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Abstract: Toluene is a major air pollutant emitted from painting and metal coating processes 
and might have some health effects. Adsorption and catalytic complete oxidation are 
promising ways to retain or convert toluene into harmless products. The present work aims 
to develop a bifunctional material which can be used as an adsorbent and catalyst for  
low-temperature toluene removal. Copper zeolites were obtained by exchanging  
the sodium in the parent NaX zeolite with copper from aqueous solutions of 
Cu(NO3)2∙2.5H2O. Several characterization techniques, H2-TPR, XPS, XRD and N2 
physisorption, were used in order to evaluate the redox, surface, structural and textural 
properties of the materials, respectively. The various materials were tested in adsorption and 
catalytic processes. The sample with low copper content (1 wt. %) exhibited promising 
features in terms of toluene adsorption capacity and total oxidation. The results can be 
correlated to the presence of micropores and well-dispersed CuO species. 
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1. Introduction 

Volatile organic compounds (VOCs) are organic chemicals that have a high vapor pressure at room 
temperature. VOCs are numerous, varied and ubiquitous. Among them aromatic compounds are widely 
distributed in the environment and have been found to be a significant cancer risk factor, and to be 
implicated in neurological problems in urban children [1]. If inhaled or contacted, toluene can cause 
dermatitis (dry, red, cracked skin) and damage the nervous system and kidneys. Therefore, toluene 
emission control has become more stringent. 

Natural sources of toluene are forest fires (incomplete combustion plants), volcanic eruptions and 
emissions from vegetation. These sources are minor compared with anthropogenic emissions from 
various oil conversion processes. Toluene emission results from the transformation of fossil fuels  
(oil, gas and coal). It is produced in combination with other substances (benzene, xylenes, etc.) as  
a result of various petrochemical processes such as catalytic reforming, steam cracking and dealkylation. 
Following petrochemical operations, the richest in toluene fractions will be distilled and purified to 
obtain pure trading toluene at 99%. 

Toluene is a constituent of unleaded gasoline and replaced tetramethyl lead in order to improve  
the octane rating. As a result toluene is emitted during the vaporization of gasoline (petrol station, fuel 
transport and storage, etc.) and is present in vehicle exhaust gases (unburned products). Toluene is also 
found in industrial exhaust when used as a solvent or produced in the incineration processes. 

Generally, the best way to reduce VOC emissions is to replace VOCs or to limit their use in industrial 
processes. If VOC substitution is not possible, it is necessary to control their emission in air using non-
destructive or destructive methods [2]. The first group includes adsorption, absorption and condensation. 
Absorption and condensation are very useful in recovering expensive solvents and operating at a large 
capacity, but they require high capital and operating costs. Adsorption is a reliable alternative to 
eliminate organic compounds from industrial waste gases because of the flexibility of  
the system, low energy requirements and low operation costs [3]. The second group includes thermal 
and catalytic oxidation. Thermal oxidation, which requires high capital and operating costs, is  
the simplest method but it has to be carried out at high temperature, typically over 1000 °C. Also, this 
method can generate harmful by-products such as dioxin and nitrogen oxides [3]. 

In the case of toluene, control of its emission is often accomplished by catalytic oxidation or 
adsorption. Toluene removal by adsorption is the traditional method for cleaning air contaminants. 
However, the use of adsorbents just transfers pollutants from the gaseous phase to the solid phase and 
causes a disposal and regeneration problem. Catalytic oxidation is an attractive technique to selectively 
destroy this compound in CO2 and H2O. Catalytic oxidation of toluene can be carried out at  
temperatures 200–600 °C lower than that for thermal oxidation and has high selectivity for  
the formation of harmless reaction products such as H2O and CO2 [4]. Supported noble metal (Pt, Pd, 
Rh) materials have been intensively examined in VOC catalytic combustion, but their limited availability 
and high price have encouraged their replacement by other active phases [5–7]. Transition metal oxides 
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have been found to be very active and present advantages over noble metals associated with their lower 
cost, higher thermal stability and greater resistance to poisoning [8–10]. The most active and selective 
transition metal-containing catalysts for VOC total oxidation are based on copper oxides [11]. Usually, 
the active phase is supported on a porous material in order to expose their active phases in highly 
dispersed, easily reducible metal ions. Large pore zeolites are often chosen as supports because of their 
high specific surface area and acid-base properties, allowing high metal loading and generating specific 
interaction between the active phase and the support. In the literature, zeolites NaX and NaY have 
become of special interest in the oxidation of toluene, due to their large pore channel system and high 
specific surface area [12,13]. It has been shown that toluene adsorption performed on faujasites is 
appealing due to their incombustibility, great stability, hydrophobic character, and recovery at low 
temperature [14,15]. Benmaamar and Bengueddach [16] studied the capacity of NaY, KY, BaY, BaX 
and NaX zeolites to adsorb m-xylene and toluene-measuring adsorption isotherms at 298, 308, 318, and 
333 K. The NaX and NaY zeolites presented the highest capacity for toluene and m-xylene adsorptions 
in comparison with the other samples. 

For low pollutant concentrations in the atmosphere, VOC catalytic oxidation is unappealing due to 
high energy consumption. Conversely, the cost-saving adsorption-catalytic oxidation hybrid process is 
attractive. The adsorption process will first concentrate the VOC, followed by the catalytic process, by 
increasing the temperature. In this work, the performances of copper-exchanged X zeolites were studied, 
taking into consideration the individual adsorbent and catalytic properties of the solid in toluene 
adsorption and catalytic oxidation processes. 

2. Results and Discussion 

2.1. Characterization of the Materials 

2.1.1. Redox Properties 

H2-TPR experiments were carried out to identify and to quantify the copper-species-exchanged 
zeolites and to characterize their reducibility. The reduction profiles of the copper-exchanged zeolite X 
samples as well as the one of NaX zeolites after calcination at 400 °C are presented in Figure 1.  
The reduction profiles for the copper-exchanged samples are characterized by two regions of hydrogen 
consumption: the low temperature region (LTR) from 200 to 520 °C, and the high temperature region 
(HTR) from 520 to 900 °C. The NaX sample does not show any reduction peaks in the studied 
temperature range. The CuX-B1 (see experimental Section 3.1) sample shows unresolved signals in  
the LTR and HTR regions, with less H2 consumption in comparison to the other exchanged samples. 
The reduction profile shows two well-defined peaks in the LTR, with maxima at 300 and 380 °C and at 
320 and 365 °C for CuX-B2 and CuX-B3 samples, respectively. In the HTR, one well-resolved peak can 
be observed, with the maximum at 620 °C for both samples. According to the literature [4,17,18],  
the reduction of Cu2+ ions occurs by one-step and two-step mechanisms. The reactions involved in  
the reduction process are the following [19]: 

0
2 2CuO H Cu H O+ → +  (1) 
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2
2Cu 0.5H Cu H+ + ++ → +  (2) 

0
2Cu 0.5H Cu H+ ++ → +  (3) 

The reduction of CuO aggregates takes place via a one-step mechanism (Equation (1)) and occurs in 
the low-temperature region, along with the reduction of Cu2+ to Cu+ (Equation (2)). Equation (3) corresponds 
to the reduction of the Cu+ formed during the previous reduction process.  
Torre-Abreu et al. [19] pointed out the presence of CuO species in copper-exchanged MFI and Y 
zeolites. The authors also reported two reduction peaks, the first one of greater area at 300 °C and  
the second in the range of 500–900 °C. This means that a significant fraction of the copper species in 
the solids goes through a one-step mechanism according to Equation (1), instead of a two-step 
mechanism. It is expected with copper exchange treatment that [Cu(OH)]+ as well as Cu(OH)2 species 
in solution are transformed into CuO, after the zeolite activation treatment, which is present within 
zeolite channels along with the exchanged Cu2+ ions [20,21]. 

 

Figure 1. H2-TPR profiles of the NaX and copper-exchanged zeolites. 

Table 1 gathers the H2 consumption values together with the theoretical copper content, calculated 
from the H2 uptake and based in the stoichiometry of Equations (1) to (3). For the calculation, three 
assumptions are made: 

(i) NaX sample is irreducible; 
(ii) All the copper species are present as CuO and Cu2+ species in the copper-exchanged samples; 
(iii) All the copper species are reduced by H2 in the copper-exchanged samples into Cu0 species. 

The copper content in the sample increases by repeated exchange treatments from CuX-B1  
(1.1 wt. %) to CuX-B3 (4 wt. %). The difference in the H2 consumption between the low-temperature 
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and high-temperature regions is an indication of CuO formation. The presence of the HT region peak for 
all samples indicates that a fraction of the copper + II is also present as Cu2+ ionic species. Table 1 gives 
the molar ratio between Cu2+ ions and total copper in the sample, calculated from the H2 uptake of  
the LT and HT peaks. Whatever the copper content, this ratio is close to 0.6–0.7. It follows that  
the fraction of CuO species is rather similar in the three materials. The degree of exchange (in %) has 
been estimated from this ratio and the degree increases with the copper content in the zeolite (Table 1). 

Table 1. Quantitative results from H2-TPR experiments for NaX and copper-exchanged zeolites. 

Sample 
Consumed 

H2 (mmol/g) 
LTR Consumed 

H2 (mmol/g) 
HTR Consumed 

H2 (mmol/g) 
Copper Content 

(wt. %) * 
Molar Ratio 
Cu2+/Cutotal 

Degree of 
Exchange 

NaX 0.02 - - - - - 
CuX-B1 0.17 0.12 0.05 1.1 0.6 2.0 
CuX-B2 0.36 0.23 0.13 2.3 0.7 5.3 
CuX-B3 0.62 0.41 0.21 4.0 0.7 8.5 

* Calculated from the H2 uptake. 

2.1.2. Bulk Structure 

The wide angle power XRD patterns of the copper-exchanged zeolite X samples as well as  
the parent one (NaX) after calcination at 400 °C are displayed in Figure 2. The diffractrogram of  
the NaX sample shows the characteristic peaks of the crystalline faujasite framework 
(Na88Al88Si104O384(H2O)220 JCPDS 01-070-2168) [22,23]. The XRD patterns of the CuX-B materials are 
similar to that of pure NaX. No shift in the peak positions and no new phase have been observed for 
CuX-B samples. This result suggests that the copper species are probably well dispersed in  
the zeolite structure. A decrease in the intensities of the diffraction peaks can be also observed, indicating 
a certain loss of crystallinity. 

 

Figure 2. XRD patterns of the NaX and copper-exchanged zeolites. 
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Abu-Zied [22] obtained similar results in samples prepared by exchanging a NaX zeolite with 
different concentration of aqueous copper(II) acetate solutions. Benaliouche et al. [23] also observed no 
shift in the peak positions and no significant diffraction lines assigned to any new phase in Ag+- and 
Cu2+-exchanged X zeolites prepared from AgNO3 or CuCl2 aqueous solutions. The authors concluded 
from these results, that both Ag+ and Cu2+ seemed to be well dispersed in the zeolite framework. 

2.1.3. Specific Surface Area 

N2 physisorption isotherms obtained for the samples after calcination at 400 °C are presented in 
Figure 3. The isotherms of the samples show a type I in Brunauer, Deming, Deming and Teller (BDDT) 
classification [24], which is typical of microporous materials. Upon copper treatment,  
the adsorption capacity decreases with the increase in Cu-exchange and a hysteresis loop appeared on 
the CuX-B2 and CuX-B3 samples, suggesting that ink-bottle type mesopores are formed on these 
zeolites [22]. According to the shapes of the isotherms the filling of micropores is done for approximately 
P/P0 = 0.2; beyond that point, adsorption takes place outside micropores. The adsorbed quantity  
between P/P0 = 0.2 and 0.95 is usually quite small, around 4% to 6% compared to that adsorbed inside  
the micropores. 

 

Figure 3. Adsorption-desorption isotherms of the NaX and copper-exchanged zeolites. 
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the sample with the highest degree of exchange (see Table 1). Benaliouche et al. [23] also observed  
a decrease in the specific surface area in Ag+ and Cu2+ exchanged X zeolites prepared from AgNO3 or 
CuCl2 aqueous solutions, and attributed this behavior to the partial blocking of the zeolite pore access 
by Ag and Cu ions, leading to a reduction in total specific surface area. The exchange treatment do not 
cause a significant effect on the pore volume of the samples, since a slight decrease is observed in 
comparison to the NaX zeolite. However, considering the micropore volume (Table 2), the decrease is 
more pronounced and seems to be correlated to the increase of copper content in the sample. For NaX 
material, the micropore volume represents 97% of pore volume, whereas the value drops to 85% for  
the CuX-B3 sample. 

Table 2. Textural properties of the NaX and copper-exchanged zeolites. 

Sample Specific Surface Area (m2/g) Pore Volume * (cm3/g) Micropore Volume ** (cm3/g) 
NaX 451 0.226 0.218 

CuX-B1 434 0.223 0.211 
CuX-B2 432 0.222 0.201 
CuX-B3 384 0.218 0.185 

* Calculated at P/P0 = 0.98; ** Calculated from the equation proposed by Dubinin [24]. 

 

Figure 4. Pore size distribution of the CuX-B materials and the parent NaX zeolite. 

Figure 4 shows the pore size distribution of the samples. Exchanging the NaX zeolite with solutions 
of copper results in emergence of a peak in the mesoporous region, centered at 6.5 and 4.5 nm for  
the CuX-B2 and CuX-B3 samples, respectively. Abu-Zied [22] obtained this behavior for Cu2+-acetate 
exchanged X zeolites. The author observed two peaks at 3.9 and 6.5 nm and 3.9 and 4.9 nm for  
the lowest copper content catalysts, 2.6 and 7.3 wt. %, respectively. Hammoudi et al. [26] reported  
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the authors suggested that the zeolite could endure a structural deformation at higher levels of  
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exchange, that would consist in a modification of the supercage geometry which would impact  
the adsorption characteristics of the parent zeolite, in terms of the interaction of the adsorbate molecules 
with the zeolite surface through lattice oxygen atoms and accessible extraframework cations.  
However, in our case, the degree of Na+ exchange is not so high (less than 9%) (Table 1). Therefore,  
in the case of CuX-B2 and CuX-B3 samples, the increase in copper content could explain this additional  
mesoporosity arising from the CuO species which are less dispersed and could contribute to the porosity 
at 6.5 and 4.5 nm. 

2.1.4. XPS Analyses 

The XPS spectra of the core levels of the Cu 2p were analyzed to estimate the copper oxidation state. 
The samples show two peaks in Figure 5, which intensity increase with copper content;  
the binding energy (BE) of the first one is centered at 934.6–934.9 eV (Cu 2p3/2) (Table 3) whereas  
the BE of the second one is at 954.3 eV (Cu 2p1/2). The presence of a shake-up satellite is also observed 
at around 944.5 eV, especially for the CuX-B3 sample (Table 3 and Figure 5). The presence of this 
shake-up satellite peak is characteristic of the presence Cu(II) species [27]. Ning et al. [28] reported Cu 
2p3/2 peaks centered at 934.7 eV in samples of Na-ZSM-5 exchanged with copper, which were assigned 
to the presence of CuO. They also reported other Cu 2p3/2 peaks centered at 932.52 eV related to Cu2O. It 
is worth noting that the Cu 2p3/2 photopeak BE observed for the materials are located at higher BE than 
those reported in the literature for bulk copper materials. For example, Morales et al. [29] reported that Cu 
2p3/2 BE in CuO is 933.7 eV. The highest BE value of electrons coming from the 2p level of Cu in zeolites 
in comparison to those in bulk metal oxides has been already reported [30,31]. The shifts reflected the 
presence of small clusters of ions together with isolated metal ions dispersed in the zeolite [27]. Then, the 
values of 934.6–934.9 eV for BE Cu 2p3/2 are in line with the presence of Cu2+ ions and CuO species 
suggested by TPR analyses. 

Table 3. Surface composition (at. %) of the NaX and copper-exchanged zeolites, Cu 2p3/2 
BE (eV) and satellite (Sat) Cu 2p3/2 BE (eV) in the copper-exchanged zeolites. 

Sample Si (at. %) Al (at. %) O (at. %) Na (at. %) Cu (at. %) Cu 2p3/2 (eV) Sat Cu 2p3/2 (eV) 
NaX 13.4 9.6 61.4 15.6 - - - 

CuX-B1 14.3 10.8 61.6 12.5 0.8 934.9 944.5 
CuX-B2 15.1 10.7 63.9 9.2 1.1 934.6 944.3 
CuX-B3 15.0 12.0 63.3 8.0 1.7 934.6 944.7 

Figure 6 shows the Na 1s and O 1s core level spectra of the different samples. Figure 6a shows that 
the Na 1s photopeak decreases in intensity from the parent zeolite (NaX) to the Cu2+ exchanged samples, 
a result that supports the behavior observed in the Cu 2p photopeak. Quantitative results corroborate this 
trend (Table 3). Interestingly, Na 1s BE is shifted to lower value with copper addition, showing  
an evidence of change in Na species surrounding. A decrease in O 1s intensity and a change in the O 1s 
shape are clearly observed from NaX to CuX-B3 materials (Figure 6b). Almeida et al. [32] reported that 
the O 1s peak in the NaX zeolite originates from oxygen atoms belonging to different environments: 
aluminate anions compensated by sodium cations, NaAlO, SiOSi bonds and silanol groups, SiOH. They 
determined that the contribution from the NaAlO signals decreased in zeolites exchanged with Cs and 

 



Catalysts 2015, 5 1487 
 
ammonium ions in comparison to the original NaX zeolite. Therefore, the change in the shape of  
the O 1s peak could be interpreted as a decrease in the contribution of NaAlO component resulting from 
Na+–Cu2+ exchange. 

 

Figure 5. Cu 2p XPS spectra of the copper-exchanged zeolites. 

  

Figure 6. (a) Na 1s and (b) O 1s XPS spectra of the NaX and copper-exchanged zeolites. 
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concentrations, respectively. All the breakthrough curves reach adsorption equilibrium, but the samples 
exhibit different behaviors. Table 4 presents the parameters associated with the behavior of the samples 
in relation with their properties for toluene adsorption. 

Among the samples, CuX-B1 shows the higher adsorption capacity and the longest breakthrough  
time compared with the other materials, reaching 22.2 g toluene/100 g solid and 473 min, respectively. 
This result for adsorption capacity is in the order of the values that can be found in the literature for other 
materials. For example it has been reported for activated carbon values between 11 and 34 g toluene/100 g 
solid [33]. All other samples exhibit a similar breakthrough time at about 260 min but differ in the time 
needed to reach the saturation point. The samples can be ranked by their ease in reaching adsorption 
equilibrium: NaX < CuX-B1 < CuX-B2 < CuX-B3, and by their decreasing adsorption capacity:  
CuX-B1 > NaX > CuX-B2 > CuX-B3 (Figure 7). On the other side, the NaX presents the highest PUB 
(percentage of unused bed) value, which can be related to the fact that the residence time of toluene 
molecules in the bed is not enough to benefit from all the extension of the NaX bed. 

 

Figure 7. Adsorption breakthrough curves of toluene over NaX and copper-exchanged zeolites. 
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of VOCs. It was found that the amount of adsorbed toluene was linearly correlated to the micropore 
volume and that the presence of micropores directly led to an increase in the dynamic adsorption capacity 
of VOCs. Lillo-Ródenas et al. [33] also obtained such a correlation between the capacity of toluene and 
benzene adsorptions for different types of activated carbon and the total volume of micropores. 

Table 4. Adsorption parameters of the NaX and copper-exchanged zeolites. 

Sample Adsorption Capacity (g/100 g Solid) t 5% (min) 
t 50% 
(min) 

t 95% 
(min) 

PUB (%) 

NaX 20.1 347 594 770 40 
CuX-B1 22.2 473 616 704 23 
CuX-B2 16.7 330 473 605 31 
CuX-B3 15.1 336 440 462 21 

2.3. Catalytic Tests 

Figure 8 shows the catalytic performances of the three copper-exchanged zeolites and the parent 
zeolite NaX, in terms of toluene conversion as a function of temperature. The toluene concentration 
reaches the maximum value (conversion = 0) at 50 °C. After this point, the concentration decreased 
progressively as the conversion increased, reaching the minimum value (conversion = 98%) at around 
263, 320 and 346 °C (T98%) for CuX-B1, CuX-B2 and CuX-B3, respectively (Table 5). 

Considering the T50% as a measure of the catalytic performances of the materials, the activity order 
can be established as CuX-B1 > CuX-B2 > CuX-B3 > NaX. A remarkable improvement can be observed 
in the catalytic performance after the copper exchange treatment of the parent zeolite. Among  
the copper-exchanged samples, CuX-B1 presents the best catalytic performance, even though  
the copper loading in the sample is the lowest. By contrast, in the literature an increase in the toluene 
conversion has been reported with the copper content increase in the zeolites. For example,  
Antunes et al. [4] reported that the oxidation of toluene is dependent on the copper content and  
the degree of copper exchange in the NaHY zeolite. A very low CuO quantity has been observed in  
the samples and the sample with the lowest copper content (1.1%) was classified as quasi-inactive for 
toluene oxidation. A similar result was obtained by Ribeiro et al. [13], who studied the evolution of T50% 
as a function of the Cu loading from 0 to 5 wt. % for series of CuHY and CuCsHY zeolites, and showed 
a decrease of the light-off temperatures when copper content of the catalysts is increasing. It has also 
been reported [20] for Cu ions exchanged in ZSM-5 zeolites that well dispersed CuO species exhibited 
higher oxidation activity and reducibility in comparison with the exchanged Cu ions. In comparison with 
literature data [4] and in similar experimental conditions, our copper-exchanged zeolites are much more 
active in the toluene oxidation. Therefore we suggest that a high copper content and high Na+ exchange 
is not required for toluene oxidation. Well dispersed CuO are most probably the active species which 
are easily reducible by the toluene molecule (redox mechanism). Increasing the copper content in  
the sample led to the decrease in CuO species dispersion, species less accessible and less active for 
toluene oxidation (Figure 8). 
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Figure 8. Toluene conversion as a function of the temperature reaction in the presence of 
different catalysts. 

Table 5. Catalytic performances of the NaX and copper-exchanged zeolites. 

Sample T50% (°C) T98% (°C) 
NaX 357 394 

CuX-B1 203 263 
CuX-B2 217 320 
CuX-B3 270 346 

 

Figure 9. Variation of CO2, CO and benzene selectivities (%) with the reaction temperature 
over CuX-B1 catalyst. 
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Boikov et al. [36] proposed a mechanism for the selective catalytic oxidation of toluene using V2O5 
and MoO3 as catalysts. According to the mechanism, toluene is first oxidized to benzene, through  
the formation of benzaldehyde as an intermediate. Then, benzene is oxidized to benzoquinone to yield 
carbon oxides. Figure 9 shows the variation of the selectivities in CO2, CO and benzene during  
the catalytic test for the CuX-B1 catalyst. CuX-B2 and CuX-B3 samples presented similar results.  
At 400 °C, the selectivity towards CO2 is 90.6%, whereas the selectivity in CO is 9.7%. No benzene is 
detected, evidencing the high performances of copper-exchanged zeolites in the oxidation of gaseous 
toluene reactant in carbon monoxide, carbon dioxide and water products. 

3. Experimental Section 

3.1. Materials Synthesis 

CuX materials were synthesized by an ion exchange using a commercial NaX zeolite (Si/Al = 1.3). 
The zeolite NaX was exchanged with aqueous solutions of Cu(NO3)2∙2.5H2O (99.99% metal basis, 
Sigma-Aldrich, St. Louis, MO, USA, as received). 7 g of parent zeolite were stirred at room temperature 
in 350 mL of aqueous solution containing 5 × 10−3 mol/L of the metal nitrate for 24 h. The sample was 
filtered, washed thoroughly and dried overnight at 373 K. This material was called CuX-B1. Higher 
degrees of copper exchange in the zeolite were obtained by repeated treatments. CuX-B2 was obtained 
by stirring 4 g of the CuX-B1 material with 200 mL of the solution for the same time and applying  
the same procedure. Finally, CuX-B3 was synthesized from CuX-B2 material, stirring 2 g of the solid 
with 100 mL of the solution [37,38]. The copper-exchanged level extent was evaluated assuming that 
one Cu2+ ion can replaced two Na+ ions in the zeolite. 

3.2. Characterization Techniques 

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 X-ray diffractometer 
(Champs-sur-Marne, France) at room temperature with CuKα radiation (λ = 1.5418 Å).  
The diffractograms were recorded for 2θ values comprised between 5° and 80° using a 0.04° step with 
an integration time of 2 s. The diffraction patterns were indexed by comparison with the Joint Committee 
on Powder Diffraction Standards files (JCPDS). 

XPS experiments were performed using an AXIS Ultra DLD Kratos spectrometer (Manchester, UK) 
equipped with a monochromatised aluminum source (Al Kα = 1486.69 eV) and charge compensation 
gun. All binding energies were referenced to the C 1s core level at 285 eV. Simulation of  
the experimental photopeaks was carried out using a mixed Gaussian/Lorentzian peak fit procedure by 
means of the CasaXPS software. 

Temperature programmed reduction (H2-TPR) measurements were performed on a Micromeritics 
AutoChem apparatus (Verneuil en Halatte, France). H2-TPR was performed in a quartz microreactor  
(9 mm). The H2-TPR was conducted in two stages: 

1. Degassing treatment to remove the adsorbed species: The sample was heated from room 
temperature to 200 °C (10 °C/min) under an argon flow (50 mL/min). The sample was then 
maintained at 200 °C for 1 h and cooled to room temperature under argon atmosphere. 
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2. Reduction process: The reduction mixture containing 5% v/v H2 in argon was send to the sample 
at room temperature, the flow was 50 mL/min. After a short stabilization process the temperature 
was increased from room temperature to 900 °C (with 10 °C/min heating rate). Finally,  
the sample was cooled to room temperature under argon. 

N2 adsorption-desorption isotherms were recorded at −196 °C using an automated ASAP2010 and 
TRISTAR II apparatus from Micromeritics. Before the adsorption-desorption experiment, the sample 
was heated at 120 °C under vacuum for 3 h for degassing and the adsorbed species was removed. Specific 
surface areas were calculated from the linear part of the Brunauer-Emmett-Teller line whereas  
the micropore volumes were calculated from the Dubinin method commonly used for adsorption 
description in microporous materials [24]. The desorption branch of the isotherm was used for  
the evaluation of the pore size distribution. 

3.3. Toluene Catalytic Oxidation Test 

The catalytic activity of materials for toluene oxidation is typically compared using light off curves, 
curve of conversion versus reaction temperature, where the reactant mixture passes through a catalyst 
bed while the temperature is increased [26]. The subsequent S-shaped curves give an idea of  
the performance of different catalysts as well as total conversion minimal temperature. The toluene 
catalytic setup is presented in Figure 10. 

The gaseous toluene was generated using a saturator containing reagent-grade toluene in liquid phase. 
The saturator is a small and inert capsule containing a pure chemical compound in two phases between 
its gas and liquid phases. The release of the chemical occurs when a carrier gas (in this case air)  
passes through the device and reaches a saturated state. The temperature controller of  
the thermostatic bath maintains the saturator temperature at a set point of 65 °C with an accuracy of  
0.01 °C. This gives a toluene concentration in the air stream of 800 ppm. 

 

Figure 10. Toluene adsorption and catalytic setup. 
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Toluene complete catalytic oxidation produces only CO2 and H2O. However, incomplete oxidation 
products can be obtained, such as CO and benzene, among others. Analysis of these compounds was 
performed using a microGC from SRA Instruments (Marcy l'Etoile, France). Quantification was realized 
by calibration of peak areas, and for each compound, linear regression was used to determine  
the response factors. 

The toluene conversion was estimated using the following equation: 

[ ]
[ ] [ ] [ ] [ ]toluene

2

toluene
(%) 1 100

toluene benzene CO CO
X

 
= − ×  + + + 

 (4) 

The selectivity towards products was estimated with the following equation, which was written for 
the specific case of CO: 

[ ]
[ ] [ ] [ ] [ ]CO

2

CO
(%) 100

toluene benzene CO CO
S

 
= ×  + + + 

 (5) 

The toluene catalytic oxidation was performed in a fixed bed reactor (i.d. 8–10 mm). In a test,  
200 mg of the catalyst was loaded in the reactor. The total flow rate was 100 mL/min and the gas hourly 
space velocity was 30,000 mL/gcat. 

• Step 1: Catalyst activation is the first step of the catalyst test. The conditions employed are  
an air stream with a flow of 70 mL/min. The aim of this activation process is to clean  
the catalyst surface and remove physisorbed water and surface impurities that can eventually be 
present on the catalyst. 

• Step 2: The toluene catalytic oxidation start, the temperature is increased and the effluent gas  
from the reactor is analyzed using an on-line microGC analyzer; injections were made every  
five minutes. 

3.4. Toluene Adsorption Test 

The adsorption capacity of the samples was measured employing the same system depicted in  
Figure 10 and measuring the variation of the ratio of outlet (C) and inlet (Co) concentrations with time. 
The results are typical S-shape curves. The first toluene adsorption is nearly complete and  
the breakthrough curves are adjacent to a straight line. In the second, the concentration of the toluene 
slowly reaches the breakthrough point and the outlet toluene concentration increased with the extension 
of adsorption time. At this end the outlet concentration rise to the inlet concentration [35]. For a given 
concentration, the longer breakthrough and saturation time means a greater adsorption capacity. The 
adsorption capacity (AC) was calculated by the numerical integration of the breakthrough curve, using the 
following equation: 

0

s

AreaAC C
W
×

=  (6) 

where: 

0
0

Area / d
tf

t
C C t= ∫ , C0 = Initial concentration, Ws = Sample weight. 
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The times at which the outlet toluene concentration was 5% (t 5% = breakpoint time), 50%  
(t 50% = stoichiometric time) and 95% (t 95% = saturation time) of the inlet toluene concentration were 
also estimated. The percentage of unused bed (PUB) was calculated from the length of unused bed (LUB) 
by using the following equations: 

5%

95%

ACLUB 1
AC

t

t

L
 

= − 
 

 and LUBPUB(%) 100
L

= ×  (7) 

where: L = total length of the bed, ACt 5% and ACt 95% = adsorption capacity at t 5% and  
t 95% respectively. 

The toluene’s concentration, flow of stream and mass of the adsorbent were empirically adjusted in 
order to have acceptable adsorption times before the breakpoint for comparison purposes between 
samples. The temperature of the thermostatic bath was maintained at 25 °C, the mass of the sample 
loaded in the reactor was 200 g and the total flow rate was 13 mL/min. This gives a toluene concentration 
in the air stream of approximately 1250 ppm. For the adsorption test, activated samples (400 °C with  
an air flow of 70 mL/min) were exposed to the toluene stream at a temperature of 30 °C. The effluent 
gas from the reactor was analyzed using on-line microGC analyzer; injections were made every  
five minutes. 

4. Conclusions 

In this study the potential of copper-exchanged zeolites as a toluene adsorbent and as a catalyst for 
toluene total oxidation was evaluated. A low quantity of copper (from 1 wt. % to 4 wt. %) was deposited 
into the zeolite as copper + II species. Through the consequent exchange, it has been shown that  
the fraction of copper-exchanged (Cu2+ species) versus CuO species remained rather constant whatever 
the copper content. The toluene adsorption studies have shown that when the microporosity is maintained 
for low-copper-content zeolite, the adsorption capacity of the corresponding material (CuX-B1) is not 
affected in comparison with the parent zeolite. Interestingly, this material exhibited remarkable toluene 
oxidation due to the presence of well-dispersed CuO species. 

The individual adsorbent and catalytic properties of CuX-B1 sample are promising, and this material 
can be considered a potential hybrid system for the treatment of toluene in low concentrations in air. 
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