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Abstract: Using a catalyst to mineralize volatile organic compounds (VOCs) in a Non-thermal Plasma
(NTP) reactor is an effective method. In many kinds of catalysts for VOCs degradation, oxygen
defect is a crucial factor affecting the catalytic activity. Three different methods (steaming, doping,
plasma) were used to introduce possible oxygen defects into the Mn/ZSM-5 to prepare modified
catalysts, which were evaluated in VOCs degradation activity using a Double Dielectric Barrier
Discharge (DDBD) plasma device. Additionally, a novel Y-type ZSM-5 model was employed in the
DFT simulation. The new Y-type ZSM-5 model used in this paper is a more realistic aperiodic model.
It showed that introducing possible oxygen defects can substantially enhance degradation efficiency.
Taking the catalyst with oxygen defects introduced by plasma as an example, the conversion (CO2

selectivity) of the methanol, acetone, and toluene could reach 100% (100%), 97.7% (99.1%), 91.2%
(93.9%), respectively, at an initial concentration of 2000 ppm and specific input energy of 9 kJ/L.
The results demonstrated that modification could significantly enhance the activity of the catalyst in
decomposing VOCs at room temperature using non-thermal plasma catalysis. Theoretical simulation
of density functional theory (DFT) revealed that the adsorption of adsorbate on the catalyst becomes
easier after possible oxygen defects are introduced.

Keywords: plasma-catalytic; oxygen defects; Y-type ZSM-5 model; DDBD reactor

1. Introduction

Volatile organic compounds have become a serious environmental issue in recent
years [1–5], especially in developing countries. Researchers have used various methods
to degrade VOCs, such as adsorption, condensation, membrane separation, ultraviolet
oxidation, biofiltration, etc. [6–8].

In principle, the Non-thermal Plasma technology is a widely applicable technology.
Even complex VOCs’ molecules can be degraded as long as enough high-energy particles
are provided [9,10]. Therefore, numerous researchers in many countries paid growing
attention to the NTP technology [11–14]. The role of high-energy electrons is not only to
directly attack pollutant molecules but also to ionize carriers and produce active species
such as •OH and O• free radicals [15]. The plasma is created by applying a sufficiently
electric field to the gas stream. This study employed a Double Dielectric Barrier Discharge
reactor, a conventional form applicable for plasma oxidation, used as the apparatus for
evaluating the catalysts’ activity.

Scholars have studied many active metals, some of them directly loaded metals on
ZSM-5 zeolites for pollutant degradation [16,17], and they all believe that oxygen vacancies
in catalysts play a key role in it [18–21]. In our previous work, Mn/ZSM-5 has been proved
to have a good catalytic effect [22]. Three different methods (steaming, doping, plasma)
were used to introduce oxygen defects into the Mn/ZSM-5 to improve catalysts for VOCs
degradation in this study. Steaming is a method that can be used for silicon aluminum
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molecular sieve catalysts. Aluminum hydroxyl groups are removed to form oxygen defects
in the hydrothermal process. Doping is a common method that increases the oxygen
vacancies by adding auxiliary metals into the catalysts. Plasma is a purely physical method
that removes part of the surface oxygen of the catalyst by the bombardment of high-energy
electrons. Roy et al. [23] prepared oxygen vacancies enriched Fe-ZSM-5 catalysts for the
decomposition of N2O with the steaming method. Many researchers [24–26] added various
metals to HZSM-5 to improve the degradation effect of the catalyst. Other scholars [27,28]
modified manganese oxide with plasma to increase the oxygen vacancies of the catalyst.

In this article, the Mn/ZSM-5 samples were prepared via wet impregnation, and
a series of improved catalysts were obtained by the above three modification methods.
The plasma-catalytic removal of VOCs in the DDBD reactor at room temperature was
investigated. Three substances were selected as VOCs models. Methanol is the representa-
tive of hydroxyl compounds, acetone represents carbonyl compounds, and toluene is the
model compound of aromatic hydrocarbons. For the degradation process, adsorption is
the first and critical step of catalytic reaction, so a possible improvement mechanism for the
adsorption process was proposed using computational analyses with DFT calculation.

2. Results and Discussion
2.1. Catalytic Evaluation

Figure 1a–c displays the degradation effect of the Mn/ZSM-5 and modified catalysts
on methanol, acetone, and toluene at the initial concentration of 2000 ppm and SIE of 9 kJ/L.
The degradation rate of simple molecules such as methanol and acetone is significantly
higher than that of aromatic hydrocarbons. The effect of modified catalyst Mn/ZSM-5-N is
better than other samples, regardless of which index.

Catalysts 2022, 12, x   3 of 17 
 

 

 

Figure 1. (a) Conversion, (b) CO2 selectivity, and (c) energy efficiency of various VOCs on catalysts 

at the initial concentration of 2000 ppm and SIE of 9 kJ/L. 

 

Figure 2. Effect of  initial concentration on (a) conversion, (b) CO2 selectivity, and (c) energy effi‐

ciency by sample Mn/ZSM‐5‐N. 

The specific input energy (SIE) is a function of plasma power and gas flow. In this 

work, the SIE value is adjusted by changing the input power, and the evaluation was ac‐

complished with sample Mn/ZSM‐5‐N at the initial concentration of 2000 ppm. The influ‐

ence of SIE on degradation indexes of methanol, acetone, and toluene by Mn/ZSM‐5‐N 

catalyst is revealed in Figure 3a–c, respectively. The conversion and CO2 selectivity both 

increased with SIE increase. That is because high‐energy electrons and other reactive par‐

ticles increased with the enhancement of the SIE [30,31]. Additionally, the reactive parti‐

cles play a pivotal role in the mineralization of VOCS. However, a downward trend  in 

energy efficiency appeared as SIE raised. When raising the SIE from 7.5 to 10.5 kJ/L, En‐

ergy  efficiency  in  the degradation process of methanol,  acetone, and  toluene declined 

from 1.013 to 0.754 g/kWh, 0.963 to 0.749 g/kWh, 0.918 to 0.715 g/kWh, respectively. This 

inverse proportional relationship has been reported in other studies [32]. 

 

Figure 3. Influence of SIE on degradation indexes of (a) methanol (b) acetone, and (c) toluene by 

Mn/ZSM‐5‐N catalyst. 

Figure 1. (a) Conversion, (b) CO2 selectivity, and (c) energy efficiency of various VOCs on catalysts
at the initial concentration of 2000 ppm and SIE of 9 kJ/L.

The effect of the initial concentration on the conversion of the VOCs is shown in
Figure 2a. The evaluation was performed using Mn/ZSM-5-N at a power of 30 W. Initial
concentrations ranging from 1000 to 4000 ppm were investigated. At the initial concen-
tration of 1000 ppm, the degradation rate of relatively simple molecular pollutants such
as methanol and acetone can reach 100%, and the toluene degradation is 95.5%. When
the concentration increased to 2000 ppm, the degradation rate of methanol remained at
100%, while the degradation rate of acetone decreased to 97.7%, and toluene removal
decreased to 91.2%. When the concentration increased to 4000 ppm, the degradation rate
of methanol, acetone, and toluene remained at a high level (85.8%, 76.3%, and 66.4%,
respectively). Figure 2b exhibits the CO2 selectivity as a function of initial concentration.
The Mn/ZSM-5-N was the best of the three modified catalysts in CO2 selectivity. This is
probably related to its lower redox temperature, as illustrated in H2-TPR characterization.
The selectivity of the Mn/ZSM-5-N for methanol, acetone, and toluene are 100%, 99.1%,
and 97.5% at the initial concentration 1000 ppm. With the concentration raised to 4000 ppm,
the selectivity for methanol, acetone, and toluene decreased to 95%, 91.7%, and 89.2%, re-
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spectively. Simultaneously, the number of the active species produced in the DDBD device
remained unchanged in unit time, whereas the number of pollutant molecules entering the
DDBD increased, leading to an increase in energy efficiency. The energy efficiency of the
Mn/ZSM-5-N for methanol, acetone, and toluene raised from 0.43 to 1.50 g/kWh, 0.45 to
1.36 g/kWh, 0.44 to 1.17 g/kWh for the concentration of 1000 ppm to 4000 ppm as shown
in Figure 2c. The results demonstrated that the VOCs decomposition is improved due to
the increase of oxygen defects. VOCs decomposition is inversely proportional to initial
concentration, as mentioned by other scholars [29].
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Figure 2. Effect of initial concentration on (a) conversion, (b) CO2 selectivity, and (c) energy efficiency
by sample Mn/ZSM-5-N.

The specific input energy (SIE) is a function of plasma power and gas flow. In this
work, the SIE value is adjusted by changing the input power, and the evaluation was
accomplished with sample Mn/ZSM-5-N at the initial concentration of 2000 ppm. The
influence of SIE on degradation indexes of methanol, acetone, and toluene by Mn/ZSM-
5-N catalyst is revealed in Figure 3a–c, respectively. The conversion and CO2 selectivity
both increased with SIE increase. That is because high-energy electrons and other reactive
particles increased with the enhancement of the SIE [30,31]. Additionally, the reactive
particles play a pivotal role in the mineralization of VOCS. However, a downward trend
in energy efficiency appeared as SIE raised. When raising the SIE from 7.5 to 10.5 kJ/L,
Energy efficiency in the degradation process of methanol, acetone, and toluene declined
from 1.013 to 0.754 g/kWh, 0.963 to 0.749 g/kWh, 0.918 to 0.715 g/kWh, respectively. This
inverse proportional relationship has been reported in other studies [32].
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2.2. Phase Analysis of Catalysts

The XRD patterns of the Mn/ZSM-5, Mn/ZSM-5-S, Mn/ZSM-5-D, and Mn/ZSM-
5-N samples were presented in Figure 4. The peak positions of the modified catalysts
were quite in accord with that of Mn/ZSM-5. According to the database of the JCPDS,
the diffraction line patterns of all the samples were quite similar to powder diffraction
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file 39-0225. A type MFI framework was observed in all the catalysts, implying that the
structure of MFI zeolite is reasonably retained after introducing oxygen defects. The
correspondence between diffraction angles and related facets was given in Table S2. No
diffraction peaks of metal oxides appeared on the curves, indicating that the distribution of
active components on the carrier is quite uniform. The crystallinity of Mn/ZSM-5 is 96.73%
according to the fitting estimation of jade software. However, the crystallinity decreased
after modification, especially Mn/ZSM-5-S and Mn/ZSM-5-D, which is related to the
high temperature treatment in the modification process. The crystallinity of Mn/ZSM-5-S,
Mn/ZSM-5-D, and Mn/ZSM-5-S were reduced to 89.97%, 91.39%, and 95.41%, respectively.
This may affect the pore structure of the catalysts.
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2.3. Pore Structure Study of Samples

The adsorption-desorption plots of samples were identified as type IV isotherms as
exhibited in Figure 5, according to the classification of BDDT [33]. MFI (Mobil-Five) is
a zeolite with the 10-membered ring skeleton structure. A relative strong adsorption of
several catalysts appeared on the plots in low-pressure region, caused by the prosperous
development of intracrystalline micropores. The hysteresis loops were observed on the
plots in a wide scope of moderate and high-pressure regions. The hysteresis loops belonged
to the characteristics of mesoporous materials. This phenomenon revealed that small
crystal ZSM-5 simultaneously has a large number of mesoporous structures, which were
produced by the accumulation of crystal particles. A mesoporous structure is the place
where condensation occurs, and the condensation reaction led to the emergence of the
hysteresis loop. On the basis of classification by IUPAC, the hysteresis loop has the typical
characteristics of the H4 type, which is commonly seen in the adsorption–desorption curves
of mesoporous formed by plate-like particles [34]. Furthermore, the catalyst particles in
this paper are exactly plate particles, as displayed by SEM images.

Table 1 exhibited the specific surface areas (SSA) and pore structure of the catalysts.
The SSA of the Mn/ZSM-5 is 424 m2g−1, including micropore surface area 268 m2g−1

and external specific surface area 156 m2g−1. The pore volume of the Mn/ZSM-5 is
0.254 cm3g−1, in which the micropore volume and mesoporous volume are 0.111 cm3g−1

and 0.143 cm3g−1, respectively. Both the SSA and pore volumes of the modified catalysts
declined after introducing possible oxygen vacancies for the high temperature step of the
modification process or parts of channels that may be covered by the doping metals. For the
modified samples, the micropore surface area and the micropore volume are less affected,
indicating that the microporous structure is not damaged in the process of modification.
Mesopores are formed by the accumulation of crystalline grain. While the external specific
surface area and mesoporous volume are obviously reduced, suggesting that the mesopores
are blocked or collapsed after modification.
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Figure 5. N2 isotherm adsorption plots and Pore size distribution plots of catalysts: (a) Mn/ZSM-5,
(b) Mn/ZSM-5-S, (c) Mn/ZSM-5-D, and (d) Mn/ZSM-5-N.

Table 1. Textural properties of catalysts.

Catalysts SBET
a

(m2g−1)
SMicro

b

(m2g−1)
SExter

b

(m2g−1)
Vp c

(cm3g−1)
VMicro

b

(cm3g−1)
VMeso

d

(cm3g−1)
DP

e

(nm)

Mn/ZSM-5 424 268 156 0.254 0.111 0.143 2.39
Mn/ZSM-5-S 363 254 109 0.218 0.109 0.109 2.41
Mn/ZSM-5-D 370 256 114 0.231 0.110 0.121 2.39
Mn/ZSM-5-N 402 261 141 0.247 0.111 0.136 2.40

a surface area from Brunner-Emmett-Teller (BET) method; b micropore area, external surface area, and micropore
volume based on the t-plot method; c adsorbed total volume at P/P0 = 0.993; d VMeso = VP − VMicro; e Determined
by desorption branch according to Barrett-Joyner-Halenda (BJH) method.

In the modified catalysts, Mn/ZSM-5-N showed a more advantageous textural prop-
erty, indicating that the mild plasma modification process had a limited impact on the
structure of the catalysts. Its specific surface area and pore volumes were 402 m2g−1 and
0.247 cm3g−1, respectively. On the contrary, Mn/ZSM-5-D and Mn/ZSM-5-S showed
relatively lower SSA (370 m2g−1 and 363 m2g−1) and pore volume (0.231 cm3g−1 and
0.218 cm3g−1). The modification of steaming and doping reduced the SSA and pore volume
more seriously due to the high temperature step in the modification process, which has
negative effect on the pore properties of catalysts.

The average pore diameter and the pore size distributions of the catalysts are shown
in Table 1 and Figure 5. The average pore size is about 2.4 nm. The majority of the pores
of catalysts are systematically observed to range from 1.8 to 4.0 nm. Furthermore, the
pore size distribution of modified samples changed slightly after modification, which is
associated with the partial pore collapse in the modification process.
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2.4. Catalyst Morphology

The scanning electron microscopy characterization was carried out to obtain the
particle morphology. The SEM images of the Mn/ZSM-5, Mn/ZSM-5-S, Mn/ZSM-5-D,
and Mn/ZSM-5-N are shown in Figure 6a–d.
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The particles of the samples were rectangle-like, and the particle size was about
200-500 nm. This morphology was in accordance with the characterization of N2 adsorption-
desorption. No conspicuous particle morphology changes of Mn/ZSM-5 was observed
before and after introducing oxygen defects, suggesting that the MFI framework structure
kept its integrality. The compositional distribution of the Mn/ZSM-5-N particles was
further studied by EDS mapping as shown in Figure 7. It can be seen that the loading
manganese content is expected and the metal distribution is uniform.
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2.5. Surface Chemistry Analysis

The X-ray photoelectron spectroscopy operation was used to explore the valence state
of metal elements on the carries. The XPS survey spectrum of Mn/ZSM-5 confirmed the
existence of Mn, O, Si, and Al, as presented in Figure S1a.

The Mn 2p XPS spectra were performed to analyze the valence distribution of man-
ganese. The 2p orbit splits into two energy levels (Mn 2p1/2 and Mn 2p3/2) because of the
Electron-Spin Coupling of Nuclear Magnetic Moments, as displayed in Figure 8a. The Mn
2p curves can be deconvoluted into two asymmetric peaks. One is the Mn3+ signal, and
the binding energies of the Mn2p3/2 and Mn2p1/2 are in the scope of 639.9–642.2 eV and
651.8–653.1 eV, respectively. Another one is the Mn4+ signal: the binding energies of its
split 2p3/2 and 2p1/2 orbitals are assigned in the range of 642.7–646.5 eV and 654.1–657.0 eV,
respectively. The binding energies obtained in this work are slightly different from other
results reported by many scholars. In particular, the doping operation caused a noticeable
shift in the binding energy for the addition of the auxiliary metal. In fact, the binding
energy often shifts slightly due to the influence of the chemical environment [35–39]. Table 2
summarizes the ratio of the Mn3+ and Mn4+ that were calculated based on deconvoluted
integral peak area. Simultaneously, Mn 3s spectra were also studied to detect the accurate
average oxidation state (AOS) of manganese on the carries, as shown in Figure 8b. The
splitting energy ∆E of Mn 3s can be obtained from the spectra, and then the AOS is cal-
culated by the following formula [39,40]: AOS = 8.956 − 1.126 × ∆E. The AOS data are
exhibited in Table 2. It can be seen from the spectrum analysis of Mn 2p and Mn 3s that the
Mn exists in Mn3+ and Mn4+ two forms. The proportion of Mn3+ in manganese increased
slightly after steaming modification, probably due to the growth of metal particles by the
steaming process. The characteristic peak of Cu can be observed on the survey spectrum
of doping sample Mn/ZSM-5-D in Figure S1b. From Cu 2p photoemission features in
Figure S2, most copper existed in the form of Cu2+. Doping modification decreased the
Mn4+ ratio of Mn/ZSM-5-D significantly. In the Raman spectrum, the characteristic peaks
of 435 cm−1 and 650 cm−1 of Mn/ZSM-5 belong to the manganese oxide [41]. These peaks
become lower, broader, and shifted slightly in the plot of Mn/ZSM-5-D, indicating the
interaction between doped copper and manganese, which leads to the decrease of AOS of
Mn. In contrast, plasma is a relatively mild modification process, which has little effect on
the valence form of the active metal of the catalyst.

The O 1s XPS spectra were displayed in Figure 8c, from which we can directly judge
the oxygen defects concentration. The O 1s asymmetric signal of the samples was decom-
posed into two peaks: the peaks in the range of 531.70–532.27 eV were identified as the
lattice oxygen (Olatt), and the peaks in the scope of 533.58–534.86 eV were assigned to
surface adsorbed oxygen (Oads). The adsorbed oxygen is likely to be adsorbed on oxygen
vacancies, so the amount of adsorbed oxygen can represent oxygen vacancy concentration
to a large extent. Additionally, based on the study of Venezia et al. [42], the peaks in the
scope of 533.58–534.86 eV were probably due to the silica oxygen bond and the others at
531.70–532.27 eV were due to the aluminum oxygen bond. Therefore, the generation of
oxygen vacancies is more likely to come from the break of silicon oxygen bonds. This pro-
vided guidance for the position of oxygen vacancies created in DFT simulation. According
to the ratio of the Oads and Olatt summarized in Table 2, the oxygen vacancy concentrations
of the three modified samples increased to varying degrees compared with the original
samples Mn/ZSM-5. And Mn/ZSM-5-N possessed the highest concentration of oxygen
vacancy, which plays an essential role in the degradation of VOCs [25,26,43].

Table 2. Atomic ratio of Mn ions and oxygen species.

Catalysts Mn3+ (%) Mn4+ (%) ∆E (eV) AOS of Mn Ovac (%) Olat (%)

Mn/ZSM-5 60.5 39.5 4.92 3.41 23.9 76.1
Mn/ZSM-5-S 63.3 36.7 4.94 3.39 33.1 66.9
Mn/ZSM-5-D 79.9 20.1 5.09 3.22 51.3 48.7
Mn/ZSM-5-N 54.5 45.5 4.87 3.47 53.7 46.3
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2.6. Redox Properties of the Materials

Figure 9 presents the H2-TPR profiles of Mn/ZSM-5 and modified catalysts. The
reduction process peak included two hydrogen consumption steps: Mn4+ to Mn3+ and,
eventually, to Mn2+ [40,44]. In the hydrogen consumption curve of Mn/ZSM-5, there is a
hydrogen consumption peak at 250–370 ◦C that belongs to the reduction process of Mn4+

to Mn3+. The subsequent hydrogen consumption process in the temperature range of
380–520 ◦C could be attributed to the reduction of Mn3+.

In the modified samples, the Mn/ZSM-5-N had the lowest reduction temperature
region, indicating that the metal dispersion on the catalyst is very high, and the metal tends
to be reduced easily. Combined with the increase of Mn4+ in XPS results, we can confirm
that plasma modification promotes the uniform distribution of metals. For Mn/ZSM-5-D,
the reduction peak of Mn4+ to Mn3+ decreased significantly and the hydrogen consumption
peak of the Mn3+ to Mn2+ Increased. This is due to the decrease of Mn4+ and the increase
of Mn3+ caused by Cu doping. Two weak hydrogen consumption peaks at 254 ◦C and
562 ◦C can be observed simultaneously, belonging to the reduction of Cu2+ to Cu+ and Cu+

to Cu, respectively. Part of Cu2+ can be reduced to Cu directly; however, this peak may
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be submerged in the hydrogen consumption peak of Mn4+. The reduction temperature of
Mn/ZSM-5-S has not been improved or even increased slightly, which may be due to the
growth of metal particles caused by steaming, and the manganese is not easy to reduce.
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This observation implies that NTP modification can improve the distribution of metals
on the catalyst surface, and the low-temperature reducibility of Mn/ZSM-5-N is satisfactory.
It may be more suitable for use in the ambient temperature system. The VOCs adsorbed on
Mn/ZSM-5-N are easier to be oxidized and degraded for the excellent oxidation–reduction
properties of catalysts.

2.7. Computational Analyses by DFT

The adsorption is the first step of degradation. Methanol, acetone, and toluene are
representative species of VOCs. Adsorption energies of VOCs on catalysts affect the reaction
rate. To further explore why oxygen defects can strengthen the degradation effect of VOCs,
the DFT calculation is performed for simulating the adsorption process to compare the
changes of VOCs adsorption energies on the catalyst before and after introducing possible
oxygen vacancies. The MFI structure was modeled with a Y-type Si15AlMnO22H22 cluster
(shown in Figure 10a,b) that was generated from four adjacent MFI unit cells with the initial
lattice constants of a = 2.0070 nm, b = 1.9920 nm, and c = 3.3280 nm. In the previous model,
the 10-membered ring structure was copied in parallel to obtain a double 10-membered ring
model, which is not the actual structure in MFI. T5 model is a common real structure that is
too simple. The Y cluster in this work is an aperiodic structure that will increase the burden
of simulation calculations. However, the model is a real structure that is closer to the actual
atomic mechanics and atomic dynamics. The model optimized by the VASP program was
calculated via the Materials Studio -CASTEP module based on density functional theory.
GGA-PBE functional is hired to approximate the error term-exchange correlation potential.
Refer to the Supplementary Materials for specific computational details.

The adsorption energy of VOCs was calculated by the formula ∆EVOCs = E*VOCs − E*
− EVOCs, where E*VOCs, E*, and EVOCs denote the energy of the adsorbed system, catalyst
surface, and VOCs, respectively [45]. To further obtain the supported catalyst model, a
single tetravalent manganese was loaded on the catalyst model for structural optimization.
Before modification, the adsorption energies of the methanol, acetone, and toluene on the
original model were −0.93, −0.74, and −0.69 eV, respectively. After catalyst modification,
new oxygen defects appeared on the catalyst. Thus, an oxygen vacancy was created in the
structure to obtain the Ov-introduced catalyst model and optimize the structure again. It
can be seen from Figure 10c,d that the partial atomic distances changed after introducing
the oxygen vacancy: the oxygen atom on the right side of the oxygen vacancy collapsed,
and the length of Mn-O bond became slightly shorter. The adsorption of VOCs by the
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models before and after the oxygen vacancy introduction was depicted in Figure 11. The
adsorption energies of the methanol, acetone, and toluene on the catalyst with oxygen
vacancy increased to −1.97, −1.24, and −0.89 eV, implying a significant improvement.
Additionally, it can be seen that the improvement of small molecules is more obvious.
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Figure 10. (a) Channel view and (b) side view of the ball and stick cluster model structure shown in
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Al and Mn atoms, respectively).

2.8. Durability Test

The durability test of the plasma-catalytic was evaluated at the initial concentration
of 3000 ppm and SIE of 9 kJ/L. As depicted in Figure 12, the degradation rate and the
CO2 selectivity hardly changed, which should be due to the low-temperature reaction
environment of plasma. Usually, the factors leading to catalyst deactivation are structure
collapse, metal accumulation, the disappearance of oxygen vacancy, etc.

We accomplished the surface chemical analysis of the used-Mn/ZSM-5-N to explore
the distribution of metal. If the metal agglomerates and grows into a certain MnOx crystal
after being used, the ratio of Mn3+ and Mn4+ will change. On the contrary, the Mn 3s
XPS spectrum (Figure 13a) presents that the AOS of manganese is 3.45, with no significant
change compared with the fresh catalyst. The proportion of Mn3+ and Mn4+ of catalyst
has almost unchanged based on the Mn 2p XPS spectrum (Figure 13b). The test results
demonstrated that the manganese maintains a good dispersion on the catalyst surface
during test operation. Additionally, no MnOx phase was detected in the XRD of used-
Mn/ZSM-5-N (Figure 13d), confirming the XPS result again. The Mn test in energy-
dispersive X-ray (EDX) elemental mapping in Figure 13f also verified that the element
distribution is quite uniform.

The content of oxygen defects remained stable in the used-MnCe/ZSM-5 compared
with fresh catalyst from O 1s XPS spectrum (Figure 13c), implying that the oxygen defects
did not disappear due to the adsorption of oxygen. In other words, even if the oxygen
vacancy adsorbs oxygen, high-energy electrons can continuously bombard the oxygen
adsorbed on the oxygen vacancy and promote the re-separation of adsorbed oxygen in the
plasma environment.
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The SEM and adsorption–desorption presented that the morphology and adsorption
capacity of the used-Mn/ZSM-5-N was very similar to the fresh catalyst in Figure 13e,
implying that the pore structure of the catalyst has not collapsed.

In summary, the factors that can usually inactivate the catalysts have not been found.
In the mild environment of DDBD, active metals tend to remain dispersed, oxygen defects
remain stable, and simultaneously it is easier for the catalysts to keep their structure intact.
These factors ensure the long-term and efficient operation of the catalyst.

3. Experimental
3.1. Experimental Setup

The setup consists of a gas generation system, a DDBD plasma reactor with a power
source, and a product testing device.

The gas generation system comprises an air cylinder, a gas generator, a mass flow
controller (MFC), and a digital hygrometer. The gaseous fluid flows through the MFC and
gas generator, forming a gas mixture of VOCs model and air. The model concentration is
adjusted by changing the injection rate of the gas generator. The diluted mixed gases are
fed into a DDBD device.

The cylindrical DDBD reactor contains two layers of crystalline silica dielectric (exterior
dielectric and inner dielectric), causing an effective discharge gap of 4 mm. The lengths of
the high voltage electrode (outside the exterior dielectric), the grounded voltage electrode
(inside the interior dielectric), and the dielectrics were exhibited in Supplementary Materials
(Table S1). The current generated between the high voltage electrode and the grounded
electrode passes through the double dielectrics. Plasma is produced in the middle of the
two layers of dielectric. A digital µAm meter attached to the plasma source was employed
for the current measurement.

A GC-2014C gas chromatograph (Shimadzu, Kyoto, Japan) was hired to analyze the
gas samples from the outlet in real time. See Supplementary Materials for the test conditions

3.2. Synthesis of Catalysts

Manganese is the active metal component with a loading of 5% by weight. The Mn
supported samples were prepared via wet impregnation strategy with small crystal ZSM-5
zeolite (Catalyst Co. Ltd. of Nankai University, Tianjin, China) as the carrier. The ZSM-5
powders were impregnated in a precursor solution of manganese acetate (99.0%, Chron,
Chengdu, China) of the desired concentration. Following impregnation treatment under
slow stirring for 24 h, the impregnated samples were dried in vacuum by temperature-
programmed heating and gradually reducing the vacuum to remove the solvent. After that,
the samples were calcined at a certain temperature for 5 h. The obtained powders were
labeled as Mn/ZSM-5.

Next, Mn/ZSM-5 was modified by different methods. The modified sample with a
steaming strategy was performed at a vapor pressure of 25 kPa, a temperature of 873 K, for
4 h. This sample is labeled Mn/ZSM-5-S. The doping modified sample was synthesized by
second wet impregnation, and the auxiliary metals Cu use copper nitrate (99.0%, Chron,
Chengdu, China) as a precursor with a content of 1%. The second impregnation process is
similar to that of Mn impregnation. The obtained catalyst is referred to as Mn/ZSM-5-D.
Placed Mn/ZSM-5 in a discharge device with nitrogen as the background gas, adjusted
the plasma power to 100 W, and handled for 30 min. The resulting sample is referred to as
Mn/ZSM-5-E.

3.3. Characterization and Evaluation

Please refer to Supplementary Materials for the characterization details.
Three critical indicators were defined for estimating the catalytic performance in this

paper: conversion, CO2 selectivity, and energy efficiency.

Conversion of VOCs (%) =
[VOCs]inlet − [VOCs]outlet

[VOCs]inlet
× 100% (1)
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CO2 selectivity (%) =
[CO2]

m([VOCs]inlet − [VOCs]outlet)
× 100% (2)

where [VOCs]inlet is the initial VOCs concentration (ppm) in the feed, [VOCs]outlet is the
steady VOCs concentration (ppm) in the effluent gas after reaction, and [CO2] is the outlet
carbon dioxide concentration (ppm), m is the number of carbon atoms in VOCs molecules

Energy efficiency (g/kWh) =
Air mass flow × Toluene concentration × convension × 60 (g/h)

P
1000 (kW)

(3)

In addition, the engineering parameters initial concentration and specific input energy
(SIE) were also investigated.

specific input energy (kJ/L) =
P (W)

Q (L/S)
(4)

where P is the discharge power (W) of the power supply, Q is the gas flow rate (L/s), and
the SIE indicates how much energy is received per liter of fluid.

4. Conclusions

The facile preparation of Mn/ZSM-5 catalysts with varying defects content is an
effective strategy for improving catalytic efficiency for VOCs removal in the DDBD reactor
at ambient temperature. The conversion and CO2 selectivity can be improved by reducing
the initial concentration and increasing the SIE. Still, the corresponding cost is the reduction
of energy efficiency. Several methods can increase the concentration of oxygen defects
to varying degrees. Steaming has an effect on crystallinity and pore structure, and then
affects the adsorption capacity. Although doping can greatly increase the concentration
of oxygen defects, it will reduce the average oxidation state of Mn and weaken the redox
capacity of the catalyst, which limits the improvement of the catalyst. The modification
of NTP is a mild process. It will not adversely affect the properties of the catalyst, but
promote the uniform metal distribution and make the catalyst perform well. The modified
Mn/ZSM-5-N catalysts exhibiting the highest conversion rate are more favorable toward
removing VOCs, especially simple small molecule compounds. Through the durability
test in the DDBD device, we confirmed that the plasma environment could stabilize the
structure and properties of the catalyst, which have a great significance in prolonging the
service life of catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12080906/s1, Figure S1: Survey photoemission features from
XPS results of samples (a) Mn/ZSM-5 and (b) Mn/ZSM-5-D; Figure S2: Cu 2p photoemission features
from XPS results of Mn/ZSM-5-D; Table S1: The size parameters of the DDBD reactor; Table S2:
Correspondence between diffraction angles and related facets.
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