely applied.
Its electrical conductivity (EC) was between 2.2-5.0 uS cm™ indicating a low concentration of soluble salts and
indicating that it is chemically stable. These properties advocate the use of the biochar in adsorption and remediation

of the environment.

3.4 Microscopy of Bacterial strains:

Both strains used in the biofiltration column set up were examined using microscopy. They are depicted in below:

Fig. 2 Gram-stained Bacillus subtilis: (a) low-magnification field showing purple-stained, rod-shaped cells
arranged in long chains typical of Gram-positive bacilli; (b) higher-magnification view of a chained cluster showing

the characteristic rod morphology

Figure 2 shows microscopy of Bacillus subtilis after a Gram stain. The cells stain purple, which tells us they are Gram-
positive, and they have the classic rod shape expected for this species. Many of the bacteria form long chains, while
others are seen on their own or in small clusters, a pattern that reflects how the cells divide and often stay connected.
The rods are fairly consistent in size and shape, giving the slide a neat, organized look. Altogether, the staining and

arrangement are typical of B. subtilis and help set it apart from round bacteria or Gram-negative organisms.

11
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Fig. 3 Gram-stained Pseudomonas aeruginosa: (a) low-magnification field showing pink to red, slender, straight-to-
slightly-curved rod-shaped cells characteristic of Gram-negative bacilli; (b) higher-magnification view of the rod-

shaped cell morphology

Figure 3 gives the image of P. aeruginosa Under the microscope, which appears as slender, straight to slightly curved
rod-shaped cells, typically arranged singly or in short, loose groupings. In Gram-stained preparations, the cells take
on a pink to red color, confirming their Gram-negative nature. The rods are fairly uniform in size, giving the field a
fine, evenly distributed texture, although denser clusters can sometimes be seen where cells have accumulated.
Overall, the morphology is clean and well defined, with smooth cell outlines and a characteristic bacillary form that

reflects a healthy, actively growing population.

3.5 FTIR Results

Figure 4 provides FTIR spectrum of woodchips biochar before the activation of KOH (NAB1).

12
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Fig. 4 Non-activated Biochar FTIR spectrum (NAB1)

Table 1 FTIR absorption peaks and functional groups identified in NABI sample

Wavenumber (cm™)

Functional Group

Interpretation

627-631 cm™ Aromatic C—H out-of-plane Indicates residual aromatic ring
bending structures from lignin or other plant
materials.
580-620 cm™ C-Br / C—Cl stretching Possible trace halogens, may arise
from process residues.
520-565 cm™ Metal-O or Si—O Suggests the presence of inorganic
bending/stretching minerals (e.g., silicates, oxides from
ash).
<520 cm™ Lattice vibrations or Fe-O/Mg—O | Can also indicate heavy metal

types

residues or crystalline ash

components.

13
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In the FTIR spectrum interpretation shown in Table 1, there are multiple structural and inorganic remnants of the

sample. The band at 627-631 cm’! indicates leftover aromatic rings, which is probably the result of lignin-based

materials. Absorptions at 580-620 cm™ indicates the presence of trace inorganic halogen-containing groups, and the

such 520-565 cm™ indicates the presence of an inorganic mineral phase like metal oxygen or silicate compounds.

Peaks less than 520 cm™! also contribute towards the existence of lattice vibrations that would relate to the existence

of heavy-metal oxides or crystalline ash materials.

Figure 5 shows the spectrum of KOH activated woodchips biochar (BT1) before exposure to pollutants of the gasoline

engine in the biofilter.
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Fig. 5 FTIR spectrum of KOH activated Biochar before treatment in biofilter (BT1)

Table 2 FTIR absorption peaks and functional groups identified in BT1 sample

Wavenumber (cm™)

Functional Group

Interpretation

665-675 cm™!

Aromatic C—H out-of-plane

bending

Stronger than in NAB1, suggesting
more developed aromatic ring

structures

14
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615-625 cm™ C—Cl1/ C-Br or metal-O stretching | May indicate residual potassium
compounds (e.g., KCI, KBr, or

metal-oxygen bonds)

540-580 cm™ Si—O or metal-O stretching Likely from ash or reaction
products of KOH with silica or

other minerals

520 cm™! Strong metal-O or K-O bonding Indicates potassium residues from

KOH activation

As shown in Table 2, A greater aromatic C—H out-of-plane bending band of higher intensity at 665-675 cm™! can be
observed in the FTIR spectrum, which shows that the aromatic ring structure is more developed in the BT1 sample
than in the NAB1 sample. The characteristics of absorption in the range of 615-625cm™! indicate the existence of the
remaining potassium-related substance, including KCl, KBr, or additional metal-oxygen complexes. The presence of
bands at 540-580 cm™! would indicate silicate or metal groups, which are probably due to the presence of ash content
or the result of an activation reaction in activating KOH. Furthermore, a strong band at 520 cm™ also indicates strong

metal-oxygen or K-O bonding, and it is confirmed that potassium residues remain in the activated biochar matrix.

3.5.1 Comparison of BT1 and NABI1:

The most striking comparison is between the KOH-activated biochar (BT1) and non-activated sample in that the
former has a considerably higher peak intensity in the range that spans 500-700 cm™! indicating a more well-developed
structural framework. BT1 also has more functional diversity, as it has several other inorganic and aromatic bands
which are mostly missing in the non-activated biochar (NAB1). Specifically, all the peaks related to metal and oxygen
and potassium (including K-O or potassium oxide and carbonate species) can be observed vividly in BT1 yet are weak

or not present in NABI. This verifies the chemical modifications that have been made by activating KOH.

15
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Figure 6 shows the FTIR spectrum of KOH-activated biochar in the end of the biofiltration experiment (AT1).
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Fig. 6 FTIR spectrum of KOH activated Biochar after treatment in biofilter (AT1)

292
293
294 Table 3 FTIR absorption peaks and functional groups identified in ATI sample
Wavenumber (cm™) Functional Group / Interpretation
Vibration
3299 cm™! O—H or N-H stretch (broad) Indicative of hydroxyl or amine
groups; likely from microbial
metabolites, proteins, or EPS
(extracellular polymeric
substances).
2162 cm™ C=C or C=N stretch (alkyne or Could originate from hydrocarbon
nitrile) breakdown products (exhaust gas or
microbial degradation of gasoline
components).
1623 cm™ C=0 (amide I), C=C, or aromatic Stronger than in BT1 — suggests
ring protein binding, aromatic
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296
297
298
299
300
301
302
303
304
305
306
307

308
309
310
311
312

structures, or carbonyl groups

introduced by microbes.

550-650 cm™ Aromatic C—H bend / Metal-O / P— | Enhanced, suggesting metal
o interaction, phosphate groups, or
increased ash/mineral content from

biofilm or gas exposure.

520-530 cm™ K-O or Si-O stretch Still visible from original KOH
activation, but more overlapped

with biological residues.

As interpreted in Table 3, the spectrum of the biologically treated sample shows a number of different characteristics
that indicate the presence of microbial activity, as well as the intrinsic properties of the activated biochar. A wide band
at 3299 cm! implies O -H or N -H vibrations, which reveals the existence of hydroxyl- or amine-containing
biomolecules including microbial metabolites, proteins, or extracellular polymeric substances (EPS). At 2162 cm™!,
attributed to C -C or C -N stretching, there is a peak that is presumably the result of hydrocarbon transformation
products formed in the breakdown of gasoline-derived exhaust products by microbes. This high absorption at 1623
cm! compared to BT1 indicates a greater contribution of amide I (C=0) structure, aromatic C=C structure or
conjugated carbonyl structures associated with microbial colonisation as well as metabolic by-products. The presence
of improved signals at 550-650 cm™' reflects interactions with aromatic C-H bending, or metal-oxygen coordination
or phosphate-containing groups, which is indicative of increased mineral residues or biofilm-associated material. The
rest of the band at 520-530 cm™! is K -O or Si -O stretching remnant of the initial KOH activation, but is partially

covered by the biological residues that form during treatment.

Comparative analysis of the FTIR spectra of the sample before and after biological treatment indicates clearly that the
activated biochar was chemically modified. A clear band is observed in the treated sample at approximately 3300 cm"
I, in O-H or N-H stretching, which was missing or with low intensity in BT1. This feature is an indicator of the
presence of hydroxyl- or amine-containing species that are related to microbial biomass, enzymes or moisture.

Furthermore, the 1600-1700 cm™! region is characterized by a strong positive shift in carbonyl absorption, which
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corresponds to the microbial metabolite, enzyme proteins, or newly developed functional groups. The 2100 -2200 cm
! range further indicates the presence of a new peak attributed to C=C or C=N, which is an indication of an interaction
with the hydrocarbons derived by the exhausts or the transformation products of microbial degradation. Though the
region of 500-700 cm™! still reflects metal-oxygen and ash related vibrations, the fact that the intensity of this region
is higher in AT1 could be due to more interactions of minerals, which can be caused by bacterial attachment, phosphate

additions, or alterations in the surface chemistry after treatment.

3.6 GC-MS Results:

Figure 7 and Figure 8 respectively provides the untreated exhaust gas sample and treated exhaust gas sample in the

technique of chromatography prepared and analyzed in analytical grade Di-cholormethane (DCM) solvent.
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2 2
= 1.02 *
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Retention Time (min)

Fig. 7 Chromatogram of Untreated Exhaust Gas sample prepared in Di-Chloromethane (DCM)

The chromatogram indicates that there is a rich chemical mixture that is spread in the large range of retention time,
where majority of the compounds eluted in the initial stages between 1.0 and 3.5 minutes. It is a high density area with
sharp and well resolved peaks implying a high concentration of light hydrocarbons and oxygenated volatiles that travel
rapidly through the column under the conditions applied. This part has clear indications at 1.02, 1.45, 1.79, 2.17,2.33,
2.60, and 3.02 minutes that represent a high-density concentration of low-molecular-weight aromatics, aliphatics and
small aldehydes or alcohols. In addition to this initial window, there are clear peaks at approximately 4.46, 4.67 and
5.99 minutes indicating the existence of compounds of moderate weight. Some subsequent-eluting components can
be observed close to 8.97, 10.38 and 10.75 minutes, which may be considered the heavier aromatics and species of
the ester type. Collectively, the profile is a representation of the very complex nature of the exhaust-derived sample,
where the separation of the various peaks is excellent, and the baseline is stable to allow the identification and

quantification of the various compounds with confidence.
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Fig. 8 Chromatogram of Treated Exhaust Gas sample prepared in DCM

The change in the chemical composition of the treated exhaust sample is evident in the chromatogram and this shows
the effects of the treatment process. Just as in the untreated sample, the majority of compounds continue to be eluted
early, roughly between 1.0 and 3.5 minutes in general, although the overall distribution is significantly cleaner with
less overlap between peaks and even more defined and distinct signals. Strong responses at around 2.01, 3.14, 4.65,
5.22, and 6.11 minutes stand out, suggesting that only a limited number of compounds dominate after treatment. A
few mid-range peaks near 4.46 and 5.99 minutes remain visible, while just two late-eluting components appear around
8.99 and 10.74 minutes. Compared to the untreated exhaust, the later part of the chromatogram is far less crowded,

reflecting a clear shift in composition as a result of the treatment.

3.6.1 Mass Spectrometry

Table 4 Compounds identification in Untreated Gas Sample

Retention Time| Compound |Relative Area % | Match Quality
(min)

1.02 Benzene 0.96 96
1.449 Nonane 3 95
1.789 Octane 1.27 96

1.87 m-Xylene 7.44 94
1.933 Styrene 5.6 92
1.991 Hexane 5.54 91
2.068 Benzaldehyde 0.7 87
2.082 Acetic acid 3.13 97
2.132 Acetaldehyde 4.88 97
2.169 Cresol 2.67 86
2.335 Propanoic acid 6.85 86
2.378 o0-Xylene 3.67 89
2.599 Ethanol 4.71 89
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347

348

2.69 Acetone 532 97
2.741 Decane 2.92 84
2.764 Toluene 1.78 82
3.073 Benzoic acid 5.38 89
3.149 Butanol 4.38 84
3.219 Isopropanol 1.07 87
3.319 Phenol 1.15 93
4.464 Ethylbenzene 2.23 93
4.665 Formaldehyde 6.86 86
5.986 Heptane 90

8.97 Ethyl acetate 2.72 90
10.326 Methanol 1.79 92
10.752 Naphthalene 7.35 91

Table 5 Compounds identification in Bio-filter treated Sample

Retention Time Compound Relative [Match Quality
(min) Area %
1.446 Nonane 4.52 95
1.796 Octane 1.56 96
1.936 Styrene 5.96 92
2.067 Benzaldehyde 1.12 87
2.092 Acetic acid 4.63 97
2.172 Cresol 3 86
2.366 0-Xylene 3.15 89
2.494 2-Hydroxybenzaldehyde 5.95 82
2.594 Ethanol 4.95 89
2.707 Acetone 7.66 97
2.748 Decane 2.19 84
2.756 Toluene 1.26 82
3.058 Benzoic acid 7.77 89
3.141 Butanol 4.93 84
3.223 Isopropanol 0.86 87
3.324 Phenol 0.61 93
4.46 Ethylbenzene 1.28 93
4.617 Catechol 2.75 86
4.646 Formaldehyde 10.18 86
5.216 Acetaldehyde 6.14 89
5.993 Heptane 4 90
6.113 Propanoic acid 8.13 88
8.989 Ethyl acetate 1.89 90
10.744 Naphthalene 1.67 91
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The standard formula for removal efficiency (RE) is:

<C%area before ~ C%area after) <100

C%area before

According to this, the removal efficiency for each targeting BTEX compounds and PAH (Naphthalene) was calculated

individually along with removal efficiency of all of them combined. This is shown in Table 6.

Table 6 Removal Efficiency calculation

Compound Area Before (%) Area After (%) Reduction Efficiency (%)
Benzene 0.96 0 100

Toluene 1.78 1.26 29.21

Ethylbenzene 2.23 1.28 42.6

0-Xylene 3.67 3.15 14.17

m-Xylene 7.44 0 100

Naphthalene 7.35 1.67 77.28

TOTAL (BTEX+Naphthalene) 23.43 7.36 68.59%

Because these values are expressed as relative peak area rather than absolute concentration, apparent increases in
individual compounds may partly reflect renormalization to the total peak area rather than true production;
formaldehyde and acetaldehyde, for example, both increased in relative abundance after treatment despite not being
among the compounds targeted for removal. Removal efficiencies reported here should therefore be interpreted as

semi-quantitative rather than absolute.

4 Discussion

Biochar has gained a lot of attention in the environmental remediation area because of its porous nature, high surface
area and chemically reactive carbon network as well as its sustainability and low cost. It offers a two-fold advantage
of eliminating pollutants as well as sequestration of carbon. Its hydrocarbon, particulate matter, and volatile organic

compounds (VOC) adsorbing properties are determined by pore fillers, n-n electron donor acceptor interactions, and
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electrostatic forces. Specifically, biochar prepared by woodchips followed by its activation with potassium hydroxide
(KOH) demonstrates an improved porosity and surface chemistry, rich in minerals, which is why it could be a

promising solution to the gasoline engine exhaust treatment (Diaz-Maroto & Masek, 2023).

When applied to Pakistan, biochar and sustainable environmental technologies research is gaining traction, however,
most of the existing research has been conducted in the areas of soil improvement and agricultural uses, but not in air
pollution mitigation. Agricultural residues production into biochar (as a measure to mitigate open-field burning and
smog) has been tested as pilot projects because biochar production offers national sustainable agriculture and climate
benefits (biochar pilots under COP29 goals) as well. The importance of these initiatives is especially explained by the
fact that Pakistan is one of the countries with the poorest air quality in the world, and high rates of PM2.5 emissions
associated with automobile traffic and other factors are highly dangerous to human health. Although the necessity to
find a solution to air pollution is acute, there is an evident deficit in studies on the topic that specifically focuses on
the use of biochar in addressing vehicle pollution, which makes the current research relevant and innovative in terms

of developing air pollution regulation practices that can be applied to address the Pakistan’s environmental issues.

Even though biochar alone is also an effective physical and chemical adsorbent, by combining it with microbial
consortia like Bacillus subtilis and Pseudomonas aeruginosa, it is possible to have a synergistic biofiltration system
that would be capable of capturing and degrading gaseous pollutants. These microbes have various metabolic
pathways on oxidation of hydrocarbons, and the biochar immobilization offers a protective microenvironment and
availability of adsorbed pollutants. It is a combination of adsorption and biodegradation processes that not only
increases the life of filters by biologically replacing the lost adsorption sites, but also provides an alternative to

conventional adsorption only filters (Chaudhary, 2023; Zhao et al., 2022).

Proximate analysis ensured that there was significant physicochemical enrichment of woodchip biochar after
activation of KOH. The activated material had lower moisture and volatile matter, higher ash content and higher fixed
carbon compared to non activated biochar, showing better carbonization, aromaticity and thermal stability. Lima et al.
(2015) also described similar activation trends; nevertheless, their procedure involved more severe activation
conditions and increased chemical loading. Conversely, the current study produced significant structural enhancement

under the moderate pyrolysis conditions (500 °C, 1.5 h) showing better energy efficiency and scalability.
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This increment in ash level following activation correlates with base catalyzed mineral changes and remnants of
potassium compounds, which were earlier documented (Lima et al., 2015). Biochar yield (36.9%), near-neutral pH
(7.0), and EC values (2.2-5.0 uS cm™!) were in agreement with values at wood-based biochar that Beesley et al. (2010)
reported and thus indicated suitability to use in environmental practices. As compared to previous works, this research
also develops wood-derived biochar in the context of practical air pollution control systems, rather than relying on
agronomic applications. In addition, Consortium based method offers greater metabolic diversity and system stability
over mono culture biofilters, boosts tolerance to changing exhausts compositions and broadens hydrocarbon-

degradation pathways.

The FTIR analysis showed that the non-activated and KOH-activated biochar had significant structural and
mineralogical changes especially in the low-wavenumber region (below 700 cm™! ) that is associated with aromatic
skeletal vibrations, inorganic ash components, and metal-oxygen bonding. The absorption band at 627-631 cm! is
associated with the out-of-plane bending of aromatic C -H in non-activated biochar, which proves the existence of
condensed aromatic structures formation through the use of lignin-rich biomass, which is consistent with Keiluweit et
al. (2010) and Zhao et al. (2017). Other bands present at 580-620 cm™ are due to C -Cl/ C -Br vibration which is
probably because of the presence of trace halogens introduced in the growth or processing of biomass (Beesley et al.,
2010). Bands that are lower than 565 cm™! denote metal oxide and silicate lattice vibrations due to its ash fraction

(Lima et al., 2015).

After the addition of KOH, aromatic skeletal vibrations of 665-675 cm™' were enhanced, as a result of enhanced
aromatic condensation and carbon reorganization. This is consistent with the results of Zhao et al. (2017) and Corro
et al. (2024), who found an improvement in the graphitic domain formation when KOH is activated. The presence of
strong potassium-oxygen and metal-oxygen bands at 615-625 cm™ and 520-521 cm! proves the integration of mineral
phases with potassium to the carbon structure (Lima et al., 2015; David, 2023; Sadegh et al., 2024). These are mineral
carbon hybrid structures that increase the n-w interaction between aromatic hydrocarbons and provide sites of catalysis,
enabling the activated biochar to be utilized as an adsorbent and catalytic support. The analysis of the FTIR spectrums
before and after the biological treatment showed that the biochar was definitely chemically altered. The main band at
about 3300 cm™ in the treated sample is an indication of O-H or N-H stretching, which is a species with hydroxyl or

amine molecules associated with microbial biomass, enzymes or moisture. The 1600-1700 ¢cm™' zone was also

23



418
419
420
421
422

423
424
425
426
427
428
429
430

431
432
433
434
435
436
437

438
439
440
441
442
443
444

positively changed by carbonyl absorption to indicate microbial metabolites, enzyme proteins or functional groups
formed. The appearance of a new peak in the 2100-2200 cm™! range implies the interactions with hydrocarbons or with
products of microbial transformation. The 500-700 cm™ range also highlights the presence of metaloxygen and ash
vibrations though the greater strength in the treated biochar indicates higher mineral interactions either by attaching

bacteria or reacting with surface chemistry.

The direct evidence of the effectiveness of the developed biofiltration system to treat the gasoline engine exhaust is
provided by the GCMS analysis. The untreated exhaust chromatogram had high-intensity peaks of BTEX compounds
and other hydrocarbons, which are similar to those observed by Allahabady and Yousefi (2022). Peak number and
intensity were significantly low after treatment, which showed efficient removal of pollutants. The selective oxidation
of alkyl side chains by the microbial consortium is in agreement with Mukherjee & Bordoloi (2012) and Wu & Xiu
(2023) and indicates that mitigation oxidized m-xylene and ethylbenzene over the alkyl side chains. Further evidence
of the high affinity of the activated biochar to lipophilic PAHs and their microbial degradation is high sorption of

naphthalene (77.3%), which is mentioned by Zhou & Shi (2022).

The post-treatment appearance of catechol (2.75%) and 2-hydroxybenzaldehyde (5.95%), both absent from the
untreated chromatogram, is consistent with ring-hydroxylation and ring-cleavage activity typical of monooxygenase-
and dioxygenase-mediated aromatic biodegradation pathways (Seo & Keum, 2009). Although earlier studies have
investigated biochar as a microbial support medium (El-Naas & Acio, 2014; Jayawardhana & Keerthanan, 2021), the
current research contributes to the development of this idea by showing continuous treatment of gasoline exhaust in a
fixed-bed setup. In line with the research of Niu et al. (2024), biochar increased the efficiency of the mass transfer and

biofilm growth and facilitated the gas-phase remediation compared to laboratory aqueous systems.

Overall, this paper substantiates that KOH-activated woodchip biochar immobilized by a consortium of Bacillus
subtilis and Pseudomonas aeruginosa is capable of capturing gasoline engine exhaust pollutants in a synergistic
adsorption-biodegradation mechanism. It should be noted that these findings are based on a single experimental run
rather than replicate trials, so the reported removal efficiencies represent a preliminary indication of feasibility rather
than a statistically validated result; replicate runs would be needed to establish the reproducibility of these findings.
Even though substantial decreases in hazardous hydrocarbons and VOCs were confirmed under controlled laboratory

conditions, this system is not yet tested in terms of long-term stability of microbes, safety of biochar, and its
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functioning during the changing compositions of exhausts. Future directions in this would be therefore towards
continuous flow and field scale validation, long term operational stability and investigation of alternative biomass
feedstocks or microbial consortia to expand degradation pathways. Addressing these aspects in future research might

further validate the biofilter’s biodegradation potential.

5 Conclusion

In this paper, it has been shown that KOH-activated biochar on woodchips is an effective media in the removal of
gasoline engine exhausts. FTIR, proximate, and pH/EC analysis revealed that the biochar had high porosity, structural
stability, and a large number of functional groups, which offered an ideal surface on which microbes could be
colonized. An effective consortium of Bacillus subtilis and Pseudomonas aeruginosa was effectively immobilized on
biochar, which increased the biodegradation and formed a synergistic system that was able to remove volatile organic
compounds and other dangerous contaminants. The analysis, GC-MS and FTIR, reflected that there was a significant
reduction in harmful emissions, which indicates the feasibility of the method. Experiments were, however, done in
controlled laboratory conditions and may not fully represent real-world exhaust streams. The long-term microbial
stability, the biochar durability and the performance under variable exhaust compositions are not tested. Future studies
should concentrate on continuous-flow and field-scale applications, long term operation evaluations and exploration
of alternative biomass feeds and microbial consortia to widen the degradation routes. With more optimization, this
biologically active biochar platform can be a cheaper solution to the control of vehicular emissions, specifically in

industrial and urban areas of Pakistan.
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