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Ruthenium-based catalysts of Ru/TiO2, Ru/SiO2, Ru/γ-Al2O3, and Ru/ZrO2 were prepared and evaluated in CH3Br oxidation, 

and Ru/TiO2 showed better catalytic performance than other samples. The products yield and selectivity were also 

studied. The thermal stability was examined with a 48 h on-stream test. The influence of water vapor on the catalytic 

oxidation of CH3Br was studied at 210 
o
C and 230 

o
C, and it could be found that the inhibition effect weakened with the 

increase of temperature. Additionally, Ru/TiO2 was also employed in the catalytic oxidation of CO, benzene, methyl 

acetate, and muti-pollutants of the simulated PTA offgas. 

1. Introduction 

Volatile organic compounds (VOCs) emitted from industrial 

processes and automotive exhausts are recognized as potent 

contributors to the air pollution and dangerous to human health.
1-4

 

Among the abundant VOCs pollutants, halogenated volatile organic 

compounds (HVOCs) such as chlorinated volatile organic 

compounds (CVOCs) and brominated volatile organic compounds 

(BVOCs), have gained increasing attention due to their higher 

toxicity and difficulty to eliminate.
5-8

 The most common approaches 

for HVOCs removal include thermal combustion,
9
 catalytic 

oxidation,
10-12

 and adsorption-based techniques,
13

 whereas catalytic 

oxidation has been regarded as the most promising method 

because of its advantages of higher efficiency and no secondary 

pollution.
14, 15

 

Noteworthy, catalysts for HVOCs removal basically majored in the 

field of CVOCs oxidation.
16-21

 Recently, numerous catalysts have 

been developed, such as noble metals
22-26

 and transition metal 

oxides.
27-31

 However, platinum and palladium-containing materials 

tend to yield multi-chlorinated byproducts in percentage levels and 

be deactivated due to the Cl adsorption and the formation of 

oxychlorie.
32, 33

 Transition metal oxides have been increasingly 

explored as the catalysts for oxidation of CVOCs. Nevertheless, 

lower activity is still the key blockage to be solved.
34-36

 Vanadium 

and chromium oxides have been established as efficient catalysts 

for CVOCs oxidation,
37-42

 while the drawback of not being 

environmental friendly limits their wide applications. 

BVOCs are commonly emitted from the petrochemical, 

pharmaceutical, and other chemical processes. Typically, methyl 

bromide (CH3Br) has been widely used historically as a soil fumigant 

and chemosterilant for durable and fresh commodities in trade 

channels.
43

 In 1992, CH3Br was listed as an ozone depleting 

substance under the Montreal Protocol, and phased out by 2005 in 

many developed countries. However, CH3Br is still in use in most 

developing countries. More to the point, it is also an inevitable 

pollutant in the purified terephthalic acid (PTA) offgas within the 

range of 0~100 ppm.
44

 Meanwhile, the research focused on CH3Br 

elimination is far less reported. 

Chen and Pignatello employed CeO2-Al2O3 supported platinum 

catalysts to decompose methyl bromide (CH3Br), and the complete 

oxidation could be realized at 400 
o
C.

43
 Chen et al from Degussa 

Corporation compared the catalytic performance of platinum-based 

catalysts with different supports in the oxidation of simulated PTA 

offgas, presenting a superior self-developed washcoat support.
44

 

More than 80% of CH3Br (35 ppm) and other VOCs were converted 

at 300 
o
C when the best support was used. Additionally, two 

catalysts of HDC 25 using above mentioned support and commercial 

HDC 7 with compositions unstated were also tested, and the 

complete oxidation of CH3Br was realized at 270 
o
C and 300 

o
C, 

respectively. 

Ruthenium catalysts have been well established in CO oxidation,
45-47

 

deacon process,
48-50

 and catalytic oxidation of VOCs.
51-53

 Complete 

oxidation of ethyl acetate,
54

 propane,
55-58

 and toluene
59, 60

 could be 

accomplished within the temperature range of 175-275 
o
C. 

Noteworthy, Mitsui et al compared the catalytic performance of 

CeO2 supported noble metals in oxidation of ethyl acetate, such as 

Ru, Pt, Pd, and Rh, respectively, and found that Ru/CeO2 exhibited 

the highest catalytic activity.
61

 Most recently, Wang et al reported 

Ru-based materials as ideal catalysts for CVOCs abatements,
62-65

 

showing less multi-chlorinated byproducts and better stability than 

many other catalytic systems. Hence, it is of great interest to 
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explore the applicability of ruthenium materials in the oxidation of 

BVOCs, especially CH3Br. 

To the best of our knowledge, Ru catalyzed complete oxidation of 

CH3Br has not been reported. Herein, Ru catalysts with different 

supports were prepared through impregnation method. Tests were 

conducted to explore their catalytic activities in complete oxidation 

of CH3Br and simulated PTA offgas. The catalysts were characterized 

by BET, XRD, HRTEM, and XPS to study their chemical and physical 

properties, which correspond with their catalytic activities. 

2. Experimental section 

2.1. Catalyst preparation 

Supported Ru catalysts were prepared using impregnation method 

with the weight percentages of Ru element being 1 wt.%. Aqueous 

solution of Ru(NO)(NO3)3 (1.5 mg/mL, Aladdin) was used as Ru 

resource. The following metal oxides were selected as supports: 

commercial P25 TiO2 (Degussa, SBET = 57.5 m
2
/g), SiO2 (Aladdin, SBET 

= 350.2 m
2
/g), γ-Al2O3 (Aladdin, SBET = 127.5 m

2
/g), and ZrO2 

(Aladdin, SBET = 22.3 m
2
/g). In a typical preparation, the respective 

support was mixed with the solution of Ru(NO)(NO3)3, and the 

mixture was stirred for 5 h at room temperature. Then the solvent 

was removed using a rotary evaporation, and the resulting solid was 

dried at 110 
o
C for 5 h. Subsequently, the solid was calcined in a 

muffle furnace at ramp of 5 
o
C min

-1
 from 30 

o
C to 350 

o
C and kept 

at this temperature for 3 h, giving grey powder of the as-expected 

catalysts, which were denoted as Ru/TiO2, Ru/SiO2, Ru/γ-Al2O3, and 

Ru/ZrO2, respectively. 

2.2. Catalyst characterization 

Physicochemical properties of the catalysts were characterized by 

means of techniques. The Ru content was measured by an 

inductively coupled plasma-optical emission spectrometer (ICP-OES, 

Optima 5300DV, Perkin Elmer). X-ray diffraction (XRD) patterns of 

the samples were recorded on a powder diffractometer (Rigaku 

D/Max-RA) using Cu Kα radiation (40 kV and 120 mA). The porous 

texture was characterized by N2 adsorption at 77 K in an automatic 

surface area and porosity analyzer (Autosorb iQ, Quantachrome). 

Transmission electron microscopy (TEM) and High resolution 

transmission electron microscopy (HR-TEM) were taken on a Tecnai 

G2 F20 S-TWIN field emission transmission electron microscope 

operated at 200 kV. X-ray photoelectron spectroscopy (XPS) 

measurements were conducted on a Thermo escalab 250Xi X-ray 

using Al Kα source. 

TEM images of Ru/TiO2 and pre-reduced Ru/TiO2 samples were 

collected for comparison, and the pre-reduced Ru/TiO2 sample was 

prepared by reduction of freshly synthesized Ru/TiO2 sample in a 5 

vol.% H2/Ar at 450 
o
C for 6h. XPS spectra were collected for fresh 

and used Ru/TiO2 samples. 

2.3. Catalytic evaluation 

Catalytic reactions were carried out in a continuous flow fixed-bed 

quartz microreactor (i.d. = 4 mm) from 100 to 300 
o
C with 100 mg 

of catalyst (80-100 mesh). CO, methyl bromide, benzene, and 

methyl acetate were introduced from the gas cylinders, and their 

concentrations in the total flow of the reactant mixture were 

calibrated by GC through a by-pass. For CO oxidation, the reaction 

feed was 3500 ppm CO + 20% O2 + Ar (balance). For the oxidation of 

methyl bromide, benzene, or methyl acetate, the reaction feed was 

VOC + 20% O2 + Ar (balance), and their concentrations were 100, 

200, and 500 ppm, respectively. Water was introduced by passage 

of Ar through a heated saturator. In the test of simulated PTA 

offgas, the concentrations of all pollutants were the same with the 

single pollutant test. In all catalytic experiments, the total flow ratio 

of the reactant mixture was 100 mL/min with the weight hourly 

space velocity (WHSV) of 60,000 mL/(g h). The pollutant load of 

F°(MB)/W defined as the ratio of pollutant amount to the catalyst 

mass is calculated to be 0.00027 mol/(g h). Before the test, the 

sample was pretreated at 250 
o
C in a 20% O2/Ar stream for 0.5 h. 

After the pretreatment, the reactant gas was introduced to the 

reactor. Analysis of the reactants and products were performed on-

line with a gas chromatography (GC 2010 Plus, Shimadzu) equipped 

with a flame ionization detector (FID). Bromine products in the 

reactor effluent gases were determined via the titration method 

and an ion chromatography (IonPac, Dionex) according to a 

previous literature.
43

 Within the temperature range of 140-160 
o
C, 

yielded Br2 could be determined by extending the absorption time 

of NaOH solution used for trapping the downstream of the reactor. 

The conversion, Br2 selectivity, and Br2 yield were calculated using 

the following equations (1-3), respectively. 

� =
������	��
���


�����
× 100%                                                             (1) 

Br�	selectivity =
�×���� �

��!"#��	$
�%�&'(�
× 100%	                            (2) 

Br�	yield =
�×���� �

��!"#��	���
× 100%	                                                   (3) 

where *  is the conversion, +�,-� and +�./0�  are the inlet and 

outlet concentration of the gaseous reactant and +�123�	 is the 

outlet concentration of Br2. Besides, +�45612	7.-8/9:;� and 

+�45612	,-� are the consumed and the inlet concentration of 

CH3Br. 

3. Results and discussion 

As shown in table 1, the SBET of the Ru-based catalysts showed slight 

decrease in comparison to the original supports due to a very low 

Ru loading employed. It can be found that the ruthenium contents 

of the catalysts are very close to the calculated values of 1 wt.%. 

The XRD patterns of the Ru-based catalysts are shown in figure 1. 

The diffraction patterns of as-calcined Ru/TiO2 and Ru/ZrO2 were  

 

Table 1. The BET surface areas, Ru contents, and catalytic activities 

of the catalysts. 

Catalyst SBET 

(m
2
/g) 

Ru content 

(wt.%)
a
 

T50% 

(
o
C) 

T90% 

(
o
C) 

Ru/TiO2 56.9 1.0 (1.02) 190 212 

Ru/SiO2 348.3 1.0 (0.98) 203 223 

Ru/γ-Al2O3 126.4 1.0 (1.01) 218 228 

Ru/ZrO2 21.2 1.0 (1.03) 200 232 

 
a
 The data in parenthesis show the values measured by ICP-OES. 
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Fig. 1 XRD patterns of the Ru-based catalysts 

 

consistent with those of unloaded TiO2 and ZrO2 supports, 

respectively, with no peaks attributable to the ruthenium species 

possibly due to their well-dispersion. For Ru/SiO2 and Ru/γ-Al2O3, 

the peaks at 28.0
o
, 35.1

o
, 54.3

o
 ascribed to RuO2 were observed, 

demonstrating lower degree of ruthenium dispersion which might 

be caused by the aggregation of RuO2 during the calcination. 

The catalytic oxidation of CH3Br over all catalysts were carried out 

under the condition of 100 ppm CH3Br at a WHSV of 60,000 mL/(g 

h) within 140~260 
o
C. Representative T50% (50% CH3Br conversion 

corresponding to the reaction temperature) and T90 of Ru/TiO2, 

Ru/SiO2, Ru/γ-Al2O3, and Ru/ZrO2 were summarized in table 1. As 

illustrated in table 1 and figure 2, Ru/TiO2 gave the lowest T90% of 

212 
o
C, revealing that support plays an important role in the 

catalytic system. The SBET of Ru/TiO2 was far smaller than that of 

Ru/SiO2 and Ru/γ-Al2O3, suggesting no correlation between the 

catalytic activity and the specific surface area. It was believed that 

the high activity of Ru/TiO2 was due to the well-dispersion of Ru 

species based on the XRD characterizations. Besides, our latest 

research also showed that Ru/TiO2 exhibited excellent thermal 

stability and anti-halogen poisoning properties due to strong 

interaction between Ru and rutile-TiO2 from the P25 support.
66

 

Noteworthy, the catalytic efficiency of Ru/TiO2 was even higher 

than reported platinum-containing catalysts.
44

 Accordingly, Ru/TiO2 

was selected and employed in the following research. 

In all catalytic tests, the Ru/TiO2 catalysts were calcined in air and 

then used without any pretreatment. Considering the catalytic 

activity might be greatly influenced by Ru distributions, TEM 

characterizations were conducted to observe the morphology of 

ruthenium in Ru/TiO2. As shown in figure 3a and 3b, ruthenium 

species were not observed possibly due to the low contrast of 

ruthenium oxides. Accordingly, the pre-reduced Ru/TiO2 was 

prepared only for TEM characterizations to observe the Ru 

distributions on the catalyst surface. The ruthenium nanoparticles 

(2~4 nm) decorate on the TiO2 support, showing a heterogeneous 

distribution (figure 3c). HRTEM image of the marked region was 

collected and presented as figure 3d. The interplanar lattice 

spacings for anatase (001) as well as rutile (110) of TiO2 were 

observed, and the ruthenium nanoparticles are mostly distributed  

Fig. 2 CH3Br conversion as a function of reaction temperature over 

the catalysts under the conditions of CH3Br concentration = 100 

ppm, CH3Br/O2 molar ratio = 1/2000, and WHSV =60,000 mL/(g h). 

 

on the rutile phase of P25, which is consistent with previous 

report.
55

 

In order to explore the chemical states of the ruthenium species, 

XPS spectra for the fresh and used Ru/TiO2 catalysts were collected. 

The assignments and explanations of the Ru peaks were 
controversial and inconsistent in previous reports.

67, 68
 In this 

research (figure 4), the Ru 3d spectra were tentatively de-

convoluted into three peaks at 280.1, 281.5, and 282.7 eV, which 

could be assigned to Rucus (coordinatively unsaturated site), 

Rucus+Oot (Rucus bonded with on-top O), and Ru
4+

satellite (satellite peak 

of bulk Ru
4+

).
69, 70

 The Rucus has been demonstrated as catalytically 

active sites, and Rucus species dominated in the fresh and used 

catalyst at the ratios of 59.6% and 52.8%, revealing slight decrease 

during the catalytic oxidation. Besides, the Ru/Ti surface atomic 

ratios for the fresh and used catalysts were calculated to be 0.022 

and 0.013 (table S1), respectively, illustrating a decrease of Ru 

dispersion.  

Fig. 3 TEM and HRTEM images of the catalysts: (a, b) Ru/TiO2, (c, d) 

pre-reduced Ru/TiO2. 
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Fig. 4 XPS spectra of Ru 3d for the fresh and used Ru/TiO2 catalysts. 

 

In the oxidation of CH3Br, HBr and Br2 were produced, and their 

yields were mainly dependent on the reaction temperature. The 

possible reactions are described as below. It can be seen that 

reaction (5) is more thermodynamically favorable than reaction (4) 

at standard temperature and pressure (STP), and likely maintaining 

the same tendency at the higher temperatures.
43

 It has been 

reported that Cl2 was easily formed in ruthenium-catalyzed CVOCs 

oxidation due to the HCl Deacon reaction, where ruthenium catalyst 

is highly efficient.
64

 Hence, we believe that Br2 was generated either 

directly from the oxidation of CH3Br or indirectly from the oxidation 

of HBr via the Deacon-type reaction (Eq. (6)). The HBr Deacon-type 

reaction is thermodynamically more favorable than HCl Deacon 

reaction (∆=>?@
A =B119 kJ/mol for Br and B38.0 kJ/mol for Cl).

43
 Br2 

selectivity was calculated based on the outlet concentrations of Br2 

and the consumed amount of CH3Br. As shown in figure 5, Br2 

selectivity apparently increased from 57% to 95% with the 

temperature improvement. The yields of HBr and Br2 were also 

obtained, and the total Br yield was basically stoichiometric to the  

CH3Br consumed. Br2 yield curve was included in figure 5, showing  

Fig. 5 Br2 selectivity and Br2 yield a as a function of reaction 

temperature over Ru/TiO2 under the conditions of CH3Br 

concentration = 100 ppm, CH3Br/O2 molar ratio = 1/2000, and 

WHSV =60,000 mL/(g h). 

Fig. 6 CH3Br conversion as a function of on-stream reaction time at 

200 
o
C and 220 

o
C over Ru/TiO2 under the conditions of CH3Br 

concentration = 100 ppm, CH3Br/O2 molar ratio = 1/2000, and 

WHSV =60,000 mL/(g h). 

 

the similar tendency to CH3Br conversion. Br2 yield reached to 94% 

during the complete oxidation of CH3Br at 220
o
C. Noteworthy, 

CH2Br2 or other multi-brominated organic compounds were not 

detected. 

CHEBr�g� G
3

2
O� → CO��g� G H�O�g� G HBr�g� 

∆GMNO
P = B650	kJ/mol                                                       (4) 

CHEBr�g� G
7

4
O� → CO��g� G

3

2
H�O�g� G

1

2
Br��g� 

∆GMNO
P = B709	kJ/mol                                                       (5) 

2HBr�g� G
1

2
O� → H�O�g� G Br��g� 

∆GMNO
P = B119	kJ/mol                                                       (6) 

 Fig. 7 Effect of water vapor on CH3Br conversion at different 

temperatures over Ru/TiO2 under the conditions of CH3Br 

concentration = 100 ppm, CH3Br/O2 molar ratio = 1/2000, and 

WHSV =60,000 mL/(g h). 
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Fig. 8 Single pollutant test: CO (■), CH3Br (●), benzene (▲), and 

methyl acetate (▼) conversions as a function of reaction 

temperature over Ru/TiO2 under the conditions of pollutants 

concentrations = 3500 ppm, 100 ppm, 200 ppm, and 500 ppm, 

respectively, O2 concentration = 20 vol%, and WHSV =60,000 mL/(g 

h). 

 

To examine the catalytic stability, on-stream CH3Br oxidation was 

performed at 200
o
C and 220 

o
C, respectively. As shown in figure 6, 

CH3Br conversion was stabilized at around 65% during the period of 

temperature being 200 
o
C. When the temperature was improved to 

220 
o
C, a basically complete oxidation of CH3Br was observed, and 

no significant decrease in catalytic activity appeared, illustrating 

that the Ru/TiO2 catalyst was catalytically durable. 

Water vapor commonly exists in the VOCs-containing industrial 

offgas with a percentage level, and the anti-moisture performance 

of the catalyst is an important factor to evaluate its applicability. 

Hence, catalytic oxidation of CH3Br was conducted in presence of 

1.5 vol% water vapor. As shown in figure 7, when the temperature 

was set at 210 
o
C, CH3Br conversion slightly decreased from 82% to 

80% within 1st h, possibly due to the unbalanced heat release. Then 
CH3Br conversion was stabilized at 80%. When water vapor was 

introduced, apparent decrease of the conversion from 80% to 65% 

occurred, illustrating that water showed an inhibition effect on the 

catalytic process by occupying abundant active sites of the catalyst. 

When water vapor was cut off, the catalytic efficiency was basically 

recovered. For the reaction conducted at 230
o
C, the introduction of 

water vapor barely influence the catalytic efficiency of Ru/TiO2. 

Based on above results, it can be temporarily concluded that 

Ru/TiO2 was a suitable catalyst for CH3Br oxidation. However, in the 

typical CH3Br-containing emission, such as PTA offgas, abundant 

other pollutants including CO, BTX (benzene, toluene, and p-xylene), 

and methyl acetate exist. Hence, employment of Ru/TiO2 in 

catalytic oxidation was then extended. In the single pollutant test, 

benzene was selected as a typical compound for BTX oxidation, and 

the concentrations of CO, CH3Br, benzene, and methyl acetate were 

selected based on the actual PTA offgas. Complete oxidations of the 

pollutants were achieved at 130 
o
C, 220 

o
C, 230 

o
C, and 250 

o
C, 

respectively. 

To examine the catalytic performance of Ru/TiO2 in simulated PTA 

offgas, multi-pollutants test was then conducted. Interestingly,  

Fig. 9 Multi-pollutants test: CO (■), CH3Br (●), benzene (▲), and 

methyl acetate (▼) conversions as a function of reaction 

temperature over Ru/TiO2 under the conditions of pollutants 

concentrations = 3500 ppm, 100 ppm, 200 ppm, and 500 ppm, 

respectively, O2 concentration = 20 vol%, and WHSV =60,000 mL/(g 

h). 

 

when the temperature was below 200 
o
C, all pollutants gave the 

conversions below 10%, which was far different from the single 

pollutant test. For CO, the outlet concentration was even higher 

than the inlet concentration due to the oxidation of the organic 

pollutants into CO within the temperature range of 200-240 
o
C 

(table S2 in Supporting Information). For a better figure illustration, 

the CO conversion was shown in figure 9 from 250 
o
C.  With the 

temperature improved, conversion of methyl acetate gently 

increased, showing a similar oxidation behavior to the single 

pollutant test. However, CO, CH3Br and benzene still maintained at 

very low conversions. When the temperature was raised to 260 
o
C, 

conversions of CO, CH3Br and benzene drastically increased to 100%, 

realizing a synchronous complete oxidation with methyl acetate. It 

was tentatively proposed that the oxygen-rich property of methyl 

acetate is the key factor in winning the competition oxidation with 

other compounds on the catalyst surface. During the oxidation, 

intramolecular oxygen of methyl acetate plays an important role by 

binding and occupying the ruthenium active sites far more easily 

than other compounds, and the oxidation priority was accordingly 

achieved. To verify our proposal, the multi-pollutants test without 

methyl acetate was conducted.  As shown in figure S2, complete 

oxidation of CO, benzene and CH3Br was achieved at 220 
o
C, 240 

o
C, 

and 250 
o
C, respectively, giving an experimental phenomenon 

apparently different from that of the multi-pollutants test with 

methyl acetate. 

4. Conclusions 

Ru/Support (Support = TiO2, SiO2, γ-Al2O3, and ZrO2) samples were 

synthesized and employed as catalysts for CH3Br oxidation, and 

Ru/TiO2 contributed the highest catalytic activity. TEM 

characterizations revealed that ruthenium species mainly 

distributed on the rutile phase of P25 TiO2. In Ru/TiO2 catalyzed 

CH3Br oxidation, Br2 was the major bromine product with the 
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selectivity of ca. 95% when the temperature was above 160 
o
C. In 

the on-stream reaction test, excellent thermal stability and anti-

bromine property have been well demonstrated for Ru/TiO2. Water 

vapor showed an inhibition effect for CH3Br oxidation at 210 
o
C, 

whereas the inhibition greatly weakened at a relatively higher 

temperature of 230 
o
C, and CH3Br conversion basically maintained 

at 100%, demonstrating a great anti-moisture performance. 

Additionally, Ru/TiO2 also showed great catalytic efficiency for CO, 

benzene, and methyl acetate. In the test of simulated PTA offgas 

with multi-pollutants, apparent competitive oxidation was observed, 

and a synchronously complete oxidation was achieved. 
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Ruthenium-based catalysts of Ru/TiO2, Ru/SiO2, Ru/γ-Al2O3, and Ru/ZrO2 were 

prepared and evaluated in CH3Br oxidation, and Ru/TiO2 showed better catalytic 

performance than other samples. The products selectivity, thermal stability, and 

anti-moisture properties were also studied. Additionally, Ru/TiO2 was also employed 

in the catalytic oxidation of CO, benzene, methyl acetate, and muti-pollutants of the 

simulated PTA offgas. 
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