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ABSTRACT: Plasma-assisted catalysis has been demonstrated to be an
innovative technology for eliminating diesel particulate matter (DPM)
efficiently at low temperature (≤200 °C). Moreover, past studies have
demonstrated that CaSO4, which exists in small concentrations (<2%) in
DPM and is toxic in thermal catalytic oxidation processes, actually
enhances DPM oxidation during plasma-assisted catalytic processes.
However, the role CaSO4 plays in this promotion of DPM oxidation still
remains unclear. The present study addresses this issue by investigating the
underlying mechanisms of DPM oxidation during plasma-assisted catalytic
processes using graphitic carbon as a surrogate DPM material in
conjunction with CaSO4- and Au-impregnated γ-Al2O3 catalysts. The
results of mass spectrometry and in situ diffuse reflectance infrared Fourier
transform spectroscopy, which employs an in situ cell with a small dielectric barrier discharge space over the catalyst bed,
demonstrate that CaSO4 can save and release O atoms contributing to graphite oxidation via the −SO units of CaSO4 through a
reversible surface reaction (−SO + O → −S(−O)2). The results are employed to propose a formal mechanism of graphite
oxidation catalyzed by CaSO4 and Au. These findings both improve our understanding of the plasma-assisted catalytic oxidation
mechanisms of DPM and support the development of efficient plasma-assisted catalysts.

1. INTRODUCTION
Although more and more sustainable vehicles, such as hybrid
and electric vehicles, are currently in operation, the carbon
neutrality target will not be achieved until around 2060,1

during which diesel vehicles will still play an irreplaceable role
as an important means of transportation due to their good
power performance, high energy efficiency, and low CO2
emissions.2

However, these vehicles also emit diesel particulate matter
(DPM), which causes serious environmental and health
problems.2 DPM is mainly composed of carbonaceous particles
(soot), soluble organic compounds, and inorganic salts (such
as CaSO4).

3 As a result, many countries have developed
standards limiting DPM emissions, like the Euro VI emission
standards4 and Tier 3 in the United States.5 Meeting these
standards requires the implementation of DPM treatment
technologies. The primary treatment that has been developed
and commercialized is the diesel particulate filter (DPF)
technology.6−9 While this technology can trap DPM
effectively,10 the accumulation of DPM in the DPF results in
a progressively increasing back pressure and reduced diesel
engine fuel efficiency. DPF regeneration cannot be completed
during low-speed operation, where the exhaust temperature is
typically lower than 250 °C. Under these conditions, an active
DPF regeneration process must be implemented, which
reduces the fuel efficiency of diesel engines.11 Efforts to
address this issue have included the development of catalytic

DPF (cDPF) technology, which applies noble catalysts to the
interior surfaces of the DPF honeycomb structure to promote
DPM oxidation at lower exhaust temperatures (400 °C).12−14

Nonetheless, existing cDPF technology requires exhaust
temperatures higher than 400 °C to function effectively.15

Recently, plasma-assisted catalysis technology has been
demonstrated to promote DPM oxidation efficiently at low
temperatures (≤200 °C).16−18 For example, Yamamoto et al.
compared the DPM oxidation performance obtained by several
metal oxide catalysts employed in a dielectric barrier discharge
(DBD) plasma reactor at 200 °C and found that Fe2O3

provided the best DPM oxidation rate.19 Sekine et al. found
that Ni-impregnated CeO2 catalysts provided the highest
oxidation activity for soot due to the presence of O atoms in
the CeO2 lattice.

20 Similarly, Ranji-Burachaloo et al. reported
that the introduction of Co3O4 into a DBD plasma reactor
increased the DPM removal efficiency from 3.4 to 6.0 g/kW h
at 200 °C.21 Yao et al. evaluated the energy efficiency
limitations of the plasma-assisted oxidation removal of DPM
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and found that this technology can be put into practical use if
the energy efficiency can reach a moderate value of 5 g DPM/
kW h.22

Past studies have demonstrated that the presence of salts
such as sulfates significantly improves DPM removal when
using metal oxide catalysts in plasma-assisted processes.23−25

Furuta et al. attributed this promotional effect of sulfates to
their electron-absorbing ability, which induces the formation of
Lewis acid sites on metal oxides in the catalytic reaction.26 Yao
et al. found that an Au- and CaSO4-impregnated γ-Al2O3
catalyst was more effective for plasma-assisted DPM removal
than an Au-impregnated γ-Al2O3 catalyst. This study also
demonstrated that the removal of DPM from the exhaust of a
diesel power generator using a DBD reactor with an Au- and
CaSO4-impregnated γ-Al2O3 catalyst was as high as 91%.27 In
fact, this level is comparable to that of a DPF, indicating that
plasma catalysis is practicable for DPM removal. Unfortu-
nately, the mechanism by which sulfates promote DPM
oxidation in a plasma-assisted context remains poorly under-
stood.
The effect of sulfates has also been investigated in the

thermal oxidation of soot with Pt-impregnated Al2O3 catalysts
(Pt/Al2O3) and sulfate-impregnated Pt/Al2O3 catalysts in the
presence of NO.28 Here, the soot oxidation process was
observed to be promoted, and the oxygen was then transferred
to the surface of soot particles to form surface oxygen
compounds (SOCs). Moreover, the presence of sulfate was
demonstrated to promote CO2 formation. Kikugawa et al.
investigated the soot oxidation activity and oxidation
mechanism of Ag2SO4-impregnated Al2O3 catalysts in thermal
catalytic processes, and higher soot oxidation activity was
observed under loose contact conditions compared to Ag-
impregnated Al2O3.

29

Efforts to establish the role of sulfates in these catalytic
processes can benefit from the role of sulfates established in
other types of processes, such as in the selective catalytic
reduction of nitric oxide by ammonia and the oxidation of
hydrocarbons via thermal catalytic processes.30 For example,
Chen et al. discovered that the presence of sulfate can create
new and stronger Lewis acid sites on CeO2 and Fe2O3 particle
surfaces and deactivate sources of surface oxygen that can
suppress the NH3 oxidation side reaction.31 Surely, such a
finding presents an exciting opportunity for future catalyst
design with high durability and low cost. Zhang et al.
demonstrated that SO4

2−-impregnated Fe2O3 catalysts present
considerable activity for dichloromethane combustion, which
was found to be dependent on both super strong acidity and
the availability of surface oxygen, and the sulfate promotion
mechanism was proposed to function mainly through the
formation of organic sulfates.32

The present study addresses the poorly understood role
sulfates play in the promotion of DPM oxidation in a plasma-
assisted context by investigating the underlying mechanisms of
DPM oxidation during plasma-assisted catalytic processes
using graphitic carbon in conjunction with γ-Al2O3 catalyst
particles impregnated by CaSO4 alone (CaSO4/γ-Al2O3), Au
alone (Au/γ-Al2O3), and both CaSO4 and Au (Au/CaSO4/γ-
Al2O3). Here, CaSO4 is a well-suited sulfate for this study
because CaSO4 naturally exists in small concentrations in
DPM. Graphite is used as the surrogate DPM material because
the microstructure of soot is mainly composed of graphite-like
microcrystals.33 The analysis conducted is based on the results
of in situ diffuse reflectance infrared Fourier transform

spectroscopy (DRIFTS) and mass spectrometry (MS), which
is facilitated by the use of an in situ cell with a small DBD
space over the catalyst bed. We propose a formal mechanism of
graphite oxidation catalyzed by CaSO4 and Au based on the
observation that CaSO4 can save and release O atoms
contributing to graphite oxidation. The enhanced under-
standing of the plasma-assisted catalytic oxidation mechanisms
of DPM supports the development of efficient plasma catalysts.

2. RESULTS AND DISCUSSION
2.1. Characterization of the Catalysts. TEM images of

representative Au/CaSO4/γ-Al2O3 catalyst particles are pre-
sented in Figure S3. The images demonstrate that the
secondary Au particles, denoted by the black regions of the
images, were uniformly dispersed over the surface of the
primary γ-Al2O3 particles, and their diameters ranged from 20
to 50 nm. The energy dispersive spectroscopy (EDS)
mappings obtained for the major elements in the Au/
CaSO4/γ-Al2O3 catalyst (Figure S4) indicate that the Au, Ca,
and S elements are uniformly distributed in this catalyst.
The acidity of a catalyst plays an important role in catalytic

oxidation.34−36 Therefore, NH3 temperature-programmed
desorption (NH3-TPD) was applied to measure the surface
acidities of the γ-Al2O3, Au/γ-Al2O3, CaSO4/γ-Al2O3, and Au/
CaSO4/γ-Al2O3 catalysts. Three peaks were found in the
ranges of 100−150, 250−350, and 550−700 °C, which
correspond to the ammonia desorption on weak acid, medium
strong acid, and strong acid sites, respectively (Figure S5). The
total ammonia adsorption of the catalysts decreased in the
order of Au/CaSO4/γ-Al2O3 > CaSO4/γ-Al2O3 > Au/γ-Al2O3
> γ-Al2O3, suggesting that the ammonia adsorption was
enhanced by Au and CaSO4.
It is well known that the activation of O2 is very important

for the oxidation of soot reaction. Therefore, O2 temperature-
programmed desorption (O2-TPD) was applied to measure the
O2 desorption on the surface sites of γ-Al2O3, Au/γ-Al2O3,
CaSO4/γ-Al2O3, and Au/CaSO4/γ-Al2O3 catalysts. As shown
in Figure S6, all catalysts exhibited three desorption peaks
between 100 and 700 °C. In general, the adsorbed oxygen
changes by the following procedures: O2(ad) → O− 2(ad) →
O−(ad) → O2−(lattice). The peak at a lower temperature
(100−250 °C) is assigned to the desorption of chemically
adsorbed oxygen molecular O− 2(ad).37 For CaSO4/γ-Al2O3
and Au/CaSO4/γ-Al2O3 catalysts, the chemically adsorbed
oxygen molecule is easily desorbed. This may be due to the
fact that CaSO4 increases the mobility of surface reactive
oxygen species (O− 2), and O− 2 plays an important role in
the oxidation of graphite under real reaction condition.38

Meanwhile, the peaks at 250−450 and 450−700 °C are related
to chemically adsorbed oxygen atom O−(ad) and lattice
oxygen O2− (lattice), respectively.37,39 Compared with γ-Al2O3
and CaSO4/γ-Al2O3, two differences were observed in the Au/
γ-Al2O3 and Au/CaSO4/γ-Al2O3 catalysts. One is that the
desorption peak corresponding to O− 2(ad) and O2−(lattice)
shifted to a lower temperature, and the other is that the peaks
corresponding to O−(ad) and O2−(lattice) were easier to be
desorbed. Particularly, it is understandable that Au/CaSO4/γ-
Al2O3 catalyst had excellent activity since the activity correlates
very well with the surface-active oxygen species, namely more
surface-active oxygen species corresponds to a higher catalyst
oxidation activity.40

The Au 4f X-ray photoelectron spectroscopy (XPS) spectra
of Au/γ-Al2O3 and Au/CaSO4/γ-Al2O3 catalysts (Figure S7a)
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indicate the presence of only two Au valence states, which
include a state characteristic of metallic gold (Au0) at an Au
4f7/2 binding energy of 83.6−84.5 eV, and the Au3+ state at an
Au 4f5/2 binding energy of 89.4−90.4 eV and an Au 4f7/2
binding energy of 86.3−87.7 eV.41 The Au3+ state may possibly
correspond with Au(OH)3.

41 In a study of thermal catalytic
DPM oxidation on Au-impregnated ZnO catalysts, Corro et al.
suggested that Au0 and Au3+ surface sites have two enhance-
ment effects on DPM oxidation, where Au3+ moieties enhance
the contact efficiency of DPM on Au3+ sites, and Au0 sites
enhance the generation of superoxide species at the Au and Zn
interface.42

The atomic ratios of Au3+/(Au3+ + Au0) calculated from the
areas under the deconvolved XPS Au 4f7/2 spectra correspond-
ing to the Au0 and Au3+ states of the Au/CaSO4/γ-Al2O3 and
Au/γ-Al2O3 catalysts (Table S1) demonstrate that the ratio
obtained for the Au/CaSO4/γ-Al2O3 catalyst (13.6%) was
substantially higher than that obtained for the Au/γ-Al2O3
catalyst (1.15%). This implies that CaSO4 enhances the
formation of Au3+ sites, which may enhance the contact
efficiency of DPM on the Au/CaSO4/γ-Al2O3 catalyst surface.
The XPS O 1s spectra obtained for γ-Al2O3, Au/γ-Al2O3,

CaSO4/γ-Al2O3, and Au/CaSO4/γ-Al2O3 catalysts (Figure S7b
and Table S2) exhibit a number of oxygen valence states. The
high-intensity peak in the range of 530.6−530.7 eV can be
associated with lattice oxygen (Olatt) on γ-Al2O3 catalyst
surfaces,43 while the peak in the range of 531.5−531.6 eV can
be associated with the O atoms in hydroxyl groups (OOH)
bonding with Al atoms.44 According to the literature,45 the
impregnation of CaSO4 in γ-Al2O3 generated a new peak at
532.0 eV, which was assigned to sulfur-containing functional
groups in CaSO4. It was also found that the impregnation of
Au alone in γ-Al2O3 could promote the transformation of Olatt
to surface OOH, from 54% (γ-Al2O3) to 60% (Au/γ-Al2O3).
When CaSO4 is present, OS was found, which has almost the
same ratio as OOH. Generally, the total ratios of (OOH and OS)
on CaSO4/γ-Al2O3 and Au/CaSO4/γ-Al2O3 catalysts are
around 60%, which are also higher than that on γ-Al2O3.

This indicated that the surface oxidation capacity of γ-Al2O3
with Au and CaSO4 is higher than that of pure γ-Al2O3. The
XPS S 2p spectra obtained for the CaSO4/γ-Al2O3 and Au/
CaSO4/γ-Al2O3 catalysts (Figure S7c) indicate that the S 2p3/2
and S 2p1/2 binding energies of both catalysts were observed at
169.8 and 169.9 eV, respectively.46

The results presented thus far indicate that both Au and
CaSO4 can enhance the adsorption of oxygen species on the
catalyst surface at temperatures lower than 300 °C and
increase the acidity of active catalyst sites. Moreover, the
coexistence of Au and CaSO4 produces the best effect, with
Au/CaSO4/γ-Al2O3 having the highest surface oxidation
capacity.

2.2. Plasma-Assisted Catalytic Oxidation of Graphite.
In order to study the feasibility of graphite in this study, the
Raman spectrum of graphite carbon powder was collected with
a 633 nm laser; the results are shown in Figure S8. Two Raman
peaks located at 1578 and 1328 cm−1 are designated as G and
D bands, respectively. The highest peak at 1578 cm−1 can be
ascribed to the stretching mode of E2g symmetry. The peak at
1328 cm−1 can be considered to be the A1g symmetry
stretching, which is ascribed to the disordered carbon
structure, indicating that there is a disordered or defective
carbon structure in the graphite sample.47 At the same time,
the intensity ratio (ID/IG) of D and G peaks of graphite was
about 0.3 in this study, which was evidence of the presence of
disordered carbon in graphite, those that also exist in
DPM.48,49 Together with the fact that the specific surface
area of graphite is close to that of DPM,50 graphite is used as a
simulated DPM to show the oxidation mechanism of carbon.
In order to understand the key role of plasma in graphite

oxidation, the control experiments of graphite oxidation
without plasma were carried out by the in situ DRIFTS
technique (Figure S9). Results suggested that as the reaction
time passed, no relevant peak changes were found. This means
that even at a high temperature of 200 °C, graphite is difficult
to be oxidized in the presence of one catalyst. Then, plasma
was introduced into the reaction system and combined with γ-

Figure 1. Schematic illustrating the experimental setup of the DBD−DRIFTS−MS system.
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Al2O3, Au/γ-Al2O3 CaSO4/γ-Al2O3, and Au/CaSO4/γ-Al2O3,
respectively. The in situ DRIFTS spectra of the graphite
sample as a function of discharge time at 200 °C are shown in
Figure 2a−d. After discharge, the peaks at 788, 935, 1156,
1193, 1369, 1385, 1540, 1571, 1649, 1735, 2156, and 2348
cm−1 were found, indicating that it was easy to form various
key intermediates on the surface of the catalyst to promote
graphite oxidation under plasma conditions. Detailed informa-
tion regarding the various related functional groups has been
summarized in Table S3.
Of particular importance for the analysis of catalytic graphite

oxidation are the three types of SOCs associated with
absorption peaks at 935, 1571, and 1735 cm−1, which
respectively correspond to the ether −COC− group in
epoxy,51 the −CO− group in quinone,52,53 and the
carboxylate carbonate −COO− group in lactone51 that
forms during the oxidation of graphite. The heights of these
peaks are respectively plotted in Figure 3a−c as a function of
reaction time. The peak heights of all three SOCs
corresponding to the four catalysts gradually increase with
discharge time in the order of Au/CaSO4/γ-Al2O3 > CaSO4/γ-
Al2O3 > Au/γ-Al2O3 > γ-Al2O3. The observed order is
consistent with the orders observed with respect to active
site acidity (Figure S5) and surface oxygen adsorption (Figure
S6), which verifies that Au/CaSO4, CaSO4, and Au indeed
exert catalytic effects with respect to graphite oxidation.
However, the absorption peak heights of all SOCs remained
constant when plasma discharge was discontinued. Accord-
ingly, the oxidation of graphite also ceased at the termination
of plasma discharge, which illustrates the essential role played
by plasma discharge in the catalytic oxidation process.

An analysis of the functional groups on the catalyst surfaces
is more complicated than for the SOCs associated with
graphite oxidation. The heights of the absorption peaks
associated with the functional groups on the catalyst surfaces
are plotted in Figure 4a−h as a function of reaction time. In
general, the peak heights associated with these functional
groups typically increase throughout the 120 min period of
plasma discharge but then decrease after the termination of
plasma discharge. The observed decrease in peak heights after
the termination of plasma discharge indicates that these
functional groups were unstable. These functional groups are
considered individually below.
The characteristic peak at 788 cm−1 (Figure 4a) corresponds

to the basic oxygen ion (M+−O−3) at weak Lewis acid sites on
the catalyst surfaces.54−57 The peak height of M+−O−3 on γ-
Al2O3 is obviously higher than that of these functional groups
on the Au/γ-Al2O3, CaSO4/γ-Al2O3, and Au/CaSO4/γ-Al2O3
catalysts. This indicates that the O3 groups on the γ-Al2O3
surfaces were less reactive than those on the Au/γ-Al2O3,
CaSO4/γ-Al2O3, and Au/CaSO4/γ-Al2O3 surfaces. The char-
acteristic peak at 1369 cm−1 (Figure 4b) corresponds to O
atoms bonded to active Lewis acid sites on the catalyst
surfaces, resulting in the formation of M−O.55,57,58 These O
atoms can be expected to have derived from O3 decomposition
during the period of plasma discharge. The peak heights
associated with the M−O groups also uniformly decrease with
the different catalysts in the order of Au/CaSO4/γ-Al2O3 >
CaSO4/γ-Al2O3 > Au/γ-Al2O3 > γ-Al2O3, which implies that
Au/CaSO4, CaSO4, and Au promote O3 decomposition (as
M+−O−3) to form M−O groups. The characteristic peak at
1385 cm−1 (Figure 4c) is attributed to the asymmetric
stretching mode of carboxyl carbonate (M−C(O)O−).57

Figure 2. Kubelka−Munk absorption spectra derived from the DRIFTS results obtained at different reaction times during the plasma-assisted
catalytic oxidation of graphite with different catalysts (a) γ-Al2O3, (b) Au/γ-Al2O3, (c) CaSO4/γ-Al2O3, and (d) Au/CaSO4/γ-Al2O3. Experimental
conditions: KBr/catalyst/graphite ratio of 100:10:1 by mass, temperature: 200 °C, inlet gas composition: 10% O2 (He balance), discharge power:
0.1 W (plasma on).
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The formation of functional groups containing carbon
obviously arises due to interactions between the graphite and
catalyst surfaces, where oxidized carbon can move from the
graphite surface to the catalyst surface. A similar finding has
been reported for the catalyzed oxidation of graphite by
CaCO3 surfaces.33 The characteristic peak at 2348 cm−1

(Figure 4d) represents gaseous CO2.
59 Of particular interest

here is that the peak heights decreased rapidly to zero when
plasma discharge was terminated. While gaseous CO2 diffusing
into the infrared radiation (IR) beam path can yield an
instrument response, this is mitigated by the gas flow passing
the catalyst sample through the narrow discharge gap. The
absorption peak heights associated with gaseous CO2 during
the plasma discharge period decrease with the different
catalysts in the order of Au/CaSO4/γ-Al2O3 > CaSO4/γ-
Al2O3 > Au/γ-Al2O3 > γ-Al2O3. Accordingly, the CO2
concentrations produced from these catalysts decrease in the
same order because the peak height is proportional to the CO2
concentration. This finding also demonstrates that the
formation of M−O and M−COO− is favorable for oxidizing
graphite to gaseous CO2.
The characteristic peaks at 1540 and 1649 cm−1 (Figure 4e,f,

respectively) are associated with a monodentate carbonate M−
O−(CO2) group

60 and a bicarbonate M−OH(CO2) group,
61

respectively. Here, the M−O−(CO2) groups were formed
from the gaseous CO2 derived from graphite oxidation and the
M−O sites on the alumina surface.62 The bicarbonate M−
OH(CO2) was formed from the gaseous CO2 and M−OH
sites on the alumina surface.57 Here, the M−OH sites were
produced via the following previously proposed reaction.63

M OH O M OH2− + → − (1)

Both peak heights associated with the M−O−(CO2) and
M−OH(CO2) groups uniformly increase with the different
catalysts in the order of Au/CaSO4/γ-Al2O3 < CaSO4/γ-Al2O3
< Au/γ-Al2O3 < γ-Al2O3, which is diametrically opposite to
that observed for the formation of gaseous CO2 (i.e., Au/
CaSO4/γ-Al2O3 > CaSO4/γ-Al2O3 > Au/γ-Al2O3 > γ-Al2O3).
This suggests that the M−O−(CO2) and M−OH(CO2)
groups are the intermediates of gaseous CO2 formation, where
the lowest concentrations of M−O−(CO2) and M−OH(CO2)
on Au/CaSO4/γ-Al2O3 correspond to the highest activity of
Au/CaSO4/γ-Al2O3 for enhancing the gasification of M−O−
(CO2) and M−OH(CO2) to form gaseous CO2.
The characteristic peaks at 1156 and 1193 cm−1 (Figure

4g,h, respectively) are associated with CaSO4 species
64−66 and

the asymmetric stretching vibrations of SO,67,68 respectively.
All peak heights increased with increasing reaction time during
plasma discharge and became constant after the termination of
plasma discharge. The increase in peak heights is obviously due
to the oxidative removal of graphite from the surfaces of
CaSO4 molecules, resulting in an increased proportion of
CaSO4 reflecting IR light. Moreover, the peak heights
associated with SO stretching vibrations remained constant
after the termination of plasma discharge because no graphite
oxidation occurred during this period, as demonstrated by the
results in Figure 3.
The MS signals associated with CO2 content in the outlet

gas of the in situ cell are plotted in Figure 5 as a function of
reaction time. The MS signal of CO2 obtained in conjunction
with the γ-Al2O3 catalyst increased rapidly at the initiation of
plasma discharge and obtained the highest CO2 signal over the
first 20 min of plasma discharge. However, the CO2 signal
decreased on average thereafter. While similar CO2 MS signal
behaviors were observed in conjunction with the Au/γ-Al2O3,
CaSO4/γ-Al2O3, and Au/CaSO4/γ-Al2O3 catalysts, all three
CO2 signals began uniformly increasing on average after 20−
40 min of plasma discharge. The general magnitudes of the
CO2 MS signals observed for all four catalysts after about 40
min of plasma discharge decreased in the order of Au/CaSO4/
γ-Al2O3 > CaSO4/γ-Al2O3 > Au/γ-Al2O3 > γ-Al2O3, which is
the same order as that of the concentration of gaseous CO2
obtained in the in situ cell by DRIFTS (Figure 4d).
The very different trends observed for the MS signals of CO2

obtained over time for the catalysts with and without Au or
CaSO4 are interesting. In this regard, two main oxidation
processes have been observed during graphite oxidation,
including the oxidation of surface carbon atoms and
intercalated carbon atoms.69 Accordingly, the different trends
observed in Figure 5 are possibly due to the fact that surface
carbon atoms have been shown to be easily oxidized, while the
oxidation of intercalated carbons to CO2 is difficult

70 because
the carbon incorporated with oxygen is more readily
oxidized.53,71 In addition, the formation of M−COO− groups
may play an important role for graphite oxidation because the
absorption peak heights associated with these groups were
observed to increase dramatically after 20 min of plasma

Figure 3. Peak heights of absorption spectra associated with SOC
groups (a) −COC−, (b) −CO, and (c) −COO− arising from
graphite oxidation as a function of reaction time. Data are presented
as mean ± standard error of the mean (SEM).
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discharge (Figure 4c), which is similar to the trends observed
for the MS signals of CO2 (Figure 5). Finally, as shown in
Figure 4e,f, the peak heights associated with the M−O−(CO2)
and M−OH(CO2) groups are lowest for the γ-Al2O3 catalyst in
the first 20 min and then greatest for the γ-Al2O3 catalyst
thereafter. Accordingly, it can be speculated that CO2 was the
least sequestered at these sites on the surface of the γ-Al2O3

catalyst in the first 20 min and the most sequestered at these
sites thereafter.
2.3. Effects of CaSO4 and Au. The mechanisms by which

Au and CaSO4 promote the catalytic oxidation of graphite can
be more fully analyzed from the Kubelka−Munk absorption
spectra derived from the DRIFTS results obtained at different

reaction times with Au/γ-Al2O3, CaSO4/γ-Al2O3, Au/CaSO4/
γ-Al2O3, and pure CaSO4 catalysts at 200 °C, which are
presented in Figure S10 in the wavenumber range of 725 to
1500 cm−1. The absorption peaks observed at 788, 844, 1034,
1124, and 1369 cm−1 correspond to M+−O−3, S−O,72,73 S
O, M+−O−2, and M−O groups, respectively (Table S3).
The peak heights of the absorption spectra associated with

the S−O, SO, M+−O−2, and M−O functional groups of the
four catalysts considered are presented as a function of reaction
time in Figure 6a−d, respectively. Except for the peaks
associated with the SO group (Figure 6b), the peak heights
invariably increased with increasing plasma discharge time but
decreased after the termination of plasma discharge. Again, the

Figure 4. Peak heights of absorption spectra associated with the different surface functional groups (a) M+−O−3, (b) M−O, (c) M−COO−, (d)
CO2, (e) M−Ob−(CO2), (f) M−OH(CO2), (g) CaSO4, and (h) νas(SO) of γ-Al2O3, Au/γ-Al2O3, CaSO4/γ-Al2O3, and Au/CaSO4/γ-Al2O3
catalysts as a function of reaction time. Data are presented as mean ± SEM.
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observed decrease in peak heights after the termination of
plasma discharge indicates that these functional groups were
unstable. This is particularly the case for the peak heights
associated with the M+−O−2 groups,74 which decrease to
nearly zero within the 60 min period after the termination of
plasma discharge. The presence of Au is observed to promote
the formation of S−O, M+−O− 2, and M−O groups in
comparison with the corresponding peak heights obtained by
CaSO4/γ-Al2O3 (Figure 6a,c,d). The contrary behavior of the
peak heights associated with the SO groups observed with
respect to reaction time (Figure 6b) can be explained by
noting that the S−O groups were generated from the SO
groups,68 which may possibly conform to the following
reaction, where the S atoms in the CaSO4 components were
strictly present in only the S6+ state.75

Accordingly, the observed increase in the peak heights
associated with SO after the termination of plasma discharge
mirrors the observed decrease in the peak heights associated
with S−O, where the reverse reaction would form SO from
the S−O groups. In addition, Au can decompose O3 to O via
the following reaction.

2.4. Mechanism of Graphite Oxidation Catalyzed by
CaSO4 and Au. The mechanism associated with the plasma-
assisted catalytic oxidation of graphitic carbon with Au/
CaSO4/γ-Al2O3 catalysts based on the above experimental
results is illustrated in Figure 7. Impacts between O2 molecules
in the discharge space with the energetic electrons and ions
induced by plasma discharge decompose the O2 molecules to
form O atoms and O3 molecules, which can be adsorbed on
the Lewis acid (or base) sites on the surface of γ-Al2O3 to form
M−O and M+−O− 3 functional groups, respectively. In
addition, the three types of SOCs (i.e., −COC−, −CO−,
and −COO−) are generated on the graphite surface. Here, the
terminal carbon atoms on the graphite surface are first oxidized
to −COO− and −CO. The interactions of O atoms with
carbon atoms in the graphite rings result in the formation of
−COC− by destroying the CC groups. This open-ring
reaction is promoted by M−O groups on the catalyst surface,
where the formation of these groups is enhanced by the
presence of Au or CaSO4. Here, Au can decompose O3 to O,
whereas CaSO4 can save and release O atoms. The oxidation of
opened ring carbons to CO2 continues via the formation of

Figure 5. MS signals of CO2 in the outlet gas obtained with different
catalysts plotted with respect to reaction time before and during the
period of plasma discharge. Experimental condition: catalyst/graphite
ratio of 20:1 by mass.

Figure 6. Peak heights of absorption spectra associated with the different surface functional groups (a) S−O, (b) νs(S=O), (c) M+−O−2, and (d)
M−O of Au/γ-Al2O3, CaSO4/γ-Al2O3, Au/CaSO4/γ-Al2O3, and pure CaSO4 catalysts as a function of reaction time. Data are presented as mean ±
SEM.
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−COO− and −CO. Finally, the M−O and M−OH groups
also facilitate graphite oxidation to CO2 by catalyzing the
SOCs moving from the graphite surface to the catalyst surface
to form M−O−(CO2) and M−OH(CO2) groups, respectively.

3. CONCLUSIONS

The present study addressed the poorly understood role
sulfates play in the promotion of DPM oxidation in a plasma-
assisted context by investigating the underlying mechanisms of
DPM oxidation during plasma-assisted catalytic processes
using graphitic carbon in conjunction with γ-Al2O3, CaSO4/
γ-Al2O3, Au/γ-Al2O3, and Au/CaSO4/γ-Al2O3 catalysts.
Considerable detail was obtained during in situ analyses of
the plasma-assisted catalytic oxidation process of graphite
based on DRIFTS and MS data collected before, during, and
after the application of 120 min of continuous plasma
discharge. The main results are summarized as follows: (1)
Au and CaSO4 can enhance graphite oxidation; (2) Au was
found to promote the decomposition of O3 to O to form M−O
groups on the catalyst surface; (3) CaSO4 was found to
promote graphite oxidation by reversibly saving and releasing
O atoms via its −SO units; (4) in the proposed mechanism,
graphite is firstly oxidized to −COO− and −CO; (5) the O
atoms react with carbon atoms in the graphite rings, resulting
in the formation of −COC−; (6) the Au or CaSO4

impregnated catalysts also promote the movement of
carbonates from the graphite surfaces to the catalyst surfaces,
followed by the formation of CO2 from the gasification of
surface carbonates. These findings clearly improve the
understanding of the plasma-assisted catalytic oxidation
mechanisms of DPM and further support the development
of efficient plasma-assisted catalysts.

4. EXPERIMENTAL SECTION

4.1. Catalyst Preparation and Characterization. Four
types of catalysts (Au/CaSO4/γ-Al2O3, CaSO4/γ-Al2O3, Au/γ-
Al2O3, and γ-Al2O3) were prepared using methods described in
the Supporting Information. These obtained catalysts were
characterized using transmission electron microscopy (TEM;
FEI Talos F200s, ThermoFisher), NH3-TPD (BelCata II,
MicrotracBEL), and O2-TPD. The distributions of major
elements were determined using EDS. XPS (Nexsa, Thermo-
Fisher) was employed to investigate the chemical properties of
the catalyst surfaces. In addition, the Raman spectrum (Raman,
LabRAM HR800, Horiba Jobin Yvon) was used to analyze the
state and properties of the graphite microstructure surface. The
obtained characterization results are presented in the
Supporting Information.

4.2. In Situ DRIFTS Coupled with DBD and MS
Characterization. The in situ DRIFTS−MS system with the
fluidized bed reactor and DBD plasma cell are illustrated in
Figure 1. The system consists of gas cylinders, mass flow
meters (MFCs; Sevenstars), a DRIFTS instrument (Nicolet
is50, Thermo Scientific), a mass spectrometer (LC-D200,
TILON), and a pulse power supply (M10K-08, Suzhou
Allftek). The DRIFTS instrument was equipped with an in situ
cell (HVC-DRP-5, Harrick) and a narrow-band mercury
cadmium telluride (MCT-A) detector with liquid nitrogen
cooling for high sensitivity (0.09 cm−1) when collecting
DRIFTS spectra between 4000 and 650 cm−1. The in situ cell
was installed with a DBD unit over the catalyst sample. The
DBD unit was mainly composed of a quartz tube [2 mm (o.d.)
× 1 mm (i.d.) × 15 mm (length)] and a stainless steel rod [1
mm (o.d.) × 20 mm (length)]. The stainless steel rod was
connected to the high voltage terminal of the pulse power
supply, while the body of the in situ cell was connected to the
ground terminal of the pulse power supply. The gap distance
between the front of the sealed quartz tube and the catalyst

Figure 7. Proposed mechanism of plasma-assisted graphite oxidation catalyzed by CaSO4 and Au.
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surface was 0.5 mm, and pulsed corona discharges occurred
within the gap space during the application of voltage pulses
between the stainless steel rod and the body of the in situ cell.
The waveforms of the applied voltage and current were
measured using a voltage probe (P6015A, Tektronix), current
probe (CP8030H, Cybertek), and digital fluorescent oscillo-
scope (DPO 3034, Tektronix). The typical applied voltage and
current waveforms are presented in Figure S1.
The particle size of the graphite carbon powder used in the

experiment is within the range of normal diesel engine soot
particles (10 nm to 1 μm).2 TEM images of the graphitic
carbon are presented in Figure S2. The graphite powder
samples were mixed with KBr (spectral grade, >99.5% purity,
Shanghai Gexiang, China) and the catalyst powder in a KBr/
catalyst/graphite ratio of 100:10:1 by weight. About 30 mg of
the mixed powder sample was loaded into the in situ cell.
Prior to collecting DRIFTS spectra, all powder samples in

the in situ cell were pretreated at 500 °C in helium (He, 20
mL/min, purity 99.999%, Huayang, Changzhou, China) for 1
h, cooled to 200 °C, and held stable at that temperature for 20
min. A temperature of 200 °C was uniformly applied during all
subsequent reaction processes. This temperature was adopted
as it was a typical temperature of the exhaust gas from a diesel
engine.76 Finally, the background spectra were collected. Then,
the in situ cell was fed with a mixture of 10 vol % O2 (2 mL/
min, purity 99.999%, Huayang, Changzhou, China) with a
remainder of He (18 mL/min) for about 10 min. Finally,
DRIFTS spectra were collected at 0 min (i.e., without plasma
discharge) and at regular intervals of time after the commence-
ment of plasma discharge. Plasma discharge was applied for
120 min and then discontinued while DRIFTS spectra were
collected over an additional period of 60 min. This resulted in
the collection of a total of 32 scans for each DRIFTS spectrum
at a resolution of 4 cm−1, and the DRIFTS spectra were
subsequently analyzed using OMNIC software. All DRIFTS
spectra obtained were transformed into absorption spectra by
the use of the Kubelka−Munk function, which is linearly
related to the absorbent concentration in a DRIFTS
spectrum.77 Meanwhile, MS analysis was conducted simulta-
neously and continuously with the collection of DRIFTS
spectra to determine the concentration of CO2 in the gas
outflowing from the in situ cell. The DRIFTS spectrum of each
catalyst under each experimental condition was determined at
least in triplicate.
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