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A B S T R A C T

This study investigated a new approach for synthesizing Bacillus subtilis biofilm-supported Mn–Ce/zeolite catalysts
for the degradation of gaseous toluene. Four different metal oxide nano-catalysts (ZMn, ZMnCe-10%, ZMnCe-
20%, and ZMnCe-30%) were synthesized with varying ratios of manganese (Mn) and cerium (Ce) on zeolite
nanoparticles. TEM, SEM, XRD, BET, XPS, and EDX mapping were used to examine these four samples, as well as
simple zeolite. Based on these analyses, the catalytic activity of the prepared samples ZMn, ZMnCe-10%, ZMnCe-
20%, and ZMnCe-30% for the complete oxidation of toluene and toluene intermediate products were tested with
Non-thermal plasma (NTP) technology in a dielectric barrier discharge (DBD) reactor. Among all, ZMnCe-20%
showed the highest toluene degradation efficiency (89%) at low concentrations (200 ppm) and humidity (>50%).
Later, highly efficient and hydrophobic nano-biocatalysts were prepared by combining B. subtilis biofilm wild-type
(WT) and engineered B. subtilis biofilm EPS with ZMnCe-20% catalyst. EPS is the main component found in
biofilm matrix and plays a key role in influencing properties such as biofilm stability, electron transfer, surface
roughness and hydrophobicity. Compared to WT B. subtilis biofilm, EPS overexpressed B. subtilis biofilm showed
stronger growth and development on ZMnCe-20% nanocatalyst. Moreover, the NTP system packed with ZMnCe-
20%/biofilm (EPSþ) nano-biocatalyst exhibited the highest toluene degradation activity (99%) with (83%) CO2

selectivity, (up to 50%) reduction in NOx concentration and complete ozone decomposition at (250 ppm) toluene
concentrations and increased humidity (>90%). High-energy electrons generated in the NTP system break the
C–H and C–C bond between the rings of the toluene molecule, forming several byproducts which are later reacted
with active radical species such as O�, OH�, and O3 and further converted into final degradation products (CO2 and
H2O). The results demonstrated successful biofilm development and growth on the ZMnCe-20% catalyst with
advanced features such as superhydrophobicity, H2O resistance, improved surface roughness, and electron gen-
eration. In short, the study's approach combines bioengineering and material science to develop sustainable nano-
biocatalysts for removing VOCs in industrial and environmental settings.
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1. Introduction

The emission of toxic volatile organic compounds (VOCs) from in-
dustrial sources has been increasing continuously, exceeding the emis-
sion control standard limit of 60 mg/m3 [1,2], and polluting the air
quality, posing a serious threat to the ecosystem [3]. Inhaling these toxic
compounds from industrial and human-made organic products and
chemicals increases the risk of short and long-term adverse health effects
[4,5]. Toluene, a major toxic VOC compound, is widely used as a solvent
in industries such as paint, dye, textile, and fertilizer. However, the direct
release of toluene into the air is considered one of the most dangerous air
pollutants [6,7], and it has been designated as a hazardous chemical by
the EPA [8,9]. Inhalation of toluene can result in respiratory depression,
headaches, fatigue, hallucinations, nausea, dizziness, and other adverse
effects, even at low levels [10,11]. Respiratory diseases and lung cancer
are highly associated with long-term exposure to toluene emissions from
industrial sources [12–16].

In recent years, scientists have turned to zeolite for the remediation of
toluene due to its high adsorption efficiency, low cost, and excellent
mechanical stability [17,18]. Zeolite nanoparticles (NPs) with low cost
have gained much attention due to their hydrophobic properties, active
pore system, and ability to catalyze oxidation reactions [19,20]. Zeolite
NPs exhibit excellent chemical and physical features [21] and are applied
as an absorbent, catalyst, and carrier for microbes for toluene degrada-
tion activity [22]. Metals deposited on zeolite NPs coupled with
non-thermal plasma (NTP) technology are emerging as a promising
strategy for the catalytic oxidation of toluene [23,24]. NTP technology
generates highly energetic electrons with reactive particle species (�OH
and O� free radicals) that collide with toluene molecules on the catalyst
surface initiating the degradation of toluene or converting it into another
less toxic by-product at room temperature [25].

Noble metals deposited on zeolite NPs have demonstrated full toluene
degradation [26,27]. However, the high cost and rare availability of
noble metals restrict their commercial applicability. Therefore, several
deposited transition metals (Co, Cu, Fe, etc.) on zeolite surface have been
proven to be cost-effective and efficient catalysts in the oxidation of
toluene under the NTP system [28–32]. Among the most active metal
oxides tested on clinoptilolite, manganese (Mn) was found to be highly
effective and durable [33]. Several reports have documented the catalytic
properties of Mn metal oxides deposited on zeolite NPs for the catalytic
oxidation of toluene [24,34]. The abundance of lattice oxygen species on
the surface of Mn-supported zeolite plays a major role in the oxidation of
toluene molecules [35]. Although several experimental strategies have
been carried out on toluene oxidation by Mn-deposited zeolite NPs
coupled with the NTP system, the complete degradation of toluene at
high concentrations and humidity remains a challenge. Sometimes,
during the degradation of toluene, ozone is formed as a byproduct and is
unable to be degraded by Mn metal [36]. Therefore, nanostructured
CeO2, as a low-cost catalyst, has been taken into consideration due to its
excellent ozonation activity. Ce oxide in the form of (Ce4þ/Ce3þ pairs)
plays a key role in the generation of the hydroxyl radicals that can store
and release oxygen in the ozonation activity [26,37,38].

Metal-supported zeolite-based catalysts are highly regarded for their
high surface area, and excellent mechanical and thermal stability, and are
considered for the adsorption and degradation of toluene. However, one
of the significant drawbacks of zeolite catalysts is their low resistance to
H2O vapors, which is attributed to the hydrophilic nature of zeolite [39].
The hydrophilic behavior of zeolite is not only associated with the Si/Al
ratio in the structure but also with the binders and H2O content, which
are expected to block pore channels [40]. Guillemot et al. [41] found that
water vapors negatively influenced the adsorption capacity of zeolites.
Under higher humidity conditions, the toluene conversion rate began to
decrease, and the catalyst slowly deactivated due to the blockage of
active pores, mainly by H2O molecules [34].

The external surface and cavities of some zeolites contain both
acid–base sites. These sites form stronger bonds with H2O vapors, leading
2

to a reduction in the adsorption of toluene molecules. Additionally, a
significant cluster of H2O is sometimes formed on the surface of zeolite
silanol groups due to hydrogen bonding, which significantly reduces or
even blocks the transfer of toluene molecules into zeolite pores [42].
Therefore, several researchers have proposed the idea of coating the
zeolite surface with a hydrophobic material, which provides resistance
against the water molecules blocking the active sites.

In this context, Bacillus subtilis (B. subtilis), an industrial biofilm-
forming bacterium, has gained attention due to its remarkable visco-
elastic, hydrophobic, and electroactive properties [43–46]. The biofilm
surface of B. subtilis can prevent H2O, solvents, and liquids, making it
useful as a hydrophobic agent in the production of hydrophobic building
materials [47–49]. Recently, bacterial biofilm was grown on Fe-modified
zeolite grains as biocomposites for the degradation of herbicide MCPA
(2-methyl-4-chlorophenoxyacetic acid), and it was found to be an
effective and stable biocomposite for pesticide biodegradation when
treated in both soil and sand [44]. The biofilm-forming B. subtilis bac-
terium is also considered an electrochemically active microorganism
(EAM) [50] capable of expressing both intracellular and extracellular
electron transfer (IET and EET) functions in the biofilm membrane for
respiratory action and energy generation. These electroactive properties
have the potential to transfer electrons from intracellular membranes to
extracellular electron acceptors, such as minerals and electrodes, thereby
increasing the generation of hydroxyl radicals for certain catalytic ac-
tivities [45]. The two main components involved in the formation of
biofilm are extracellular polysaccharides (EPS) and TasA protein [51].
EPS provides mechanical stability to the biofilm and contributes to its
formation and adhesion to the surface [52]. EPS is mainly composed of
polysaccharides that exhibit electric characteristics of the biofilm due to
the presence of several acidic materials, such as uranic acids and
ketal-linked pyruvates. EPS also acts as an electron transfer medium and
promotes the generation of hydroxyl radicals by the catalyst, accelerating
the mineralization reaction [53]. In the global biotech sector, advances in
B. subtilis biofilms for the development of living materials have grown
remarkably in recent years. For example, programmable biofilm-derived
biosensors and biotherapeutic agents have been synthesized by using 3D
printing technology for their practical applications in the biomaterial
industry [54,55]. Previously, in our group, Huang et al. [54] provided
insight into the engineering of the useful protein TasA with synthetic
biology tools to control the functional activity of B. subtilis biofilm. These
genetic engineering tools have opened doors for the modification of
B. subtilis biofilms for further applications and prospects.

Primarily, the current work focuses on the construction of a novel,
efficient, economical, and highly stable nano-biocatalyst for the miner-
alization of toluene, toluene intermediate products, and ozone.
Furthermore, this study presents an alternative approach to conventional
physical, chemical, and biological therapies for the degradation or
reduction of toluene toxicity. It also addresses the challenges associated
with complex modern 3D architectural constructs and noble metals, as
they have demonstrated full toluene degradation. However, the complex
synthesis process of these catalysts, and high cost restrict their com-
mercial applicability for removing VOCs in industrial and environmental
settings. The study aims to synthesize zeolite-based metal catalysts
entrapped in engineered B. subtilis biofilms with excellent toluene
removal activity and stability under wet conditions. Different samples of
Mn–Ce/zeolite nano-catalyst were prepared by loading appropriate % wt
of Mn and Ce on zeolite NPs using the wet impregnation method and
tested in a DBD reactor to analyze their catalytic activity for toluene
oxidation as per the method described in a previous study [56]. In the
second part of the study, an EPS overexpression strain 2569 ΔtasAΔsinR
was constructed and coupled with the synthesized nano-catalyst to check
the toluene removal activity with the NTP system. The main objective of
this study was to synthesize an inexpensive and highly active
nano-biocatalyst with novel approach using combined features and ap-
plications of zeolite as an adsorbent material for the adsorption of
toluene. Whereas, Mn and Ce NPs were used for the ozone enhanced deep
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catalytic oxidation of toluene and toluene intermediates, along with
engineered B. subtilis biofilms which showed water repulsion activity.
Moreover, this engineered biofilm acts as an electron transfer medium
and promotes the generation of hydroxyl radicals by the catalyst, accel-
erating the mineralization reaction exhibiting complete toluene degra-
dation activity compared to the expensive noble metal-based catalyst.

2. Results and discussion

2.1. Characterization of Mn–Ce/zeolite nano-catalysts

The composition of all Mn–Ce/zeolite nano-catalysts was determined
using different characterization techniques and described in detail with
supporting data, respectively. In order to determine the distribution and
content of elements in the synthetic Mn–Ce/zeolite nano-catalysts, SEM
and TEM analysis were carried out and illustrated in Fig. 1. As shown in
Fig. 1a, zeolite NPs are observed as a flat sheath-like structure with a
homogeneous surface providing a large number of active sites for toluene
oxidation reactions. Fig. 1b shows changes in zeolite surface morphology
after loading Mn NPs. Clusters that appeared on the surface of the zeolite
indicated that Mn NPs are well distributed on the zeolite sheath. Fig. 1c
and d illustrates that 20 wt% Ce and 30 wt% Ce NPs were loaded suc-
cessfully onto the Mn-zeolite composite changing the morphology of the
Mn-zeolite surface. Numerous spots appeared on the surface of Mn-
zeolite after the loading of 20 wt% Ce NPs. When the ratio of Ce NPs
was increased to 30 wt%, further denser spots appeared and all the cat-
alysts showed serious agglomeration of Mn and Ce NPs on the surface of
the porous zeolite.

It was noted in the TEM image of pure zeolite as shown in Fig. 1e that
the extensive dense porous domain existed on the flat sheath surface.
After the deposition of Mn, the zeolite sheath showed the better disper-
sion of Mn NPs denoted by red circles confirming that they are success-
fully loaded on the surface of zeolite, as shown in Fig. 1f. Then, the
addition of Ce to Mn-zeolite gave rise to a prominent influence on the
nano-catalyst structure. As shown in Fig. 1g and h, blue arrows indicate
that dark spots were highly dispersed on the Mn-zeolite surface as it was
difficult to observe the active pores since they were covered after the
addition of the 20 wt% Ce ratio increased to 30 wt%. This leads to the
Fig. 1. SEM and TEM images of synthesized samples; (a, e) zeolite, (b, f) Mn loaded
30% addition of Ce to Mn-zeolite (blue arrows).
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conclusion that Ce NPs were dispersed to a great extent on the nano-
particle surface with small particle sizes of 10–20 nm. As all the
Mn–Ce/zeolite nano-catalysts showed serious agglomeration of Mn and
Ce NPs on the zeolite surface, it was difficult to differentiate Mn and Ce
NPs in high-resolution TEM images, which was in agreement with the
recently documented study [57]. Therefore, the presence of all elements
in the synthetic Mn–Ce/zeolite nano-catalysts was confirmed with
SEM-EDX mapping.

Fig. 2 demonstrates SEM-EDX mapping of the synthesized ZMnCe-
20% catalyst. The mapping revealed large quantities of Mn and Ce NPs
covering the surface of zeolite, confirming a good, homogeneous
dispersion of Mn and Ce on the surface. Additionally, microscopic studies
revealed the presence of oxygen (O) throughout the zeolite surface. It can
be concluded that these highly reactive oxygen species play an important
role in the degradation reaction of toluene and ozone, and also contribute
to improving the reaction time. The loadedMn and Ce NPs resulted in the
appearance of abundant micropores in Mn–Ce/zeolite nano-catalyst,
which was in accordance with the result of N2 adsorption-desorption
isotherm.

The Brunauer–Emmett–Teller (BET) method was used to measure the
SBET of the samples. Manganese modification on zeolite increased the
SBET to a certain extent. Cerium impregnation further increased the SBET
of Mn-zeolite (6.7256 m2/g) compared to simple zeolite at 0.2174 m2/g.
Among the different cerium-impregnated samples, Mn-Zeolite/20% Ce
showed the highest SBET at 8.9666 m2/g compared to Mn-zeolite, Mn-
Zeolite/10% Ce (2.0395 m2/g), and Mn-Zeolite/30% Ce (3.8102 m2/g),
as shown in Fig. 3a. The study concluded that increasing the content of
CeOx on Mn-zeolite might block the pores or disturb the crystalline
structure of the parent catalyst [34].

The isotherms of the synthesized materials showed a type II in the
Brunauer, Deming, Deming, and Teller (BDDT) classification, which is
typical of microporous materials. Mn-zeolite and Mn-Zeolite/20% Ce
exhibited excellent pore volume at 0.026102 cm3/g and 0.021456 cm3/
g, respectively, resulting in improved adsorption performance of the
catalyst compared to Mn-Zeolite/10% Ce (0.005130 cm3/g) and Mn-
Zeolite/30% Ce (0.008090 cm3/g), as shown in Fig. 3b.

The XRD patterns of the zeolite (Z), ZMn, ZMnCe-10%, ZMnCe-20%,
and ZMnCe-30% were observed in Fig. 3c. All the catalysts exhibited the
zeolite (red circles), (c, g) 20% addition of Ce to Mn-zeolite (blue arrows), (d, h)



Fig. 2. EDX mapping of synthesized ZMnCe-20%. SEM image (a) and EDX mapping showed aggregated NPs (b) with elements such as oxygen (c), zeolite (d), cerium
(e) and manganese (f) were analyzed.

Fig. 3. (a) N2 adsorption–desorption isotherms (b) pore size distribution and (c) XRD patterns of the zeolite (Z) (black), ZMn (navy), ZMnCe-10% (blue), ZMnCe-20%
(brown) and ZMnCe-30% (green) in the panel showing zeolite (purple) corresponding to (pdf# 45-0112), Mn2O3 (turquoise) corresponding to (pdf# 33-0900), CeO2

(red) corresponding to (pdf# 34-0394).
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typical pattern of zeolite, with diffraction peaks appear at 2θ ¼ 10.3�,
12�, 15.9�, 19.02�, 20.7�, 24.07�, 27.5�, 31.3� and 31.9� and were found
to be in good agreement with the data of (pdf# 45-0112) confirm that
zeolite was present in all prepared catalysts. The incorporation of Mn
and Ce on zeolite via the wet impregnation method retained similar
characteristic peaks of the zeolite, indicating that the impregnation
method did not damage the structure of the zeolite. Only, the peak in-
tensity for zeolite decreased after the deposition of Mn and Ce content.
In the case of zeolite þ Mn, the diffraction peaks of Mn2O3 were
observed at 2θ¼ 23.7�, 32.2�, 35.5�, 40.6�, 49.9�, 53.2�, 62.2� and 64.1�

indicating the presence of zeolite and Mn in prepared samples 2–5. XRD
peaks of Mn2O3 were found to be in good agreement with the data of
(pdf# 33-0900). In the case of (Z þMn þ 10% Ce), (Z þMn þ 20% Ce),
and (Z þMn þ 30% Ce), the diffraction peaks of CeO2 were observed at
2θ ¼ 28.5�, 33.8�, 47.4�, 56.3�, 69.4� and 76.6� indicating the presence
of Ce in prepared samples 3–5, corresponding to the data of (pdf# 34-
0394).
4

The chemical compositions and oxidation states of the prepared
samples, including zeolite, ZMn, ZMnCe-10%, ZMnCe-20%, and ZMnCe-
30%, were investigated using X-ray photoelectron spectroscopy (XPS).
The results showed that all samples clearly exhibited the presence of
elements, including zeolite, Mn, Ce, and oxygen species. The spectrum of
the Si 2p region for zeolite displayed a clear spin-orbit splitting peak, and
the peak at approximately 102.45 eV in all samples confirmed the pres-
ence of zeolite.

Furthermore, the spectrum of the Mn 2p region for manganese pres-
ence in samples (ZMn, ZMnCe-10%, ZMnCe-20%, and ZMnCe-30%)
showed clear spin-orbit splitting peaks, and the peaks at 641.38, 642.28,
645, 647.66, 655.03, and 653.38 eV. The Mn 2p spectrum peaks indi-
cated the existence of Mn3þ as well as Mn4þ, which is in line with pre-
viously documented reports [58,59]. Similarly, the spectrum of the Ce 3d
5/2 region for cerium displayed clear double spin-orbit splitting peaks,
and the peaks at 882.51, 885.60, 887.54, and 898.28 were consistent
with previous literature [60]. The spectrum of the Ce 3d 3/2 region for
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cerium also displayed clear double spin-orbit splitting peaks, and the
peaks at 901.23, 904.39, 907.37, and 916.63 eV. Moreover, v0, v1 in the
Ce 3d5/2 region, and v00, v10, v20 in Ce 3d3/2 region represent Ce3þ.
Similarly, u0, u1 in the Ce 3d5/2 region, and u10 in the Ce 3d3/2 region
represent Ce4þ. The XPS results indicated the coexistence of Ce3þ and
Ce4þ in the synthesized catalyst (ZMnCe-10%, ZMnCe-20%, and
ZMnCe-30%), which is expected to play a key role in the decomposition
of O3 into hydroxyl radicals and other reactive species. The atomic ratios
of zeolite in sample 1 and Mn3þ, Mn4þ in sample 2 and Ce3þ, Ce4þ in
sample 3–5 have been shown in Fig. 4.

Similarly, the atomic ratio of adsorbed/lattice oxygen species (O 1s)
of all the samples (1–5) has been mentioned in Fig. S1 in Supporting
information for details. All the atomic ratios of the samples have been
identified by curve fitting procedure as mentioned in Table 1 were highly
present in ZMnCe-30% (4.96) and ZMnCe-20% (4.65). From O 1s XPS
spectra, two kinds of oxygen species such as lattice oxygen and adsorbed
oxygen were identified. The high valence content of metals results in the
increased holding of adsorbed oxygen content and reactivity potential.

Fig. S2 in Supporting information for details illustrates the H2-TPR
analysis of the catalysts utilized in the current study. The reduction
Fig. 4. (a) Spectrum of Si 2p region for zeolite, (b) Mn 2p region for manganese dis
cerium display and atomic ratios of Ce3þ and Ce4þ, (d) Spectrum of Ce 3d 3/2 region
region for cerium display and atomic ratios of Ce3þ and Ce4þ.

Table 1
The % ratio of Mn oxides, Ce oxides and oxygen species (lattice oxygen and adsorbed o
30% catalysts using XPS measurements.

Catalyst Mn3þ

B.E. (eV)
Mn4þ

B.E. (eV)
Mn3þ/Mn4þ Ce3þ

B.E. (eV)

Zeolite (Z) – – – –

ZMn 171964 194125 0.88 –

ZMnCe-10% 171964 194125 0.88 52210
ZMnCe-20% 171964 194125 0.88 91987
ZMnCe-30% 171964 194125 0.88 145090

5

peak of ZMn was first detected at 620 �C. With the addition of 10% Ce,
the reduction peak of ZMnCe-10% was shifted towards a higher tem-
perature. However, 20% Ce was found to be the optimal amount to
add as it exhibited the strongest reducibility power, with the reduction
peak beginning at 390 �C. No significant improvement in reducibility
power was observed with further increases in the amount of Ce, as
evidenced in the case of ZMnCe-30%. The broader reduction peak of
ZMnCe-20%, compared to ZMn, ZMnCe-10%, and ZMnCe-30%, is
attributed to its higher reduction power, which is linked to its better
oxidation activity.

The SEM, TEM, and XRD analyses confirmed the presence of zeolite,
Mn, and Ce in all samples, which is consistent with previous studies [34,
58–60]. ZMnCe-20% displayed the highest SBET and reducibility
compared to the other catalysts, while the atomic ratios for Mn, Ce, and
oxygen species were higher in ZMnCe-30% than in ZMnCe-20% when
calculated using curve fitting procedures. These findings suggest that
while ZMnCe-30% had higher atomic ratios for Mn, Ce, and oxygen
species, it had the lowest SBET, resulting in a decreased number of active
pores for the adsorption of toluene molecules, ultimately affecting the
toluene oxidation activity.
play and atomic ratios of Mn3þ and Mn4þ, (c) Spectrum of Ce 3d 3/2 region for
for cerium display and atomic ratios of Ce3þ and Ce4þ, (e) Spectrum of Ce 3d 3/2

xygen) was calculated from zeolite (Z), ZMn, ZMnCe-10%, ZMnCe-20%, ZMnCe-

Ce4þ

B.E. (eV)
Ce3þ/Ce4þ Oadsorbed

B.E. (eV)
Olattice

B.E. (eV)
Oadsorbed/Olattice

– – 159794.6 291976.2 0.54
– – 814238 231969 3.51
48342 1.080 590795.1 201158.1 2.93
79389 1.158 764206.2 164252.1 4.65
116378 1.246 781998.9 157353 4.96
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2.2. Catalytic evaluation of synthesized Mn–Ce/zeolite nano-catalysts with
NTP system

The experiment began with the oxidation of toluene in the NTP
setup alone, where the catalytic activity of the system was investigated
in the absence of the catalyst. Plasma was generated in the NTP system,
which converted most of the electrical energy into highly energetic
electrons. By increasing the input energy, the production of high-energy
electrons, free radicals, ions, and other particles increased, leading to
even more intense collisions between electrons, which further
increased the number of reactions and boosted toluene removal effi-
ciency [61].

Under NTP conditions, toluene is more smoothly destroyed than
other VOCs due to the weak C–C bond between CH3 and C6H5 fragments,
which is in agreement with the documented study [62]. Another theo-
retical study also affirms the distribution of various species (electrons or
active radicals) in the NTP system due to the abundant generation of
methyl radicals during the decomposition of toluene. Such radicals
boost toluene degradation activity by promoting some reactions such as
the decomposition of intermediate o-benzoquinone, giving rise to
several new reaction pathways resulting in the generation of new
unpredicted toxic intermediates [63]. HO2, CH4, H2O, and benzyl rad-
icals (C6H5CH2) are generated in a plasma reactor via H-abstraction
reactions which are able to react further with OH resulting in the for-
mation of benzyl alcohol and benzaldehyde [64]. Furthermore, the
subsequent reaction of benzyl radicals could be responsible for the
combination and activation of toluene molecules [65]. Therefore, direct
toluene degradation in the DBD reactor failed to achieve significant
Fig. 5. (a) Toluene degradation efficiency, (b) Ozone decomposition, (c and d) NOx
10%, ZMnCe-20% and ZMnCe-30%) combined with NTP technology.
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efficiency and resulted in the production of O3 as well as several toxic
by-products.

In the initial series of systematic experiments, the catalytic activity
and selectivity of four different synthesized nano-catalysts (ZMn, ZMnCe-
10%, ZMnCe-20%, and ZMnCe-30%) with the NTP system were carried
out in the DBD reactor at room temperature. Toluene molecules along
with several toxic intermediates were adsorbed on the nano-catalysts'
active sites. The generated free radical species such as O�, OH�, and O3
react with cyclic substances on the surface of nano-catalysts which
further react with the ring substances to break the ring, resulting in the
generation of acids, esters, amides and long-chain alkanes. Further re-
actions on nano-catalysts surface between the high-energy electrons,
radical species, and excited molecules, resulted in the degradation of
toluene and toluene intermediates into several small metabolites such as
CO2, H2O, O3 and NOx [66]. The best toluene degradation efficiency was
observed by ZMnCe-20% at 54 W (89%) at an initial toluene concen-
tration of 200 ppm, and the CO2 selectivity was greater than 65%. The
degradation efficiency decreased with an enhanced initial toluene con-
centration of 250 ppm and high humidity of 90%. However, the degra-
dation efficiency could be balanced at a level of 87% by increasing the
energy efficiency, as shown in Fig. 5a, and a slight decrease in CO2
selectivity was noted. CO2 selectivity is important for evaluating the
performance of plasma-assisted catalyst systems in toluene oxidation
treatment. Higher CO2 selectivity means a higher mineralization rate of
VOCs. The toluene degradation ranking for all the synthesized catalysts
in this study is as follows: ZMnCe-20% > ZMn > ZMnCe-30% >

ZMnCe-10% > NTP alone. Toluene removal efficiency (TRE) and CO2
selectivity were calculated by using the formula:
(NO and NO2) reduction and (e) CO2 selectivity of nano-catalysts (ZMn, ZMnCe-
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Where Cin and Cout are the inlet and outlet concentrations of toluene,
respectively, while (CO2) represents the amount of CO2 monitored from
the outlet.

Toluene removal¼ ½C7H8�in –½C7H8�out
½C7H8�in

� 100% (1)

CO2 selectivity¼ CO2

7ðC7H8Þin � ðC7H8Þout
� 100% (2)

The increased O3 removal in the system is another benefit of the NTP
system packed with nano-catalysts. The O3 concentration in the NTP
system without catalysts was noted at a high level >100 ppm even when
the input energy increased. Because the O3 produced in the NTP system
plays a key role in the catalytic oxidation of toluene, when the NTP is
coupled with the synthesized nano-catalyst, O3 is eliminated. Notably,
the hydroxyl radical and oxygen radicals created by the breakdown of
ozone were the active oxygen species that first caused the degradation of
toluene to begin. Compared to ZMn and NTP alone, ZMnCe-10%, ZMnCe-
20%, and ZMnCe-30% exhibited total ozone elimination, as shown in
Fig. 5b. Based on the ozone removal results, the high ratio of Mn3þ/
Mn4þ, Ce3þ/Ce4þ, and OA/OL ratio of catalysts ZMnCe-10%, ZMnCe-
20%, and ZMnCe-30% were taken into consideration for the excellent
catalytic activity [67].

During toluene oxidation, NOx is formed as an unfavorable
byproduct. In the NTP system, when the input energy is high, Nitrogen
(N2) molecules break down into nitrate N radicals, which react with
atomic oxygen and oxygen radicals to generate NO2. This can affect the
toluene degradation reaction rate and even lead to the deactivation of
the catalyst. However, the synthesized catalyst showed significant sup-
pression of NOx in the NTP system. The addition of O3 to flue gas in the
ozone treatment produced even more promising results as NO formed
during combustion was completely oxidized to NO2. Moreover, the NO
produced at low input energy could not be detected in the system
because it reacts with O3 and produces NO2 [68]. All the prepared
catalysts, especially ZMnCe-20%, showed promising results for toluene
degradation, with a significant reduction in NOx concentration (lower
than 10% for NO and 50% for NO2) compared to NTP alone, as shown in
Fig. 5c and d.

In terms of CO2 selectivity, the order was ZMnCe-20%> ZMnCe-30%
> ZMn > ZMnCe-10% > NTP alone. The ZMnCe-20% catalyst with the
NTP system exhibited the maximum toluene degradation efficiency and
CO2 selectivity (>65%), as shown in Fig. 5e, due to its large surface area
and the greater number of active sites that lead to maximum adsorption
of toluene molecules inside the cavities. This was correlated with SEM,
TEM, and BET results, as well as with the high Mn3þ/Mn4þ, Ce3þ/Ce4þ

and adsorbed/lattice oxygen ratio mentioned in Table 1. By increasing
the input energy to 54 W, the toluene degradation efficiency reached
87%, concluding that high energetic electrons play an important role in
toluene removal. Oxygen-active species (hydroxyl radical and oxygen
radical) formed on the surface of the catalyst as a result of O3 decom-
position. Several intermediates formed during the oxidation of toluene
were further oxidized to CO2 by oxygen-active species, which contrib-
uted to the enhancement of CO2 selectivity.

The NTP system alone showed around 70% degradation of toluene
but also produced around 20 hazardous byproducts identified by
GC–MS chromatogram of the organic byproducts in this experiment.
This is consistent with previous reports documenting the production of
byproducts in the NTP system alone [66,69]. Continuous formation of
these byproducts limits the toluene oxidation application of the NTP
system. However, coupling NTP with synthesized catalysts generates
active species that promote the degradation of toluene and hazardous
byproducts, as shown in Table S1 in Supporting information for details.
Most of the byproducts were not observed after the introduction of
catalysts in the experiment. Benzene, benzonitrile, formic acid, benzyl
alcohol, benzoic acid and benzaldehyde were the main toluene in-
termediates identified by GC–MS chromatogram with and without the
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ZMnCe-based nano-catalysts and are considered to be more toxic than
toluene. These intermediates are generated in relevant abundance
during the toluene degradation activity indicating the breaking and
formation of chemical bonds or occurrence of other oxidation-reduction
reactions between molecules in order to produce new unpredicted toxic
intermediates which are consistent with previous documented studies
[63,70]. Interestingly, by increasing the humidity in the system, the
production of some of the unpredicted toxic intermediates is hindered.
This complex reaction mechanism is attributed to the noble
metal-based catalytic studies [71,72], which reported that H2O vapors
may react with intermediates during the toluene degradation pathway
which might ascribe to the base-catalyzed hydrolysis of ester bonds,
inhibiting the formation of some unpredicted intermediates and lead
the toluene degradation pathway to the direct generation of benzoic
acid.

Maximum degradation of toluene requires high-energy electrons
generated in the NTP system. These electrons and N2 excited states (A3,
a') directly breakdown the C–H and C–C bond between the methyl and
benzene ring of the toluene molecule, forming benzyl and phenyl com-
pounds as byproducts. These byproducts further react with active radical
species such as O�, OH�, and O3 to produce benzyl alcohol, benzaldehyde,
benzoic acid, etc. which are later converted into final degradation
products (CO2 and H2O).

The synthesized catalyst, especially ZMnCe-20%, achieves high
oxidation of toluene but byproducts such as benzene, benzaldehyde,
formic acid, benzyl alcohol, benzoic acid and benzonitrile were detec-
ted with the increase in toluene concentration and high humidity, thus
limiting the deep oxidation of toluene. However, under the increased
humidity conditions, the production of several unexpected toxic
toluene intermediates was considered to be suppressed [71] but the
toluene conversion rate began to decrease. This is because increased
H2O vapors form stronger bonds with acid–base sites on zeolite and
easily adsorbed than toluene, even forming a cluster of H2O on zeolite
silanol groups, blocking the adsorption of toluene molecule into active
pores [34,42].

All samples were assessed in the NTP system to determine their ac-
tivity for the deep catalytic oxidation of toluene. ZMnCe-20% exhibited
the highest toluene degradation activity (89%) with complete ozone
decomposition and reduced NOx concentrations compared to ZMn,
ZMnCe-30%, ZMnCe-10%, and NTP alone. Additionally, the CO2 selec-
tivity was higher in ZMnCe-20% (>65%). These findings suggested that
adsorption played a crucial role in the degradation activity of toluene.
However, with an increase in humidity, there was a slight decrease in
toluene oxidation performance, which could be adjusted to 87% by
controlling the energy efficiency. Nonetheless, CO2 selectivity started to
decline as toluene intermediate products failed to convert to CO2 and
H2O, potentially because water vapors competed with toluene molecules
on adsorption sites by blocking the active pores. As a result, the zeolite-
based metal catalyst failed to achieve complete deep oxidation of toluene
and toluene intermediate products at high humidity. The stability of
ZMnCe-20% catalyst during catalytic degradation of toluene was also
assessed at 250 ppm concentration and >50% humidity. It was observed
that toluene degradation proceeded stably during the first 9 h for ZMnCe-
20% at room temperature. Afterwards, the degradation of toluene started
to decrease as shown in Fig. S3. Thus, further synthesis of catalysts with
hydrophobic characteristics, increased stability, and catalytic activity is
required.

To improve the hydrophobicity and catalytic activity of the nano-
catalyst in highly humid conditions, we used two biofilm strains,
B. subtilis wild-type strain 2569 and EPS overexpression strain
2569ΔtasAΔsinR (EPSþ), coupled with ZMnCe-20% due to their excellent
toluene removal performance. After the entrapment experiment, the two
obtained nano-catalysts, ZMnCe-20%/biofilm (WT) and ZMnCe-20%/
biofilm (EPSþ) were characterized by SEM, TEM, and FT-IR to analyze
the surface morphology and confirm the successful entrapment of nano-
catalysts in both biofilms.
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2.3. Characterization of Mn–Ce/zeolite nano-catalyst in natural and
engineered B. subtilis biofilms

The SEM and TEM images of the biofilms-coated Mn–Ce/zeolite
nano-catalyst are presented in Fig. 6. The SEM images clearly show that
an encapsulating layer covers the NPs, which range from approximately
700-800 nm. Additionally, EPS overexpressed B. subtilis biofilm exhibits
thicker coverage on ZMnCe-20%, as shown in Fig. 6a than wild-type
B. subtilis biofilm, as shown in Fig. 6b. The SEM images of the surface
texture of the nano-catalyst also suggest a higher roughness for ZMnCe-
20%/biofilm (EPSþ).

The presence of nano-catalyst entrapped in B. subtilis biofilm was
further confirmed by TEM images. The engineered B. subtilis biofilm
covered more catalyst surface, as shown in Fig. 6c compared to wild-type
B. subtilis biofilm, as shown in Fig. 6d. The presence of strong biofilm
formations and enlargement in the ZMnCe-20%/biofilm (EPSþ) sample
confirmed the role of EPS in biofilm formation. The construction of EPS
overexpression strain 2569ΔtasAΔsinR (EPSþ) also confirmed similar
results of strong biofilm formation activity with increased surface
roughness and hydrophobic characteristics compared to the wild-type
strain.

FTIR spectroscopy was used to analyze changes in the B. subtilis bio-
film matrix when exposed to a ZMnCe-20% catalyst. The analysis aimed
to determine whether the NPs induced any changes in the biofilm com-
ponents. The IR spectra for ZMnCe-20%/biofilm (WT) and ZMnCe-20%/
biofilm (EPSþ) samples showed first peaks in the range of 950–1000
cm�1 wave number and a second peak in the range of 1140–1200 cm�1

wave number, confirming the presence of components such as nucleic
acids, polysaccharides, and phospholipids. The stretching mode of the
C
–

–O bond was displayed at a wavenumber of 1655 cm�1, while the N–H
bond deformation mode combined with the stretching mode of C–N was
displayed at a wavenumber of 1534 cm�1. Additionally, a large peak at a
wavenumber of 3200–3500 cm�1 showed amide N–H stretching in the
B. subtilis biofilm, as demonstrated in Fig. S4 in Supporting information
for details, which is consistent with previous studies [73,74]. The three
peaks in each sample did not change, indicating that the components of
the biofilm were not affected by the synthesized nano-catalyst
ZMnCe-20%. Although the formation and dispersal of biofilm
increased, the expansion of the peaks varied between the two samples.
Fig. 6. (a and c) SEM and TEM images of ZMnCe-20%/biofilm (EPSþ), (b and d) SE
entrapped in biofilm.
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2.4. Characteristics evaluation of Mn–Ce/zeolite catalyst entrapped in
B. subtilis biofilm in DBD reactor

The successful entrapment of Mn–Ce/zeolite in biofilms was
confirmed by SEM and TEM analysis of both ZMnCe-20%/biofilm (WT)
and ZMnCe-20%/biofilm (EPSþ) samples. The engineered B. subtilis
biofilm covered more catalyst surface compared to wild-type B. subtilis
biofilms. The strong biofilm formation and enlargement in the ZMnCe-
20%/biofilm (EPSþ) sample confirmed the role of EPS in biofilm for-
mation. Furthermore, FT-IR results confirmed the presence of biofilm
components (nucleic acids, polysaccharides, and phospholipids), indi-
cating that the ZMnCe-20% nano-catalyst did not affect the composition
of the biofilm. In order to check the improved hydrophobic and catalytic
activity, both samples were tested in DBD and evaluated for performance.

In a second series of catalytic activity tests, systematic experiments for
the two new biofilm-based catalysts, ZMnCe-20%/biofilm (WT) and
ZMnCe-20%/biofilm (EPSþ), were carried out in a DBD reactor to test
their catalytic activity. The highest toluene degradation efficiency at 50
W was observed (99%) for ZMnCe-20%/biofilm (EPSþ) and (94%) for
ZMnCe-20%/biofilm (WT) at an increased concentration of toluene (250
ppm) as shown in Fig. 7a. The catalyst activity of ZMnCe-20%/biofilm
(EPSþ) was stable even at high humidity (>90%), indicating excellent
water resistance ability as the biocatalyst showed increased surface
roughness and hydrophobicity observed in SEM analysis. The super-
hydrophobic surface of the biofilm blocks the water molecules to
compete with the toluene molecules for adsorption on active sites,
resulting in the availability of more active sites for toluene and maximum
adsorption. Moreover, EPS acts as a chief electron transport mediator on
the surface of the catalyst, enhancing the production and transport of
high active oxygen species (superoxide oxygen species) between the
active sites through biofilm bridging, boosting the toluene catalytic
oxidation reaction.

Complete degradation of ozone was achieved with both prepared
samples, ZMnCe-20%/biofilm (WT) and ZMnCe-20%/biofilm (EPSþ),
during the toluene degradation experiment in the NTP system. This is
because the degradation of toluene was initiated by the reaction with
active oxygen species, such as hydroxyl radicals and oxygen radicals
produced from ozone degradation. Additionally, at high input energies,
ozone and NO react to generate NO2. Therefore, highly active species in
M and TEM images of ZMnCe-20%/biofilm (WT) samples showing nano-catalyst



Fig. 7. (a) Toluene mineralization efficiencies, (b and c) NOx (NO and NO2)
reduction and (d) CO2 selectivity by B. subtilis biofilm entrapped nano-catalysts
ZMnCe-20%/biofilm (WT) and ZMnCe-20%/biofilm (EPSþ).
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the system breakdown the N2 radical into N, which was later reacted with
atomic oxygen and oxygen radicals to form NO2, which was slightly
reduced by both B. subtilis biofilm-entrapped catalysts, lower than 60%
with ZMnCe-20%/biofilm (WT) and lower than 50% with ZMnCe-20%/
biofilm (EPSþ), as shown in Fig. 7b and c.

After adding the developed B. subtilis biofilm-based biocatalyst, the
complete oxidation of toluene and the decomposition of ozone increased
significantly, leading to increased CO2 selectivity. Moreover, the residual
intermediate products of toluene, such as benzaldehyde, formic acid,
acetic acid, benzene, and benzonitrile, were completely oxidized to CO2
and H2O in the NTP system treated with ZMnCe-20%/biofilm (EPSþ).
This indicates the high generation activity of reactive oxygen species on
the biocatalyst surface, prompted by EPS B. subtilis biofilms. Both ZMnCe-
20%/biofilm (WT) and ZMnCe-20%/biofilm (EPSþ) produced CO2
selectivity of 70% and 83%, respectively, as shown in Fig. 7d. The sta-
bility of ZMnCe-20%/biofilm (EPSþ) during catalytic degradation of
toluene was also assessed at 250 ppm concentration and increased hu-
midity>90%. It was observed that toluene degradation proceeded stably
during the first 12 h for ZMnCe-20%/biofilm (EPSþ). After that, the
degradation of toluene started to decrease as shown in Fig. S5. Overex-
pressed B. subtilis biofilm strain (EPSþ) demonstrated excellent resis-
tance against oxidative stress under NTP conditions. This is due to the
presence of abundant Mn oxides in the developed nano-catalyst which
play an important role in upsurging B. subtilis biofilm development [75,
76]. Another promising factor is the increased level of humidity that
could be responsible for the generation of additional OH radicals as
biofilm undergoes several physiological changes under NTP conditions.
During the mineralization reaction, ZMnCe-20% catalyst utilized these
additional OH radicals with the help of EPS in the biofilm which plays a
key role as an electron transfer medium between the active sites of the
catalyst through biofilm bridging [53]. Although, experimental difficulty
in examining the biofilm activity under the complex NTP system has
limited our understanding regarding the role of water-biofilm interaction
in this fundamental aspect. Therefore, to understand this mechanism,
several factors during water-biofilm interaction could be taken into
consideration for the generation of additional OH radical species. In
general, biofilms comprise over 70 wt% water and bacteria in biofilms
are actively involved in building water-filled structures for cellular
functions. The surface of biofilm is hydrophobic and have the ability to
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resist external water molecules in air at the gas–liquid interface.
Although bacteria need external water for its growth, therefore, the edges
of biofilm are hydrophilic in nature and can absorb water on the biofilm
matrix surface which is considered as bound water and can be used for
purposes such as cell signaling and nutrients transfer under physiological
stresses or immune responses [77].

3. Conclusion

In conclusion, the proposed research work presents a novel approach
for synthesizing an eco-friendly, cost-effective, and highly efficient
zeolite-based catalyst by entrapping different ratios of metal oxides in
engineered B. subtilis biofilm. The first part of the study focused on
developing zeolite-based metal catalysts using different ratios of Mn and
Ce metal oxides for the complete oxidation of toluene and its interme-
diate products. ZMnCe-20% showed the greatest toluene degradation
efficiency (87%) when evaluated using NTP technology at high humidity
levels, but CO2 selectivity was only 65% due to poor wettability resis-
tance. In the second part of the study, the highly efficient and hydro-
phobic biocatalysts were developed by combining the ZMnCe-20%
catalyst with B. subtilis biofilms, resulting in ZMnCe-20%/biofilm (WT)
and ZMnCe-20%/biofilm (EPSþ). The ZMnCe-20%/biofilm (EPSþ) bio-
catalyst demonstrated maximum toluene degradation activity (99%) and
excellent ozone decomposition with 83% CO2 selectivity, even at high
humidity and increased toluene concentrations. The biofilm played a
crucial role as an electron transport mediator in the oxidation of toluene,
while the catalyst's enhanced hydrophobicity and surface roughness
prevented H2O vapors from competing with toluene molecules for
adsorption on the catalyst's active sites. Our study presents a promising
solution for the complete deep oxidation of toluene and its intermediate
products in high-humidity environments. Our zeolite-based biocatalyst
with B. subtilis biofilm is more economical and highly effective than other
synthetic catalysts, making it a viable alternative for industrial
applications.

Overall, the conducted study has opened new avenues for the syn-
thesis of efficient and economical nano-biocatalysts for the degradation
of toluene. However, there are still challenges that need to be addressed
to make this approach more practical and effective. One major challenge
is NOx reduction which was not achieved in the end. This was due to the
high-energy reaction between NO and O to produce NO2, which proved
challenging for the catalyst to effectively decrease following ozone
decomposition. Furthermore, all the experiments have been conducted at
lab-scale for specific pollutants (toluene). The efficiency of nano-
biocatalyst could be affected by the presence of multiple pollutants
generated in the real industrial sectors. Therefore, further studies are
required to explore the fate of other VOCs, and mineralization of all the
possible byproducts as well as to analyze the efficiency of nano-
biocatalysts at a commercial scale.

4. Materials and methods

4.1. Chemicals, microbes, biofilm preparation

4.1.1. Chemical, microbes and reagents
All reagents and chemicals used in this research work were of

analytical grade. Natural clinoptilolite zeolite was purchased from Sigma
Aldrich (USA), Merck (DE), Acros Organics (Thermo Fischer Scientific,
USA) or Prolabo (France). B. subtilis strain 2569 was a kind gift from
Professor Daniel Kearns (Indiana University, the USA).

4.1.2. Biofilm preparation

4.1.2.1. Construction of B. subtilis EPS over expression strain
2569ΔtasAΔsinR. In this presented study, the construction of EPS over-
expression strain 2569ΔtasAΔsinR (EPSþ) was performed according to
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our previous study of Huang et al. [54]. To create ΔtasAΔsinR mutant
strain, we first constructed a suicide plasmid, pMAD-ΔtasAΔsinR, which
has a 2-Kb fragment (with tasAsinR deletion) inserted into a plasmid
named pMAD. Then the plasmid pMAD-ΔtasAΔsinRwas transformed into
B. subtilis 2569 WT strain, and the fragment (ΔtasAΔsinR) was integrated
into the genome to generate a B. subtilis 2569ΔtasAΔsinR mutant.

The transformed strain was selected on an LB erythromycin agar
plate, and incubated at 30 �C. Selective transformants were then re-
streaked onto nonselective LB, grown overnight at 42 �C. Isolates were
patched onto LB agar having 5 μg/mL of erythromycin. PCR fragments
from the mutant's genomic DNA were sequenced to confirm the removal
of the tasAsinR gene.

4.1.2.2. Biofilm cultivation. B. subtilis wild-type strain 2569 and EPS
overexpression strain 2569 Δ tasA Δ sinR (EPSþ) were grown into 5 mL
LB broth (1% trypsin (Difco), 0.5% yeast extract (Difco) and 1% NaCl) at
37 �C with shaking at 220 rpm overnight. Then it was transferred into
100 mL LB medium according to 1% inoculation amount, and when its
cell density reached OD600 ¼ 4, it was centrifuged at 5000 rpm for 5 min
at room temperature and resuspended in MSgg medium which provided
carbon and energy for biofilm formation at 30 �C static culture for 2–3
days. Biofilm was collected, wild-type strain 2569 and overexpression
EPS strain 2569ΔtasAΔsinR being noted as B. subtilis biofilm (WT) and
B. subtilis biofilm (EPSþ), respectively and then further used in entrap-
ment experiment with prepared catalyst.

4.2. Catalyst preparation

4.2.1. Mn–Ce/zeolite nano-catalyst preparation
Mn–Ce/zeolite nano-catalysts were synthesized using the conven-

tional wet impregnation method. Firstly, 1 g of oven-dried zeolite was
taken in a dry china dish. Deionised (DI) water was added dropwise to
determine how much water the zeolite can adsorb. 0.7 mL of DI water
was enough to fully wet the zeolite material. Then, 5 g of oven-dried
zeolite was taken in a clean dry china dish. 2.28 g of manganese ni-
trate tetrahydrate (Mn(NO3)2⋅4H2O) were dissolved in 3.5 mL of DI
water (based on the determined adsorption capacity in the previous
step). Four such replicates were prepared. This solution was added
dropwise over the zeolite in the china dish. The resulting mixture was left
at room temperature for 12 h. Then the mixture was oven-dried at 105 �C
for 12 h. Finally, the mixture was calcined in a muffle furnace at 400 �C
for 6 h. The resulting material from one china dish was put in an
Eppendorf tube for analysis. The remaining three mixtures of the previ-
ous step were taken in 3 different china dishes. 155 mg, 310 mg and 465
mg of cerium nitrate hexahydrate (Ce(NO3)3⋅6H2O) were dissolved in
3.5 mL of DI water each (based on the determined adsorption capacity in
the initial step). These solutions were added dropwise to the zeolite-Mn
mixture. The purpose of these 3 variations was to add by weight 10%,
20% and 30% of ceria to zeolite. The resulting mixture was left at room
temperature for 12 h. Then themixture was oven dried at 105 �C for 12 h.
Finally, the mixture was calcined in a muffle furnace at 400 �C for 6 h.
The resulting material was put in three different Eppendorf tubes for
analysis.

Conclusively, by following this method we prepared four samples
ZMn, ZMnCe-10%, ZMnCe-20% and ZMnCe-30%, respectively. Among
these ZMn constitutes just zeolite and manganese oxide; whereas, the
other three samples constitute zeolite, manganese oxide and cerium
oxide. The numeric digits 10%, 20% and 30% in nomenclature represent
% wt of Ce to Mn in all three samples.

4.2.2. Mn–Ce/zeolite nano-catalyst entrapment in B. subtilis biofilm
To assess the nano-catalyst entrapment efficiencies, we exposed

B. subtilis biofilm (WT) and B. subtilis biofilm (EPSþ) to the ZMnCe-20%
NPs (1:1, v/v), following stirring and mixing using a magnetic stirrer for
3 h. After that, these samples were centrifuged at 12,000 rpm for 30 min,
and the pellets were collected and freeze-dried. In these prepared
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samples, 2 g of fresh biofilm contain 100mg of ZMnCe-20%NPs. The two
obtained samples were noted as ZMnCe-20%/biofilm (WT) and ZMnCe-
20%/biofilm (EPSþ). The samples were first analyzed to check the suc-
cessful entrapment of ZMnCe-20% in both biofilm strains and then tested
in the DBD reactor to evaluate the toluene removal activity.

4.3. Catalyst characterization

As mentioned above, four different nano-catalysts (ZMn, ZMnCe-
10%, ZMnCe-20% and ZMnCe-30%) were prepared using the wet
impregnation method. The Brunauer–Emmet–Teller (BET) surface area
(SBET) and pore size analysis of ZMn, ZMnCe-10%, ZMnCe-20% and
ZMnCe-30% along with parent zeolites (Z) were determined through
nitrogen adsorption–desorption isotherms at 77 K using an ASAP 2010
analyzer (Micrometritics Company, America). X-ray diffraction (XRD)
analysis was performed with a diffractometer X'TRA (ARL Company,
Switzerland) using Cu Kα radiations at 30 kV and 10/min scan speed. The
scanning electron microscope (SEM) was conducted to measure the
surface microtopography of the sample with an electronic scanning en-
ergy spectroscopy instrument (FEI QUANTA FEG250). Transmission
electron microscopy (TEM) images were obtained to analyze the internal
structure of the samples with a JEM-2100CX microscope (JEOL Ltd.,
Japan) at 200 kV. The X-ray photoelectron spectra (XPS) analysis was
carried out on a PHI 5000 Versa Probe equipment (ULVAC-PHI Ltd.,
Japan) for the surface chemical studies of all nano-catalysts with
monochromatic Al source. All binding energy was corrected by fixing C1s
photoelectron peak at 284.6 eV and the collected data were measured
through the XPS Peak 4.1 software. Energy dispersive X-ray spectroscopy
(EDX) mapping of the nano-catalysts was acquired with Hitachi S-
4800FEG scanning electron microscope (SEM) to measure the
morphology of the samples. Hydrogen temperature programmed reduc-
tion (H2-TPR) analysis was obtained with Auto Chem 2920Micromeritics
to examine the redox characteristics of understudy catalysts.

In the next series, after the selection of catalyst based on catalytic
performance, two nano-biocatalysts noted as ZMnCe-20%/biofilm (WT)
and ZMnCe-20%/biofilm (EPSþ) were developed by combining engi-
neered nano-catalyst with B. subtilis biofilms following the nanoparticle/
biofilm entrapment experiment. These two samples were then again
characterized by SEM and TEM to analyze the surface morphology to
confirm the successful entrapment of nano-catalysts in both of the bio-
films. Further, in order to check B. subtilis biofilm development and
growth, and whether exposure to different NPs induces changes in the
matrix components during biofilm formation, samples were character-
ized by FT-IR spectroscopy analysis using Nicolet (Waltham, MA, USA)
605XR FT-IR spectrophotometer.

4.4. NTP experiment

NTP experiments for catalytic activity tests were conducted in a DBD
reactor operated at room temperature and ambient pressure. The scheme
of the experimental setup was operated by following the standard
method described in the previous study [56]. The apparatus included
sections of toluene gas generation, a DBD plasma reactor with a power
supply system, a catalyst reactor and gas analyzing instruments. Toluene
vapors were generated by introducing nitrogen (N2) gas through a liquid
toluene kept in the water bath at a temperature of 24� 1 �C and then sent
to the DBD reactor using a Teflon pipe. Amass flow controller was used to
regulate the flow of N2 gas for controlling the initial concentration of
toluene diluted with pure air. Then, toluene gas mixed with air was
introduced into the reactor at a flow rate of 900 mL/min. In this exper-
iment, a high-voltage AC transformer (CTP-2000K, Suman, Nanjing,
China) supplied a high alternating-current (AC) power in series. Varied
input powers (10 W, 20 W, 30 W, 40 W and 50 W) were applied to
generate plasma with an AC power of 220 V at 50 Hz. The mass of ZMn,
ZMnCe-10%, ZMnCe-20%, ZMnCe-30%, ZMnCe-20%/biofilm (WT) and
ZMnCe-20%/biofilm (EPSþ) used were all 0.5 g, placed in a catalytic
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reactor. In the initial phase, the toluene concentration was adjusted to
around 200 ppm and then increased to 250 ppm in order to check the
performance efficiency and stability of the nano-catalysts. Toluene was
determined using a gas chromatograph (GC9890A, Shanghai, China)
equipped with a flame ionization detector (FID). Potential toluene in-
termediates formed with and without catalysts were identified using gas
chromatography–mass spectroscopy (GC–MS). A humidity meter (Center
310, Shuangxu, Shanghai, China) was employed to measure humidity.
CO2 concentration in the system was measured by a CO2 detector
(GXH-3010E, Huayun, Beijing, China), respectively. O3 detector (DCS-1,
Lida, Shanghai, China) was used to determine O3 concentration. NOx
concentration in the system was monitored with a NOx monitoring
analyzer (Model 42i, Thermo Fisher Scientific, USA).
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