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To provide insight into the mechanism of plasma catalytic oxidation of adsorbed benzene in a cycled

storage-discharge (CSD) plasma catalytic process, ozone catalytic oxidation (OZCO) of adsorbed

benzene on AgMn/HZSM-5 (AgMn/HZ) catalyst at room temperature was studied. The properties of
AgMn/HZ catalyst were compared with HZ, Mn/HZ, Ag/HZ catalysts in investigations of TPD of
adsorbed benzene, the product distribution and O3 decomposition in OZCO of adsorbed benzene, and
TPO and TPD of the used catalysts. For the AgMn/HZ catalyst, the adsorption capacity and the
adsorption strength of benzene have been significantly improved as compared to HZ, Ag/HZ and Mn/HZ.

Adsorbed benzene is oxidized completely to CO, by Os catalyzed by Ag on HZ. MnO,, on the other hand,

further speeds up the OZCO rate of benzene adsorbed on Ag/HZ.

Introduction

For removing low-concentration VOCs, the problems of high
energy cost, harmful by-products (such as NO, and CO) and poor
humidity tolerance make plasma-based technique impractical.'*
To solve these problems, a cycled storage-discharge (CSD)
plasma catalytic method was proposed by Kim et al., >® Kuroki et
al.”? and our group,'™'? which operates in a cycle system
composed of Storage Stage and Discharge Stage. That is, the low-
concentration VOCs are first stored on catalysts at a storage stage
(plasma off) and then the stored VOCs are oxidized to CO, by
plasma at a discharge stage (plasma on).

In our previous work,'™'? Ag supported on the high-silica
HZSM-5 (HZ) catalysts exhibited not only preferential adsorption
of benzene in humid air due to the hydrophobic property of the
HZ support in a Storage Stage, but also almost complete
oxidation of adsorbed benzene in a Discharge Stage. Moreover,
ozone is a very important and long-life species in O, or air
plasma and manganese oxide catalysts are highly active for ozone
decomposition.'*?'  Therefore, to provide insight into the
mechanism of plasma catalytic oxidation of adsorbed benzene,
we focus on ozone catalytic oxidation (OZCO) of benzene
adsorbed on AgMn/HZ catalysts in this paper.

OZCO of gaseous benzene has been reported using manganese
oxides supported on SiO,, Al,Os;, TiO,, ZrO, and Y zeolite
supports*>? or Ag/Al,0; catalyst.?® However, to the best of our
knowledge, no study has been reported to focus on OZCO of
adsorbed benzene. OZCO of adsorbed benzene has two
advantages over OZCO of gaseous benzene: increasing the
efficiency of O; decomposition and reducing the second pollution
caused by residual O; in the flue gas since O; decomposition
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would not reach 100% during OZCO of gaseous benzene at room
temperature. Herein, study on OZCO of adsorbed benzene on
AgMn/HZ catalyst is reported for the first time.

Experimental
Catalysts Preparation

HZ-supported catalysts were prepared via incipient wetness
impregnation method using HZ (SiO,/A1,0,=360) as the support.
AgNO; and Mn(CH3COO),4H,0 were used as Ag and Mn
precursors, respectively. The impregnated samples were stirred
for 30 min, aged overnight at ambient temperature in darkness,
dried at 110 °C for 6 h and calcined at 450 °C for 3 h. The
obtained powders were grounded, tableted, crushed and sieved to
20-40 mesh.

ICP, BET, XPS & TPR Characterization

Inductively coupled plasma-atomic emission spectroscopy (ICP-
AES, optima 2000DV, USA) was used to determine Ag and Mn
loadings. The ICP-AES results are summarized in Table 1. The
Ag loading of Ag/HZ catalyst was 0.7 wt% and the Mn loading
of Mn/HZ catalyst was 1.8 wt%. The Ag and Mn loadings of
AgMn/HZ catalyst were 0.8 wt% and 1.7 wt%, respectively.

The specific surface areas of the catalysts were measured by
the N, adsorption BET method at 77.4 K (Autosorb-1,
Quantachrome, USA). For HZ, Mn/HZ, Ag/HZ and AgMn/HZ
catalysts, the BET surface areas were 341, 328, 341 and 326
m?/g, respectively, as shown in Table 1.

The surface chemical states of the catalysts were examined by
X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD,
UK) with a mono Al Ka X-ray source. The reference energy used
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Table 1 Metal loadings, BET surface area and breakthrough capacity of Oy ot = ) ”{
the catalysts z.w:;wm n e IS 1
L ——L dmayvaive CO, Analyzer
Catalyst Ag loading Mn loadin BET surface  Breakthrough s — /
g g(Wt%) ¢ (Wt%) y area (m%/g) capacity"g e = O] 0l /?‘ )]
(umol g-cat™) L [ Q&E}l‘} '
HZ - - 341 421 T - =9
Mn/HZ - 1.8 328 431 —* ——— ik
Ag/HZ 0.7 - 341 45.5 |
AgMn/HZ 0.8 1.7 326 49.1 0, e . i i (b
—"p s I = i
“ Conditions: benzene concentrations in dry simulated air were 12, 12, 11 Catdirsts ‘U ,-“I | : l
and 10 ppm for HZ, Mn/HZ, Ag/HZ and AgMn/HZ, respectively. F=100 Water (S Vent
SCCM, GHSV- 119366 h ! y pecvEy Pt A IO v A 7

for calibration was the C 1s signal at 284.6 eV.

The redox behavior was evaluated by temperature programmed
reduction (TPR) experiments on Chemisorption Analyzer
(Autochem II 2920, micromeritics, USA). Firstly, 100 mg of the
samples were pretreated in 50 SCCM dry air stream at 450 °C for
1 h and then cooled down to room temperature in N, stream. Dry
simulated air was used to truly reflect the real reaction states of
the silver and manganese species during benzene oxidation
process, since all samples were pretreated in dry simulated air
before OZCO of benzene. The TPR experiments were performed
using 5% H, in Ar with a flow rate of 50 SCCM. The temperature
was increased to 450 °C with a heating rate of 10 °C/min.

Breakthrough  Capacity of Benzene, Temperature
Programmed Desorption (TPD) and OZCO of Adsorbed
Benzene

Fig. 1 displays the schematic diagram of the experimental setup.
A quartz U-tube reactor (i.d. 4 mm) was immersed in water bath
at 20 °C. Before performing the experiments, all catalysts were
pretreated in a dry simulated air stream at 450 °C for 1 h and then
cooled down to room temperature in N, stream. The breakthrough
capacity (mp, pmol/g-cat) is calculated using benzene
concentration (Cpe,, ppm), total flow rate (F, SCCM),
breakthrough time (#,, min) and mass of catalysts (71, g):

— Cbcn 'F'tb
22400-m_

t
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b

Benzene concentrations in dry simulated air were 12, 12, 11 and
10 ppm for HZ, Mn/HZ, Ag/HZ and AgMn/HZ, respectively. The
mass of HZ, Mn/HZ, Ag/HZ and AgMn/HZ catalysts were 25.7,
26.0, 25.9 and 26.0 mg, respectively. And the total flow rate was
100 SCCM. The benzene concentration during adsorption was
determined by its conversion to CO, using a homemade VOC-to-
CO, converter (10%Cu/10%Mn/y-Al,O; catalysts) at 400 °C and
the concentration of CO, was monitored online by a CO, analyzer
(8710, Sick-Maihak, Germany).'® Breakthrough time is defined
as the time when outlet concentration of benzene reached 5% of
its initial concentration. The detection sensitivity of the system
for benzene is 0.2 ppm.

About 53.0 mg catalyst for the TPD and OZCO of adsorbed
benzene experiments was used. The dry simulated air containing
about 10 ppm benzene with a total flow rate of 100 SCCM
(GHSV=68209 h") was flowed through the catalyst bed. By
controlling the adsorption time, the same amount of benzene
adsorbed on the four samples could be obtained and about
2.1umol benzene was adsorbed on the catalysts. After adsorption,
200 SCCM N, purged for 10 min.
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Fig.1 Schematic diagram of the experimental setup.

The TPD experiments of adsorbed benzene were heated at a
ramp of 10 °C/min using N, as the carrier gas. The desorbed
species were recorded by the online CO, analyzer, Fourier
transform-infrared (FT-IR) spectrometer (Nicolet-Antaris IGS
Analyzer, Thermo, USA) and a mass spectrometer (HPR 20 QIC,
HIDEN Analytical, England).

For OZCO tests, ozone was generated from O, by a homemade
ozone generator and monitored online by FT-IR spectrometer.
The flow rate of O3/0, was 100 SCCM and O; concentration was
about 211-273 ppm. In order to present how much adsorbed
benzene was converted into gaseous carbon-containing species
during OZCO process, carbon balance (B°?“°.) was calculated
by Equation 2:

[ Fegoa
6% 2 % 22400

co,

it
‘ j FCod; +
B((:)Z( 0 = 0

x100% 2)

where %%, and C%%“©, are CO, and CO concentrations
(ppm) in the gas stream during OZCO process; F; and ¢, are the
total flow rate (SCCM) and oxidation time (min) during OZCO
adsorbed is the amount of benzene
adsorbed on the catalysts before OZCO and equals to 2.1 pmol in
this experiment.

Temperature Programmed Oxidation (TPO) and TPD of the
used catalysts

75 TPO and TPD of the used catalysts were performed in the setup

shown in Fig. 1 after purging with 90 SCCM of dry simulated air
(for TPO) or N, (for TPD) at room temperature for over 40 min.
The temperature was raised linearly at 10 °C/min. The gaseous
products were analyzed by the online CO, analyzer, FT-IR

s0 spectrometer and mass spectrometer. The total carbon balance for

ss where Ccoz,

0ZCO and TPO process (BO2*TPO.) is calculated to check the
amount of undetected carbon-containing species during OZCO
and to confirm that most of them remains on the catalyst surface:

|7 FiCeo,dt+ [ FiCogdt +6[ " F,C,
. :
6x 50 22 400

3)

0ZCO+TPO 020
B = B

x100%

Cco and Cp,, are CO, ,CO and benzene
concentrations (ppm) in the gas stream during TPO process; F,
and ¢, are the total flow rate (SCCM) and the time (min) during
TPO process, respectively. Moreover, during the TPO and TPD
of the used catalysts, the concentration (Cco,) and MS signal (,4)

%0 of CO, were on-line obtained simultaneously by the CO, analyzer
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and the mass spectrometer, respectively. Therefore, the \3,001
concentrations of benzene (C.,) and formic acid (Cycoop) in the
outlet gas are calculated according to the following method.
The relationship of the mass signals at m/z = 44, 78, 46 (144, 173,
s I4s) and the concentrations (Ccoa, Chens Chcoon) 1S shown by

Equations (4) - (6). g . . ' . . : . . .
. ;0:0} 360 365 370 375 380 385
Ly =14(0co, B Ceo, + FcoonPus " Cucoon) ) é 30000T ¢ 14 : Op
E /\5321’

Iy = 77780-benﬂ7b;ncben ®)
L =45 (0co, B Ceo, + Fucoon Bis " Cracoon) (©) J L

T T T T T T T T T T T
526 528 530 532 534 536 538 540 542 544 546
Binding Energy/eV

10 where 744, 773 and 746 are the detection constants of the mass
spectrometer at m/z = 44, 78 and 46, respectively; the total
ionization cross sections for CO,, benzene and formic acid at 70
eV (the electron beam energy used in our mass spectrometer (b)
ionizer) are 6c0;=3.52x10"% | 64, =1.50x10"" | 6yc001=4.83%10" 700]]

5 ' cm%*” according to our MS software, the ratios of the partial
ionization cross section of CO,, C¢Hs and HCOOH generating the
ion fragment with m/z = 44, 78, 46 to their total ionization cross
section at 70 eV are f<°2,,=0.78, f°°%=0.0031, fH°°M,,=0.038,
BHCOOH, =023, f*"4=0.53. Due to ocor~0ucooms B as >>

20 ﬁHCOOH44 and Ccop >> Cycoon in this experiment, Equation (4)
can be simplified as,

Mn2p1p  Mn/HZ

1

652.7 M|

T L T T T ¥ T ¥ T I T ¥
635 640 645 650 655 660 665
Ols ;

10000

Intensity/a.u.

Ly =140, B Ceo, ™

according to Equations (5) and (7), Cy., is obtained:

®)

CO,
o, >l 1
¢, Mool Ly o —k 2,

T T T T T T T T T T T T T T T T T T T T T
ben en
7250 ben ﬁ;’g 1, 2 - 526 528 530 532 534 536 538 540 542 544 546

Binding Energy/eV

»s where k; was calibrated to be 2.37 in this experiment.
Formic acid concentration is calculated based on Equations (6) (€)

and (7): 2001/ Ag3d  Ag3dg, A Ag3dy, AgMn/HZ

374.6

co,
o >
= r(‘OOH ) : C(‘O;
O ucoonPas (9)

co,
— (7744 O-CO:ﬁ 4
HCOOH — ' HCOOH
s OucoonPas

C

i
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T T T T T E T T
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2001| Mn 2p i
Mn 2p3/

1
:(kz 'ifb)'cco2

44

where k, and b were calibrated to be 6.93 and 0.01 in this
30 experiment, respectively.

Intensity/a.u.

T T T T T E T . T T T
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. . 100001 :
Results and Discussion

XPS results

Ag/HZ, Mn/HZ and AgMn/HZ samples were examined via XPS N I A ML LS LN NI L T LD
. c R . 526 528 530 532 534 536 538 540 542 544 546
to determine the oxidation states of surface species. Fig. 2 shows Binding Energy/eV
35 the XPS spectra of Ag/HZ, Mn/HZ and AgMn/HZ catalysts. The Fig. 2 XPS spectra of (a) Ag/HZ, (b) Mn/HZ and (c) AeMn/HZ catalysts.
Ag 3ds, and Ag 3d;, peaks of Ag/HZ were located at 368.6 and
374.6 eV, respectively, which could be assigned to the metallic 5o Mn/HZ, which confirms that the silver and manganese species in
silver® and two manganese species could be distinguished from AgMn/HZ were still present as metallic silver and Mn**, Mn*".
the Mn 2p peaks of Mn/HZ. The lower binding energies of Mn Quantitative deconvolution of the Mn 2p peaks reveals that the
40 2p3, and Mn 2p;,, at 641.0 and 652.7 eV, respectively, were Mn*"/Mn*" atomic ratios were estimated to be 5:1 and 2:1 for
attributed to Mn®", and their higher binding energies, at 642.1 and Mn/HZ and AgMn/HZ, respectively. This suggests that the
653.8 eV, respectively, were attributed to Mn*"? From Fig. 2c, it s presence of Ag favored the formation of Mn**. Two types of
was found that in the case of AgMn/HZ, the binding energies of oxygen species were clearly distinguished on Mn/HZ and
Ag 3d and Mn 2p peaks were the same as that of Ag/HZ and AgMn/HZ through deconvolution of the O 1s spectra (Fig. 2b and

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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2c¢). A binding energy at about 529.0-530.0 eV was ascribed to
the lattice oxygen (O,) and higher energy peak around 532.6 eV
belonged to surface oxygen and OH group (OB).29 The area ratios
of O,/(Oy+Op) of AgMn/HZ and Mn/HZ were very low, around
0.01 and 0.04, respectively, which means that nearly all the
oxygen species on Mn/HZ and AgMn/HZ presented as the form
of surface oxygen and OH group. No lattice oxygen was detected
on Ag/HZ, as shown in the O 1s spectra in Fig. 2a.

TPR Analysis

H,-TPR results are shown in Fig. 3. For Mn/HZ, there was a
broad peak that could be fitted into two peaks centered at 317 and
362 °C, respectively. According to the XPS data, the lower
temperature peak represented the reduction of MnO, to Mn,0;.
The higher temperature peak was due to the reduction of Mn,0;
to MnO. By curve-fitting, the area ratio between the low and high
reduction peaks was about 5:6. Based on the sequential reduction
steps below and the complete reduction assumption,

L | 1,
MnO, 42—>5 Mn,0, ———>MnO

Mn*/Mn*" atomic ratio of 5:1 for Mn/HZ was calculated. This
result is in good agreement with the XPS data. No reduction peak
was observed for Ag/HZ and this result is in good accordance
with the XPS data that silver on the zeolite existed as Ag’.
Compared to the reduction behavior of Mn/HZ, for AgMn/HZ,
the presence of silver led to a significant shift to lower
temperature. AgMn/HZ showed two reduction peaks centered at
157 and 211 °C, which should be ascribed to the sequential
reduction of MnO, to Mn,03 and Mn,03 to MnO, respectively.
Because the chemical state of silver was Ag’, Ag could not be
reduced. The reduction of Mn** was enhanced by the presence of
Ag, which derives from that Ag’ might facilitate the activation
(dissociation) of hydrogen and spill over of hydrogen from Ag’ to
Mn*" and MnO; dispersion in AgMn/HZ might be better than that
in Mn/HZ.***' The calculated Mn*/Mn®" atomic ratio, using the
same sequential steps as mentioned above, for AgMn/HZ based
on the TPR results was 2:1, which is also consistent with the XPS
results.

Breakthrough Capacity results

The breakthrough capacities of benzene on HZ, Mn/HZ, Ag/HZ
and AgMn/HZ were 42.1, 43.1, 45.5 and 49.1 pmol/g-cat,
respectively, as shown in Table 1. Mn/HZ possessed almost the
same breakthrough capacity as HZ did which indicates that the
addition of Mn species barely had an effect on the breakthrough
capacity of benzene. However, the addition of Ag promoted
benzene adsorption, which was due to the m-complexation
adsorption of Ag with benzene.'” AgMn/HZ possessed the
highest breakthrough capacity among the four catalysts.

TPD investigation of surface adsorption site on the catalysts
toward benzene

To investigate surface adsorption site on the catalysts toward
benzene, TPD experiments of adsorbed benzene using N, as the
carrier gas were conducted and the results were displayed in Fig.
4. As shown in Fig. 4a, the Mn/HZ and Ag/HZ catalysts exhibited
a low-temperature benzene peak centered at about 150 °C, the

55
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U.UULl

AgMn/HZ

Intensity/a.u.

50

T T T T T T T T T T T T
150 200 250 300 350 400
Temperature/’C

T T T T
100 450

Fig. 3 H,-TPR profiles of the catalysts. Conditions: 100 mg catalysts, 50
SCCM of 5% Hy/Ar, 10 °C/min.

same position as the desorption peak on HZ, which corresponded
to desorption of benzene adsorbed on the HZ support, though the
peak of Ag/HZ was much smaller than the peak of Mn/HZ which
in turn was smaller than the peak of HZ. The results suggest that
the addition of Mn decreased the amount of desorbed benzene on
HZ slightly. On the other hand, the loading of Ag changed the
adsorption of HZ significantly. The results, as shown in Fig. 4a,
also suggest that there were two types of adsorption on Ag/HZ.
Besides the adsorption on pure HZ support, the addition of Ag to
HZ created a stronger adsorption site, likely due to =z-
complexation adsorption of Ag with benzene,'® which required a
much higher temperature for desorption. Whereas, for the
AgMn/HZ catalyst, this low-temperature desorption peak of
benzene almost disappeared, which indicates that nearly all
benzene adsorbed on the Ag promoted HZ sites due to z-
complexation of Ag with benzene. Instead, a high-temperature
desorption peak at 420 °C occurred and was assigned to the
desorption of benzene with z-complexation of Ag on HZ.
Compared with the Ag/HZ catalyst, this desorption peak on
AgMn/HZ shifted somewhat to higher temperature indicating an
even stronger adsorption suggesting the synergetic effect of Ag
with Mn in increasing the adsorption strength of benzene on HZ.
Besides the desorption of benzene, on the Mn/HZ, Ag/HZ and
AgMn/HZ catalysts, the adsorbed benzene was also oxidized
during TPD by the surface oxygen species (adsorbed oxygen and
OH group). As shown in Fig. 4b, the total amount of CO, evolved
from Mn/HZ and Ag/HZ were 1.98 and 1.38 umol, respectively.
In addition, the peaks of CO, formation on the Mn/HZ and
Ag/HZ catalysts occurred at 315 °C and 405 °C, respectively.
This suggests that the oxidation activity of Mn/HZ was higher
than Ag/HZ. On the AgMn/HZ catalyst, about 3.66 pmol CO,
were evolved and this value is approximately equal to the sum of
CO, evolved from Mn/HZ and Ag/HZ, which indicates that the
CO, formation on AgMn/HZ was attributed to the oxidation of
adsorbed benzene by surface oxygen species catalyzed by MnO,
and Ag. By curve-fitting the CO, peaks of AgMn/HZ, two peaks
centered at 315 and 375 °C could be resolved (Fig. 4b inset),
which were assigned to the oxidation of adsorbed benzene by
surface oxygen species catalyzed by MnO, and Ag on AgMn/HZ,
respectively. Compared with Ag/HZ, the surface oxygen species
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Fig. 4 TPD profiles of adsorbed benzene: (a) m/z=78 (benzene); (b) CO,

concentration; (c) m/z=46 (formic acid). Conditions: 90 SCCM of N, 10
°C/min.

10 from Ag on AgMn/HZ were more active (because of the larger

peak and the temperature shifted to a lower temperature from 405

to 375 °C). Moreover, on Mn/HZ, Ag/HZ and AgMn/HZ
catalysts, small amount of formic acid evolved during the same
TPD procedure (Fig. 4c). By curve-fitting the formic acid

15 formation peaks of AgMn/HZ (Fig. 4c¢ inset), profiles similar to

those in Fig. 4b inset could be obtained. For the HZ support, no
oxidation products of adsorbed benzene were detected (Fig. 4b
and 4c¢), which indicates that Ag and Mn species are required for
surface oxidation of adsorbed benzene during TPD.

20 OZCO of adsorbed benzene

Fig. 5a exhibits the variations of CO, and CO concentrations with
time on stream (TOS) during OZCO of adsorbed benzene on HZ,
Ag/HZ, Mn/HZ and AgMn/HZ catalysts. It should be noted that,
except for CO, no other by-products were detected by the online

»s FT-IR spectrometer for the four cases. From Fig. Sa, it could be

seen that, for Ag/HZ and AgMn/HZ -catalysts, no CO was
produced and CO,/CO, reached 100% (Table 2). In contrast, for
HZ and Mn/HZ catalysts, CO was detected besides CO, in
gaseous products and CO,/CO, arrived at 78.4% and 87.4% at

30 TOS =30 min (Table 2), respectively. Thereby, it can be deduced

that Ag is necessary to promote the complete oxidation of
benzene to CO, during OZCO.

In addition, O; consumption, (C"p;-C*03)/CM; dropped
quickly over HZ catalyst with or without adsorbed benzene, as

35 shown in Fig. 5b and Sc. On HZ, O3 consumption maintained at

100% for about 25 min, followed by a rapid decrease, as shown
in Fig. 5c¢, which could be ascribed to the contribution of Oj
adsorption on HZ. It was reported that, ZSM-5 zeolites did not
facilitate ozone decomposition but acted as ozone reservoirs on

40 which the reaction between Oz and the organic molecules took

place®” and possessed high capacities to adsorb O5.>*** So in this
paper, it is tentatively deduced that when O3 was fed to HZ, O3
was mainly adsorbed on HZ and then O3 consumption began to
drop rapidly after HZ was saturated. For Ag/HZ catalyst, there

4s was some decrease in Oz consumption after 6-min TOS in the

presence of adsorbed benzene (Fig. 5b). When no benzene was
adsorbed on Ag/HZ catalyst, its Oz consumption decreased
gradually after 25-min TOS (Fig. 5c¢). The presence of adsorbed
benzene accelerated the decrease in O; decomposition over

so Ag/HZ, which was due to the adsorbed benzene decreasing the

sites for O; adsorption. However, for Mn/HZ and AgMn/HZ
catalysts, O; decomposition kept at 100% during the entire test
with or without adsorbed benzene. This should be ascribed to
very high activity of manganese oxides for O decomposition.'*?'
and his co-workers®® have reported that the
decomposition of O3 over MnO,/Al,05 catalyst without organic
compounds could be described by:

O3 +*—0,+0"

0 +0;50,+0,

*
6002 —>02+*

where * denotes the surface site on the catalysts. O and O, are
the active species for OZCO of adsorbed benzene.'® Moreover, it
was also reported that O° is much more stable than O,".*
Therefore, it is assumed that only one atom of O; was responsible

s for benzene oxidation and the reaction equation could be written

as: 1505 + C¢Hg — 6CO, + 3H,O + 150,. In this paper, about
2.1umol benzene was adsorbed on the catalysts, therefore,
theoretically about 31.5 pmol O; is needed to oxidize all the
adsorbed benzene. According to Fig. 5b, for HZ, Mn/HZ, Ag/HZ

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 (a) Time course for CO, concentration during OZCO of adsorbed
benzene; Time course for O; consumption (b) with and (c) without

adsorbed benzene. Adsorption conditions: 2.1 pmol benzene adsorbed on
10 the catalysts.

Table 2 Properties of the catalysts during benzene oxidation with O3 “

Catalyst CO,/CO; O; consumed ~ BO#O b gOZCOTRO b
(%) (umol) (%) (%)

HZ 78.4 25.6 51.6 90.3
Mn/HZ 87.4 29.5 42.1 90.0
Ag/HZ 100 234 31.7 89.7

AgMn/HZ 100 28.3 35.1 94.9

“ Data in the table corresponded to 30-min TOS.

b The standard error was 0.3% and 0.5% for B°““°¢ and BOZCO*TPOC,

respectively.
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Fig. 6 Benzene conversion and Os consumption of HZ, Mn/HZ, Ag/HZ
and AgMn/HZ during OZCO of gaseous benzene. Conditions: 53 mg
catalyst, 47 ppm benzene in dry simulated air of 250 SCCM, 437-453

ppm Os.

20 and AgMn/HZ, the actual amounts of O3 consumed at TOS=30
min were 25.6, 29.5, 23.4 and 28.3 umol, respectively. They were
less than the theoretical amount of 31.5 umol, so some amount of
benzene or its derivates were still on the catalysts after 30-min
0ZCO. The carbon balances during OZCO, B°““°. at TOS=30

»s min were relatively low, as shown in Table 2, which were 51.6,
42.1, 31.7 and 35.1% for HZ, Mn/HZ, Ag/HZ and AgMn/HZ,
respectively. However, for plasma catalytic oxidation of absorbed
benzene on Ag/HZ in our previous paper,'® carbon balance could
reach about 100% within 10 min of discharge time. This confirms

30 that, besides the contribution of ozone to benzene oxidation, there
exists considerable contribution from other active species, such as
electrons, UV photons, O atoms, etc.

It should be pointed out that, CO, concentration was higher for
HZ than loaded HZ during OZCO of adsorbed benzene as shown

35 in Fig. 5a. Similar results were also observed in our previous
research. The bare HZSM-5 support produced more CO, during
the oxidation of adsorbed benzene'® and formaldehyde,'" which is
due to the difference in adsorption strength towards pollutants
between HZ and the HZ supported catalysts. As shown in Fig. 4a,

40 the loaded HZ catalysts possessed an even stronger adsorption of
benzene. Moreover, the CO,-TPD results by Katoh et al.>® and
Zhang et al.”’ indicated that the addition of metal into ZSM-5
caused a higher temperature CO, peak , which is due to the CO,
adsorption on metal sites. Therefore, it is supported that CO,

4s formed on the loaded HZ catalysts was not easy to release to
gaseous phase during benzene oxidation. The lower activity of
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g 121 TPO and TPD investigations on surface species after OZCO
S ] — — Mn/HZ of adsorbed benzene
- 104 —-— Ag/HZ _
g AgMn/HZ 15 To close the carbf)n balance and the su.rface s.pec.les after OZCQ
= as much as possible, TPO and TPD investigations were carried
g 84 out on the used catalysts of OZCO of adsorbed benzene. Fig. 7
5 1 and Fig. 8 show the detailed TPO and TPD results of the used
2 6 HZ, Ag/HZ, Mn/HZ and AgMn/HZ catalysts after 30-min and
8 1 20 60-min OZCO of adsorbed benzene, respectively. The low-
8 44 75\ temperature TPO peak of benzene on HZ and Ag/HZ catalysts
g /' ‘\ disappeared completely after 30-min OZCO (Fig. 7a). But on
5 24 ™ . . Mn/HZ catalyst, the low-temperature peak of benzene decreased
s y, N P / \‘ to some extent (4.8% of the adsorbed benzene was detected) (Fig.
04 = - > 25 7a) and still existed even after OZCO for 60 min (3.3% of the
0 ' 160 ' 260 ' 360 ' 460 ' 560 adsorbed benzene was detected) (Fig. 8a). It can be explained
Temperature/OC that, for O; decomposition, MnO, of the Mn/HZ catalyst
160 predominated over the HZ support. Accordingly, the probability
i (b) of reaction of O; with benzene adsorbed on the support of the
140 - 30 Mn/HZ catalyst decreased. For the AgMn/HZ catalyst, because
1 there was nearly no low-temperature benzene desorption peak
120 4 (Fig. 4a), therefore there was no low-temperature TPO or TPD
1 peaks of benzene after OZCO of benzene for 30 or 60 minutes, as
100 shown in Fig. 7a and 8a. Moreover, the high-temperature TPO
| 35 peak of benzene on AgMn/HZ catalyst almost disappeared after

80"_ 30-min OZCO (0.5% of the adsorbed benzene was detected), but

on Ag/HZ, this TPO peak could still be observed (Fig. 7a). Even
after 60-min OZCO, the high-temperature peak of benzene on
Ag/HZ still existed (9.5% of the adsorbed benzene was detected)
40 (Fig. 8a). This demonstrates that MnO, of the AgMn/HZ catalyst
causes the significant increase in oxidation rate of benzene
adsorbed on Ag.
T T T - T T T For CO, evolution as shown in Fig. 7b and 8b, the peaks at low
0 100 200 300 . 400 500 temperatures (about 100 °C for Mn/HZ and AgMn/HZ and about
Temperature/'C a5 150 °C for Ag/HZ) corresponded to the desorption of CO, formed
5 60 in OZCO from the HZ support; the peaks at higher temperatures
(© (272 °C for M/HZ, 326 °C for AgMn/HZ and 393 °C for Ag/HZ
as shown in Fig. 7b; 303 °C for Mn/HZ, 368 °C for AgMn/HZ
and 397 °C for Ag/HZ as shown in Fig. 8b) were assigned to the
so oxidation of residual benzene and intermediate products
including formates and carboxylates.”? For the HZ support, the
small peaks of CO, (Fig. 7b and 8b) and the large peaks of CO
(Fig. 7c and 8c) located at about 180 °C derived from the
decomposition of intermediate products of OZCO. Similar to Fig.
ss 4c¢, in Fig. 8d, formic acid evolved with the same TPD profile as
CO, evolution. This implies that formic acid is very likely to be
an intermediate of benzene oxidation to CO,. About 0.02, 0.08,
0.1 and 0.2 umol formic acid were detected for HZ, Mn/HZ,
Ag/HZ and AgMn/HZ, respectively. B°2“°*TPO for HZ, Mn/HZ,
0 Ag/HZ and AgMn/HZ, as shown in Table 2, were increased to
! 90.3, 90.0, 89.7 and 94.9%, respectively. This confirms that the
low B%?“°.. derived from the residual benzene or its derivates on
the catalysts after OZCO of adsorbed benzene.
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Fig. 7 TPO profiles of the used catalysts after 30-min OZCO: (a) benzene .
concentration; (b) CO, concentration; (c) CO concentration. Conditions: Conclusions

90 SCCM of dry simulated air stream, 10 °C/min.
6s OZCO of adsorbed benzene on AgMn/HZ catalyst at room

10 HZ and higher activity of loaded HZ during continuous OZCO of temperature was studied in comparison with that on HZ, Mn/HZ
gaseous benzene are demonstrated in the additional figure (Fig. and Ag/HZ catalysts. In the gaseous products, for Ag/HZ and
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AgMn/HZ catalysts, only CO, was detected. In contrast, for HZ 60
and Mn/HZ catalysts, CO was formed in noticeable amount. For 1 (©
Ag/HZ catalyst, O; decomposition decreased gradually with 50 -
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Fig. 8 TPD profiles of the used catalysts after 60-min OZCO: (a) benzene
concentration; (b) CO, concentration; (c) CO concentration; (d) formic
20 acid concentration. Conditions: 90 SCCM of N, 10 °C/min.

adsorption sites on HZ, Mn/HZ, Ag/HZ and AgMn/HZ catalysts.
TPO and TPD studies of the used HZ, Ag/HZ, Mn/HZ and
AgMn/HZ catalysts clarified the surface species in OZCO of
adsorbed benzene. For the AgMn/HZ catalyst, the adsorption

2s capacity and the adsorption strength of benzene have been
significantly improved as compared to HZ. Adsorbed benzene is
oxidized completely to CO, by Oj; catalyzed by Ag on HZ. MnO,,
on the other hand, further speeds up the OZCO rate of benzene
adsorbed on Ag/HZ.
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Highlight:
Investigating ozone catalytic oxidation of adsorbed benzene on AgMn/HZSM-5 to provide insight into plasma catalytic oxidation of adsorbed benzene in cycled

storage-discharge process.



