
1. Introduction
Benzene, toluene and xylenes (BTX) are volatile organic 
compounds (VOCs) used as common solvents as well 
as raw materials in the production of other chemicals. All 
three substances, especially benzene, are known to be 
toxic and have mutagenic or carcinogenic properties and 
distinctive unpleasant odour [1-3]. Therefore, emissions 
of these pollutants require strict monitoring. 

There are many ways of the VOC abatement in 
the effluent gas, however, the heterogeneous catalytic 
oxidation is probably the most convenient and the most 
effective process. A conventional catalytic oxidation 
process is carried out under stationary conditions 
at constant temperature and usually requires high 
performance catalysts containing noble metals [4-8]. 
This type of process becomes expensive when low 
concentration VOC streams are being decontaminated 
since the noble metal catalysts are susceptible to 
poisoning by chlorine containing compounds [9]. 

Therefore, a greater priority should be given to a search for 
new catalysts and techniques of VOC decontamination.

Vented streams of low VOC concentration can 
be treated in more advanced methods, like dynamic 
adsorption and concentration of VOC in the adsorbent 
bed followed by a catalytic incineration during a 
desorption stage [10]. For continuous work such a 
process should involve a minimum of two adsorption 
beds and one catalytic incinerator.  

A cyclic process, using a dual function adsorbent-
catalyst [11-15] referred to as the temperature swing 
oxidation, which was the subject of this research, is a 
similar but less commonly used, cost-effective VOC 
decontamination technique. A dual function adsorbent-
catalyst is a material of both adsorptive and catalytic 
properties in a heterogeneous system; it can be used 
independently as either an adsorbent or a catalyst. This 
type of a catalytic process consists of two steps: the 
first step is the adsorption and concentration of VOCs 
from the effluent gas flow, the second - regeneration 
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of the adsorbent-catalyst and the temperature swing 
catalytic oxidation of the VOCs into CO2 and H2O. An 
effective operation of the adsorbent-catalyst depends 
on an appropriate selection of the support and the active 
components. 

A combination of mixed CuO-CeO2 oxides has been 
proven to be the most effective active component in the 
VOC oxidation [16-19]. The use of zeolites as supports 
for the VOC oxidation catalysts has also recently gained 
interest [20-22]. It has been found that the presence of 
ceria crystallites in a close contact with a NaX zeolite 
makes the oxygen of the zeolite framework more mobile 
[23], which is a highly desirable characteristic for VOC 
oxidation. In this work the CuO-CeO2 supported on a 
NaX zeolite was used as a dual function adsorbent-
catalyst for the temperature swing oxidation of BTX in a 
scale-up fixed bed reactor. 

2. Experimental procedure

2.1. Catalyst preparation
The supported mixed metal oxide adsorbent-catalyst 
CuO-CeO2/NaX was synthesized by a conventional 
co-impregnation method. Cu(NO3)•3H2O (Reachim, 
Russia) and Ce(NO3)3•6H2O (Sigma Aldrich) were 
used as precursors. Synthetic zeolite NaX [13] 
(SBET=483.3 m2 g-1 [14]) pellets (4×4-6 mm) were 
impregnated with a mixture of Cu2+-Ce3+ nitrate solutions. 
Cu2+ and Ce3+ concentrations were constant in the 
solutions and consisted of 50 g L-1 and 10 g L-1, 
respectively. The impregnated pellets of NaX were 
dried at 120°C for 2 hours and calcined in an air 
atmosphere at 450°C for 6 hours to drive off the volatile 
components, depositing CuO and CeO2 on the surface of
the support.

2.2. Catalyst characterization methods
The analysis of the copper and cerium content of the 
catalyst was carried out with AAnalyst 400 (Perkin 
Elmer, USA) using the atomic absorption (AAS) and 
flame atomic emission (FAES) spectroscopy methods. 
The content of copper was determined by dissolving 
a crushed catalyst in a 20% HCl solution. The content 
of cerium was determined by dissolving a crushed 
catalyst in a HNO3 (65%) and H2O2 (35%) solution 
(HNO3/H2O2=1:1 V/V). Pure metal oxides were found to 
completely dissolve in the mentioned solutions. 

X-ray diffraction (XRD) analysis was performed with 
the X-ray diffractometer DRON-6 (Bourevestnik Inc., 
Russia) using Cu Kα radiation (λ=0.154056 nm). The 
detector position step was 0.02°.

2.3. Catalytic oxidation tests
Benzene, toluene and o-xylene were used as model 
compounds in the oxidation activity tests. Catalytic 
oxidation reactions were performed in a fixed-bed 
reaction system containing three main parts: an effluent 
gas simulation block, fixed-bed quartz reactor and a 
regenerative air preheater built in a heating chamber, 
and the inlet and outlet gas analysing system. The 
temperature of the internal reactor bed and the heating 
chamber was monitored with K-type thermocouples. 
The heating chamber, with a built-in adsorptive reactor, 
was heated up to 400°C (the average heating rate of 
45°C min-1) and then left isothermally until the process 
was completed. The reactor was loaded with 40 g of 
the catalyst. The temperature swing catalytic oxidation 
activity tests were performed at different adsorbent-
catalyst saturation levels (2-10 mg g-1) and at different 
flow rates of air during a regeneration-oxidation stage 
(1-5 L min-1). The concentrations of the inlet and outlet 
gases were determined by Clarus 500 GC/MS (Perkin-
Elmer, USA). The reactor inlet concentrations of 
benzene, toluene and o-xylene were 800 mg mg m-3, 
850 mg m-3 and 450 mg m-3, respectively. The desired 
saturation level of the adsorbent-catalyst was reached 
by passing the air flow (flow rate of 3 L min-1) through 
the reactor bed and adsorbing BTX from the stream at 
different time intervals. All catalysts were pre-treated in 
an air stream (flow rate of 3 L min-1) at 400 °C for 1 h and 
cooled to the room temperature after the subsequent 
catalytic oxidation activity tests. The breakthrough of 
BTX was checked every time following the adsorption 
stage and was not observed, indicating that the whole 
amount of the investigated pollutant passing through 
the bed was adsorbed by the adsorbent-catalyst and 
that only clean air was emitted from the outlet of the 
adsorptive reactor. The carbon monoxide concentration 
was monitored with an online gas analyser TESTO 445 
(Testo AG, Germany).

3. Results and discussion

3.1. Structural characterization of prepared 
        CuO-CeO2/NaX adsorbent-catalyst
The XRD patterns of the dual function adsorbent-catalyst 
CuO-CeO2/NaX and the initial zeolite NaX are shown in 
Fig. 1. Although the NaX zeolite was impregnated with 
a solution of Ce(NO3)3•6H2O, the thermal decomposition 
of Ce(NO3)3•6H2O,considered to be a redox reaction, 
resulted in formation of CeO2 [24] after calcination at 
450°C. The results obtained in the XRD pattern indicate 
that a monoclinic CuO and a cubic CeO2 are deposited 
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on the surface of the NaX zeolite. According to other 
literature sources, others also have obtained CeO2 from 
Ce(NO3)3•6H2O [25,26].

The phase composition and the properties of the 
most intense diffraction peaks of the zeolite NaX and 
the dual function adsorbent-catalyst CuO-CeO2/NaX are 
described in Table 1. The intensities of the characteristic 
NaX peaks in the CuO-CeO2/NaX XRD pattern were 
observed to be lower than in the XRD pattern of the 
initial zeolite NaX. This fact can be explained by two 
reasons: a partial substitution of NaX with CuO and 
CeO2 in terms of the overall mass and the structural 
changes (dehydration) of the NaX phase at 450°C. 
These changes correspond well to the composition 
results obtained by the AAS and FAES methods and the 
standard XRD patterns of the hydrated and dehydrated 
NaX zeolite [27].

The experimental ratio of copper and cerium in the 
initial impregnating solution was 5:1 w/w. The pellets 
of NaX (50 g) were soaked in 250 mL of a prepared 
solution for 2 h at room temperature. After the drying 
and calcining procedures the quantitative analysis 
was conducted, according to which CuO-CeO2/NaX 
contained 10.03% of copper and 2.87% of cerium. The 
observed ratio of copper and cerium slightly deviated 
from the experimental ratio due to distinctive adsorption 
of different cations. Though, supported catalysts of 
a similar Cu/Ce ratio, used in the previous studies 
or by other authors, have shown a reasonably high 
effectiveness in complete VOC oxidation [28-30].

3.2. Toluene oxidation
The results in Fig. 2 represent the toluene temperature 
swing oxidation over CuO-CeO2/NaX adsorbent-
catalyst carried out at different saturation levels (2, 6, 
7 and 10 mg g-1) and at constant regenerative air flow 
(3 L min-1). The first stage of the cyclic process was the 
adsorption of toluene from the simulated effluent gas 
flow under room temperature. The concentration of 
toluene (800 mg m-3) and the flow rate (3 L min-1) were 
kept constant during the saturation of the adsorbent-
catalyst. When a desired saturation level was reached, 
the toluene feed was turned off, leaving only the feed of 
the regenerative air. After the adsorption of toluene, the 
second stage of the cyclic process of the temperature 
swing oxidation was induced by turning on the heating 
in the chamber with a built-in adsorptive reactor and an 
air preheater. According to the obtained internal reactor 
temperature profile curves (Fig. 2a), it is clearly seen 
that the “light-off” occurs at ~250°C (9th min), leading to 

Figure 1. XRD  patterns  of zeolite NaX (a) and adsorbent-catalyst  
        CuO-CeO2/NaX.

Table 1. Phase composition and diffraction peaks properties of zeolite NaX and dual function adsorbent-catalyst CuO-CeO2/NaX.

Phase 2θ, degree d-spacing, nm Miller indices Zeolite NaX CuO-CeO2/NaX
h k l Intensity Intensity

NaX 
(Faujasite 
synthetic)

6.00 1.450 1 1 1 817 584

9.94 0.884 2 2 0 226 156

11.64 0.756 3 1 1 169 122

15.38 0.574 3 3 1 292 264

20.03 0.442 4 4 0 184 179

23.34 0.381 5 3 3 417 401

31.06 0.288 7 5 1 374 297

CuO 
monoclinic

35.46 0.253 1 1 -1 - 61

38.74 0.232 1 1 1 - 42

CeO2 cubic
28.49 0.313 1 1 1 - 63

47.46 0.191 2 2 0 - 16
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a highly exothermic oxidation reaction. As a product of 
an incomplete oxidation of carbohydrates, CO evolution 
(Fig. 2b) indicates that the reaction starts at 6th minute, 
which corresponds to 160-170°C inside the adsorptive 
reactor; the peak of CO evolution corresponds to 
the “light-off” temperature. The thermal runaway of 
desorbed and unreacted contaminants is the main 
criterion  that determines  efficiency of the temperature 
swing oxidation in terms of the VOC conversion into non-
harmful products (CO2 and H2O). The thermal runaway 
concentration profiles and the integral amount curves 
(Fig. 2c) show that the greatest amount of toluene, at 
all saturation levels, is desorbed unreacted in the first 
10 minutes, until the “light-off” occurs. According to the 
results, the higher the saturation level of the adsorbent 
catalyst the lower conversion of toluene is reached. 
Since the conversion of toluene is dependent on the 
saturation level, the results were sufficiently high at 
98.0-99.3%. Formation of benzene was also observed 
during the temperature swing oxidation of toluene 
(Fig. 2d). Since the peak of benzene concentration 

corresponds to the “light-off” temperature, benzene has 
originated either from  thermal decomposition of toluene 
or its disproportionation reaction [31]. However, one 
of the toluene disproportionation products, p-xylene, 
was not observed. Formation of carbon monoxide and 
benzene is undesired during the catalytic oxidation and 
lowers the overall VOC conversion into CO2 and H2O 
from 96.9 to 98.6% in the range of the investigated 
adsorbent-catalyst saturation levels. The integral 
amounts of carbon monoxide and benzene formed, 
presented in the insets of Fig. 2a and Fig. 2d, reflect the 
selectivity of the oxidation process. The formation of the 
incomplete products is a drawback, though observed 
quantities of carbon monoxide and benzene were very 
small compared to the estimated conversion of toluene 
into its total oxidation products.

The temperature swing oxidation experiments of 
toluene were also conducted at different flow rates 
of regenerative air to provide a clearer view of the 
operating parameters of the dual function adsorbent-
catalyst (Fig. 3). In this case the saturation level of CuO-

Figure 2. Temperature swing oxidation of toluene at different adsorbent-catalyst saturation levels: (a) temperature profiles of reactor and heating 
chamber; (b) evolution of CO; (c) thermal runaway of toluene; (d) evolution of benzene; insets - integral amounts (ΣX) of desorbed/
formed component.
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CeO2/NaX was constant (6 mg g-1 of toluene) and was 
achieved by the method described earlier. The flow rate 
of regenerative air was in the range of 1-5 L min-1. Higher 
exothermal effects were observed at higher flow rates 
of regenerative air (Fig. 3a). Though, in terms of CO 
(Fig. 3b) and benzene (Fig. 3d) evolution and thermal 
runaway of toluene (Fig. 3c), the best efficiency of the 
temperature swing oxidation was achieved at the flow 
rate of 1 L min-1, which is attributed to longer contact time 
of the regenerating air flow oxygen with the adsorbent-
catalyst. Depending on the flow rate of regenerative air, 
toluene conversion and the overall VOC conversion 
into CO2 and H2O was in the range of 96.4-99.8% and 
95.2-99.3%, respectively.

3.3. o-Xylene oxidation
The temperature swing oxidation of o-xylene over a 
dual function adsorbent-catalyst CuO-CeO2/NaX was 
conducted at both operating conditions - at different 
saturation levels of the adsorbent-catalyst and at 

different flow rates of regenerative air. Fig. 4 represents 
the results obtained at different saturation levels and 
at constant flow rate (3 L min-1). As seen from the 
temperature profile curves of the reactor (Fig. 4a), 
the “light-off” occurred at 250°C and was observed 
at 15th minute during temperature swing oxidation of 
o-xylene, which is 5 minutes later compared to toluene 
oxidation. This phenomenon can be explained by the 
fact that the adsorption heat of o-xylene is higher than 
the adsorption heat of toluene. The adsorptive reactor 
bed temperature increased up to 33-34°C and up to 41-
43°C (room temperature 20-22°C) during the toluene 
and o-xylene adsorption stage, respectively, indicating 
that more energy is required to desorb o-xylene. Higher 
heat of adsorption of o-xylene on different adsorbents 
was also confirmed by other authors [32]. Benzene was 
not obtained during the temperature swing oxidation of 
o-xylene. The CO evolution (Fig. 4b) and the thermal 
runaway curves of o-xylene (Fig. 4c) show that 
formation of CO and desorption of o-xylene are also 

Figure 3. Temperature swing oxidation of toluene at different regenerative air flow rates: (a) temperature profiles of reactor and heating chamber; 
(b) evolution of CO; (c) thermal runaway of toluene; (d) evolution of benzene; insets - integral amounts (ΣX) of desorbed/formed 
component.
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dependent on the saturation level as in the case of the 
toluene temperature swing oxidation. The total oxidation 
of o-xylene was in the range of 97.2-99.1% during the 
temperature swing oxidation at different saturation 
levels of adsorbent-catalyst (3-9 mg g-1). It is important 
to mention that the two peaks of the maximum CO 

concentration were obtained during o-xylene oxidation. 
This phenomenon is associated with a probable 
formation of intermediate products on the surface of the 
adsorbent-catalyst. The first peak of CO is attributed to 
oxidation of o-xylene and the second peak is attributed 
to oxidation of the intermediate products formed on the 

Figure 4. Temperature swing oxidation of o-xylene at different 
adsorbent-catalyst saturation levels: (a) temperature 
profiles of reactor and heating chamber; (b) evolution 
of CO; (c) thermal runaway of toluene; insets - integral 
amounts (ΣX) of desorbed/formed component.

Figure 5. Temperature swing oxidation of o-xylene at different 
regenerative air flow rates: (a) temperature profiles of 
reactor and heating chamber; (b) evolution of CO; (c) 
thermal runaway of toluene; insets - integral amounts 
(ΣX) of desorbed/formed component.
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surface of CuO-CeO2/NaX. No other compounds were 
found in the gas phase at the outlet of the adsorptive 
reactor.

Conducting the temperature swing oxidation of 
o-xylene at different flow rates of regenerative air 
(Fig. 5) confirmed that the thermal runaway of o-xylene 
(Fig. 5c) is lower and the efficiency, in terms of 
conversion, is higher at lower flow rates of regenerative 
air. The total oxidation of o-xylene was in the range of 
97.3-99.8%. Only one peak of CO maximum concentration 
was obtained during the oxidation reactions at 1 L min-1. 
Lower flow rate of regenerative air resulted in longer 
contact time with the oxygen, consequently leading to 
simultaneous oxidation of o-xylene and formation of the 
intermediate products on the surface of CuO-CeO2/NaX 
under these conditions.

To explain the oxidation mechanism of toluene and 
o-xylene over CuO-CeO2/NaX, the experiments were 
conducted to identify the intermediate oxygenated 
products most likely formed on the surface of the 
adsorbent-catalyst. The flow containing toluene or 
o-xylene was passed through the adsorbent-catalyst 
at three different temperatures (200, 300 and 400°C) 
for the total time on stream (TOS) of 1 h. Then CuO-
CeO2/NaX was purged with nitrogen flow to block the 
on-going oxidation reaction and cooled down to the 
room temperature. The sample of 0.5 g CuO-CeO2/
NaX was extracted with 3 mL of methanol and analysed 
using GC/MS. The results of the unreacted VOCs and 
the intermediate products formed on the surface of 
CuO-CeO2/NaX are shown in Table 2. The components 
found on the surface of CuO-CeO2/NaX  consisted 

Table 2. Composition of unreacted VOCs and intermediate products fomed on the surface of CuO-CeO2/NaX at different temperatures.

VOC used for 
oxidation

Name (IUPAC) Formula Composition of unreacted VOC and 
surface intermediate products, %
200°C 300°C

Toluene

Methylbenzene 89.6 % 84.2

Benzaldehyde 9.1 10.4

Methoxymethylbenzene - 1.2

1-Methyl-4-(phenylmethyl)-benzene 0.8 2.6

1-Methyl-3-(phenylmethyl)-benzene 0.5 1.6

o-Xylene

1,2-Dimethylbenzene 100 71.3

2-Methylbenzaldehyde - 9.4

o-Phtalaldehyde - 0.3

2-Benzofuran-1(3H)-one - 19.0
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mainly of unreacted toluene, o-xylene and aldehydes of 
the investigated VOCs. Small amounts of 1-methyl-4-
(phenylmethyl)benzene and 1-methyl-3-(phenylmethyl)
benzene were found during toluene oxidation. The 
mentioned compounds are the derivatives made of 
two toluene molecules. Relatively high amount of 
2-benzofuran-1(3H)-one (phthalide), a derivative of 
o-phtalaldehyde, was found during o-xylene oxidation 

at 300°C. None of these intermediate products were 
observed at 400°C. This means that the efficiency 
of toluene and o-xylene oxidation is attributed to the 
sequential-parallel mechanism, when simultaneous 
toluene or o-xylene oxidation and formation of the 
intermediate oxygenated compounds of lower volatility, 
which are oxidized at higher temperature, take place 
in the overall temperature swing oxidation process. 

Figure 6. Temperature swing oxidation of benzene at constant saturation level (6 mg g-1) and constant flow rate of regenerative air (1 L min-1) (a) 
         and integral amounts (ΣX) of formed CO and desorbed benzene (b).

Table 3. Total oxidation of BTX at different operating conditions. 

VOC Inlet concentration, 
mg m-3

Saturation time, 
min

Saturation 
level, mg g-1

Flow rate of regenerative 
air, L min-1

Total oxidation, 
%

Toluene 800

33 2

3

98.6

100 6 98.0

117 7 97.8

167 10 96.9

100 6

1 99.3

2 98.6

3 98.0

4 96.8

5 95.2

o-Xylene 450

89 3

3

99.1

133 4.5 98.8

178 6 98.4

267 9 97.2

178 6

1 99.8

2 99.3

3 98.4

4 97.3

Benzene 850 94 6 1 77.5
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Formation of the o-xylene oxygenated compounds was 
observed at higher temperatures compared to oxidation 
of toluene. This explains the origin of the two CO peaks 
during o-xylene oxidation.

3.4. Benzene oxidation
Since the earlier results revealed that the temperature 
swing oxidation of the VOCs is more efficient at lower 
flow rates of regenerative air, benzene oxidation was 
conducted at a constant saturation level of 6 mg g-1 
and a constant flow rate of 1 L min-1 (Fig. 6). However, 
the obtained results of the temperature swing oxidation 
of benzene were worse comparing to the previously 
described experiments. High amount of desorbed 
benzene during the initial period of the process resulted 
in a considerably lower conversion of 77.5%. The peak 
concentration and the integral amount of formed CO 
were also higher compared to the results of oxidation 
of toluene and o-xylene and reached the values of up 
to 1600 mg m-3 and 0.155 mg g-1 of CuO-CeO2/NaX, 
respectively. According to the method described earlier, 
no intermediate products were found on the surface of 
CuO-CeO2/NaX during benzene oxidation.

The results of the temperature swing oxidation of 
BTX, generalized in Table 2, show that higher values 
of the total oxidation are achieved at lower saturation 
levels and lower flow rates of regenerative air. Benzene, 
which does not have easily oxidizable alkyl groups, does 
not form any intermediate surface compounds and, 
despite small amounts of CO formed, oxidizes directly 
to CO2 and H2O over CuO-CeO2/NaX. Therefore, the 
only factor responsible for the lower value of the total 
oxidation is the higher thermal runaway.

4. Conclusions
The temperature swing oxidation of BTX over a dual 
function adsorbent-catalyst CuO-CeO2/NaX is a 
complex process, which includes competitive effects 
of endothermic desorption and exothermic oxidation of 
VOCs. Energy is consumed to desorb the concentrated 
VOCs from the internal surface of the adsorbent catalyst 
and to raise the adsorptive reactor bed up to the catalyst 
operating temperature. The rapid temperature rise after 
the “light-off” helps to heat up the bed and subsequently 
the oxidation process proceeds autothermally. It has 
been proved that at the given conditions the oxidation 
reaction outrivals the thermal runaway of the investigated 
VOCs and in terms of the complete oxidation is 
comparable to the conventional heterogeneous catalytic 
oxidation. This process is also  more energy efficient, 
since the VOCs are adsorbed and concentrated from 
the streams of a higher flow rate than the air stream 
used for regeneration. A lower flow rate of regenerative 
air requires less energy for preheating and results in 
a longer contact time with the air containing oxygen. 
According to the complete oxidation performance over 
the dual function adsorbent-catalyst CuO-CeO2/NaX, 
the investigated VOCs may be arranged in a following 
order: o-xylene > toluene > benzene, reaching the 
highest complete oxidation values of 99.8, 99.3 and 
77.5% under the investigated operating conditions, 
respectively.
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