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A comprehensive experimental and characterization study of selective catalytic reduction of NOx with NH3 was carried out 

on Cu-ZSM5 catalysts, previously prepared by the aqueous ion exchange method with a copper loading of 0.2, 1 and 2 %. 
Results showed that even with Cu contents as low as 2 % over zeolite, NOx conversions higher than 92 % are obtained at 

600 ºC. The copper catalysts were characterized using FT-IR, XRD, UV-Visible and with studies such as SEM, STEM and 

HRTEM, where the presence of CuO cores were shown to enhance the de-NOx activity, due to their higher thermal stability 

compared with the other copper species found. The predominance of dispersed 4-5 nm particles over the zeolite was 
identified, which accounts for the high NOx conversion results shown in SCR process. 
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Introduction 

 

Due to a number of important advantages, like an increased 

efficiency, a lower cost and lower hazard issues, diesel has 

rised as one of the most used fossil fuels [1,2]. However, 

nitrogen oxides (NOx) emission is a problem, since this 

pollutant is more complicated to eliminate from diesel 

exhaust emissions [3,4]. Nitrogen oxides (defined as the sum 

of NO and NO2 gases) are major air pollutants generated by 

anthropogenic activities, with some of their harmful effects 

on humans and the environment being tropospheric ozone 

production [5,6], acid rain contribution [7,8], and formation 

of carcinogenic particles [9,10]. 

Vehicles are one of the main sources of NOx, emitting 

between 81 and 88 % of the total amount of this pollutant in 

the principal 5 Mexican metropolitan areas in 2005, with the 

notable exception of Monterrey City [11]. However, in the 

biggest Mexican cities the increase of automobile circulation 

has been evident. Monterrey and Mexico City show the 

highest number of vehicles in Mexico, with 2.3 and 5.5 

million units circulating by 2014 [12-14].  

In the last decade, NOx conversion using Selective 

Catalytic Reduction (SCR) has been proposed and studied 

thoroughly, in order to address the more strict legislation 

concerning pollutants emissions from diesel engines, which 

range from 0.04 g/km in the US, to 0.08 and 0.12 g/km in the 

EU and Mexico, respectively [15,16].  

Two different SCR variations have been proposed; one in 

which hidrocarbons are used as NOx reductants (HC-SCR), 

and another where NH3 is using as the main reducing agent 

(NH3-SCR). However, due to problems involved with use of 

hidrocarbons as reductants, like increase of fuel 

consumption, higher hydrocarbon emissions to the 

environment, and technical problems with application of 

catalysts in these type of systems, HC-SCR has not been yet 

extensively applied in diesel vehicles [4]. On the other hand, 

NH3-SCR is the most used and commercially applied 

variation, with an aqueous solution of 32.5 wt% urea most 

often used as the NH3 source for SCR in diesel vehicles due 

to its safer nature compared with gaseous ammonia [17]. 

SCR de-NOx mechanisms depend strongly on NO/NO2 

proportion [18]. NOx in diesel exhaust of light-duty engines 

usually consists of more than 90 % NO and only a small 

fraction of NO2 (10 %); therefore, “standard” SCR reaction 

regularly takes place [19]: 

4𝑁𝐻3 + 4𝑁𝑂 + 𝑂2 → 4𝑁2 + 6𝐻2𝑂  (1) 

However, if NO2 proportion is excessive (NO2 > 50 % of 

NOx), nitrogen dioxide and ammonia react according to the 

reaction:  

4𝑁𝐻3 + 3𝑁𝑂2 → 3.5𝑁2 + 6𝐻2𝑂  (2). 

On the other hand, if NO/NO2 = 1, the “fast” SCR reaction 

takes place [20, 21]: 

4𝑁𝐻3 + 2𝑁𝑂 + 2𝑁𝑂2 → 4𝑁2 + 6𝐻2𝑂 (3). 

The SCR of NOx with NH3 has been studied extensively on 

diverse catalylsts, especially those consisting of vanadium, 

tungsten and titanium [22,23]. However, due to problems 

related with toxicity of vanadium and tungsten, along with 

low stability at high temperatures, metallic zeolites are being 

increasingly used for de-NOx applications [24-26]. 
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The most investigated zeolite material is Cu-ZSM5, since 

its catalytic potential discovery back in 1986 [27]. In general, 

Cu-zeolites have been reported as more active at lower 

temperatures than their Fe equivalents [28]. 

Though there are considerable studies on Cu-ZSM5 as 

catalyst for SCR of NOx with NH3, general focus has been 

given to high contents of metal in the zeolite, ranging from 3 

to 5 % [29, 30, 32]. Therefore, the aim of this work was to 

evaluate the effect of low contents of Cu in the zeolite on the 

NOx reduction capacity of the catalyst; this is important to 

analyze in order to evaluate the influence of Cu loading over 

zeolite, for SCR of NOx, and also in order to optimize the use 

of this metal.  

 

Materials and Methods 

 

Cu-ZSM5 were all prepared by aqueous ion exchange of 

commercial NH4-ZSM5 (Zeolyst CBV2314, Si/2Al = 23, 

surface area = 425 m2/g) with the necessary CuCl2·2H2O  ( 

99.0 %, Sigma-Aldrich) in order to achieve metal contents of 

0.2, 1.0 and 2.0 wt%. The ion exchange procedure was 

performed according to the methodology proposed by 

Kröcher et al. [31], which consisted on mixing the necessary 

amount of Cu salt in a suspension of ZSM5 zeolite in water. 

Afterwards, the resulting mixture was stirred over a heating 

plate (Fischer Scientific, model Isotemp 11-800-49SHP) at 

80 ºC under nitrogen atmosphere for 12 hours. The mixture 

was then vacuum-filtered using a 2.5 m paper, washing the 

filtered solid with 200 mL per gram of catalyst. The resulting 

material was then dried at 80 ºC (Thermo Scientific, model 

Lindberg Blue M) for 12 hours, and calcined at 500 ºC for 3 

hours (Across, model TF1400). Blue powders were obtained. 

Finally, the catalysts were grinded on a porcelain mortar, and 

stored in glass vials at room temperature.  

For the SCR of NOx, a stainless steel reactor with a furnace 

was used. A gas mixture consisting of 1000 ppm NO, 1000 

ppm NH3 and 10 % air in balance of argon was introduced in 

the reactor. The total gas flow was              500 mL/min, 

obtaining a space velocity (GHSV) of   30,000 cm3h-1gcat
-1. 

The catalytic performance was evaluated from 200 to 600 ºC, 

in 100 ºC steps, using a fresh catalyst for every experiment. 

The catalyst was packed between quartz wool inside the 

reactor. NOx conversion was measured using a NO-NO2-

NOx chemiluminescence analyzer (Thermo Electron, model 

42i-HL), and an ammonia scrubber was adapted to the line 

before entering the NOx analyzer, in order to avoid a 

decrease in instrument sensitivity [32]. For every 

experiment, a mixture of NO, air and argon was flowed 

through the reactor and the chemiluminescence analyzer for 

30 minutes, in order to stabilize NOx readings. After 

introducing NH3 flow, the whole system was stabilized 

during 10 minutes. 

After the SCR reaction, the catalysts were removed from 

the quartz wool packing using a stainless steel spatula, and 

in all cases, the used metallic zeolites were stored in glass 

vials at room temperature. 

Metal composition was measured after acid digestion using 

an   atomic   absorption  spectrophotometer  (AAS,  Thermo 

Table 1. Copper contents after modification of the ZSM5 zeolites with Cu. 

Sample 

Pretended 

Cu content (wt. 

%) 

Experimental 

Cu content (wt. 

%) 

Cu(0.2%)ZSM5 0.2 0.14 

Cu(1%)ZSM5 1.0 0.86 

Cu(2%)ZSM5 2.0 1.28 
 

Scientific, model iCE 3400). 

To monitor changes in characteristic vibrations of copper 

exchanged ZSM5, infrared spectra were recorded using FT-

IR (Fisher Scientific, model Nicolet 6700). The samples 

were analyzed in the form of potassium bromide (KBr) solid 

disks, and the software used for analysis was OMNIC 

(Thermo Scientific), in transmittance mode. All FT-IR 

spectra consist of 32 scans and a resolution of 4 cm-1. 

The zeolite phases and crystallinity were evaluated using 

X-ray diffraction (Siemens, model D-5000). All samples 

were mounted on a glass holder. Each test was performed 

using the characteristic Cu K radiation in the 2 range of 5 

to 80º, with a 0.020º increase for every 4 seconds. All XRD 

tests were performed at room temperature. 

The morphology and particle size studies for the fresh 

Cu(2%)ZSM5 catalyst were determined by scanning 

electron microscopy (SEM, JEOL, model JSM6701F), 

scanning transmission electron microscopy, high resolution 

transmission electron microscopy (STEM and HR-TEM, 

respectively, FEI, model Titan G2 30-800), and elemental 

analysis were performed using energy dispersive X-ray 

spectroscopy (EDS). The samples were placed on a support 

grid (lacey/carbon 200 mesh Cu) before the analysis. 

In order to evaluate the copper oxidation state, UV-Visible 

spectroscopy (Thermo Electron, model Evolution 300) was 

used. All tests were performed in a wavelength range of 200 

to 1000 nm, using the diffuse reflectance mode. The solid 

catalyst samples were compressed in       10 mm thick tablets 

before characterization with this instrument.  

 

Results and Discussion 

 

Table 1 summarizes copper content in the modified zeolites 

according to AAS. As observed, experimental Cu contents 

vary from 65 to 85 % from the originally intended copper 

loading; it has been previously reported that aqueous ion 

exchange of copper on zeolites presents a limitation, in 

which only about 50 % of the metal is exchanged in the 

support [18].  

Figure 1 shows the selective catalytic reduction test results 

comparison Cu exchanged zeolites, for different contents in 

the catalysts. The experimental error from the tests was 

small, so it was omitted from the plot. Though high 

concentrations of metals (sometimes as high as 5 %) in 

zeolites have been recommended as having the best catalytic 

performance in the NH3-SCR of NOx [31], our results 

presented in Figure 1 have shown that even with low 

contents, a high SCR performance is achieved. Even with the 

lowest metal content (0.2 %), 61 % NOx conversion was 

achieved (Cu-ZSM5) at 400 ºC, while by 500 ºC,  this  same 
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Figure 1. NOx conversion versus temperature for ZSM5 zeolites modified 

with different Cu loadings. 

 

catalyst showed a 68 % conversion. Cu(0.2%)ZSM5 had a 

more stable behavior at high temperatures; however, the NOx 

conversion ability did not increase as much as in the 300-400 

ºC step.  

As expected, though, with higher metal content in the 

zeolite, the SCR performance increased. For Cu(1%)ZSM5, 

it is observed that a higher NOx conversion is obtained when 

having only a 1.0 % metal content rather than 2.0 %. This 

could be due to a better metal dispersion over the catalyst, 

which leads to a higher catalytic activity.           Cu-ZSM5 

catalysts showed the highest NOx conversion rates at 

temperatures above 500 ºC. 

A fluctuation between 90 and 100 % conversion was 

observed at this temperature range, while Kröcher et al. has 

reported that, for a Cu-ZSM5 zeolite, a sharp decline in 

catalytic activity was observed at high temperatures, 

showing 67 % conversion at 500 ºC, 50 % at 550 ºC and   42 

% at 600 °C, with a copper content of 2.9 %, and using 

reaction conditions very similar to the ones used in our study 

[31]. 

The FT-IR spectra of the fresh and used ZSM5 zeolites 

with 0.2 and 2 % copper content are shown in Figure 2. As 

is observed from the figure, FT-IR results were nearly 

identical for the different copper contents. 

The whole vibration spectra corresponds clearly to the 

NH4-ZSM5 zeolite; and though the broad signal from 3000 

to 3700 cm-1 is related to the typical stretching bands of 

water, the shoulders presented in this region indicate the 

presence of structural OH groups [33, 34]. The bands at 3620 

and 3450 cm-1 are assigned to ZSM5 O-H stretching modes, 

while the clear signal at 1400 cm-1 is due to N-H stretching 

and bending modes [35], likely related to some ammonium 

not exchanged and still present from the original NH4-ZSM5 

form. However, at 600 °C the conditions are too harsh for 

these species to persist over the zeolite and decomposes, 

which explains why at higher temperatures this signal 

disappears in both cases. 

The bands below 1300 cm-1 are characteristic of              

NH4-ZSM5. The signals at 1225 and 1070 cm-1 are assigned 

to asymmetrical  stretching  vibrations  of  tetrahedral  Si-Al, 
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Figure 2. FT-IR spectra of the a) Cu(0.2%) and b) Cu(2%)ZSM5 zeolites, 

for the fresh sample, and after SCR reaction at 200 and 600 °C. 
 

 

Figure 3. XRD patterns of the Cu(2%)ZSM5 sample, for the fresh catalyst 

and after SCR reaction at 200 ºC and 600 ºC. A comparison with a pure, 

unmodified NH4-ZSM5 sample is also provided. 
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and the 800 cm-1 signal is due to the symmetrical stretching 

vibration of Si-O. The band at 545 cm-1 is characteristic of 

Si-O bonds in double rings of 5 members, while the band at 

430 cm-1 is assigned to the internal Si/Al-O4 tetrahedral 

bending bonds [34, 36]. 

Figure 3 shows the XRD results obtained for the fresh and 

used Cu(2%)ZSM5 catalyst, along with an XRD plot for the 

pure, unmodified NH4-ZSM5. The defined and sharp peaks 

are proof of the full crystallinity of the catalysts. 

Characteristic NH4-ZSM5 peaks can be observed (JCPDS 

44-0002), specially at the diffraction angles of 7.94, 23.08, 

30.04 and 45.35. Typical elemental copper signals have been 

reported to appear at 2 values of 43.6°, while CuO peaks 

should be observed at 2 = 35.7 and 38.6° [37, 38]. However, 

according to Figure 3, no sign of copper was found in the 

XRD analysis, with even the highest copper loading (2 %) 

showing identical 2 peaks to that of pure, unmodified NH4-

ZSM5. This may indicate that the Cu phases are not fully 

developed or that the domains are too small to generate the 

periodicity needed for diffraction [28]. 

The results obtained from the UV-Visible spectroscopy 

analysis are summarized in Figure 4, for the zeolites 

modified with three different copper contents. 

When transmittance or absorbance units are used to plot an 

UV-Visible spectrum, it is assumed that transmission 

sampling was used; however, since our analysis were 

performed using diffuse reflectance mode, we used the 

Kubelka-Munk units, which relate the intensity of diffused 

reflected light to concentration [39]. 

From Figure 4, some important discussions can be made. 

First of all, three characteristic UV-Vis signals attributed to 

Cu can be identified. All Cu-ZSM5 samples showed a band 

centered at 12,300-12,700 cm-1, which has been related to the 

d-d transition occurring in typical isolated Cu2+ ions 

stabilized in octahedral crystal fields with small tetragonal 

distortion [40]. Another characteristic signal observed in all 

Cu-ZSM5 catalysts was the band at 47,000 cm-1, which is 

related to a charge transfer (CT) O  Cu transition of 

isolated Cu2+ ions in coordination with lattice oxygens [41, 

42]. Another absorption band at 25,500 cm-1 is observed, 

which has been identified with a ligand to metal charge 

transfer (LMCT) of copper oxide core clusters (axial or 

square-plane dimer) [43, 44]. All these copper species and 

interactions are adscribed to the decomposition of aqua 

complexes formed in the aqueous ion exchange (before 

calcination), which induce the removal of water from the first 

coordination sphere of Cu2+ [41]. In most cases, the general 

tendency of the copper-related UV-Vis bands was to increase 

in intensity with increasing content of metal in ZSM5, which 

is in agreement with the methodology followed. However, at 

higher SCR temperatures, the signal at 47,000 cm-1 tend to 

decrease in intensity (compared with the fresh catalysts). The 

signal at 25,500 cm-1, on the other hand, keeps its intensity 

almost constant in all temperatures evaluated (except for the 

catalyst with 1 % Cu, where a decrease in the intensity is 

observed), which makes us conclude that although both Cu2+ 

forms are present(isolated copper and CuO), the latter are the 

most  thermally  stable  form  in  the  catalyst.  Copper  oxide 

 
Figure 4. UV-Vis spectra for fresh and used Cu-ZSM5 catalysts:                     

a) Cu(0.2%), b) Cu(1.0%), and c) Cu(2.0%). An unmodified NH4-ZSM5 

sample plot is provided in each plot for comparison. 
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Figure 5. SEM characterization of the unmodified NH4-ZSM5 zeolite:        

a) micrograph with 1 m resolution; b) micrograph with 100 nm resolution, 
and c) EDS spectrum. 

 

cores have been associated with release of O2 from the 

catalyst surface, which have been shown to promote NO 

decomposition and therefore a high activity of Cu-ZSM5 

[44, 45]. This evidently explains the higher NOx conversion 

results observed in Figure 1, where Cu(0.2%)ZSM5 did not 

match the other catalysts catalytic activity due to lack of 

enough copper oxide cores. 

In order to evaluate the general zeolite morphology and the 

presence of copper in the catalyst, and to analyze the 

difference on this material before and after copper 

modification by aqueous ion exchange, NH4-ZSM5 and 

Cu(2%)ZSM5 samples were analyzed by SEM and EDS. 

The results are resumed in Figures 5 and 6. 

 

 

 

 

Figure 6. SEM characterization of Cu(2%)ZSM5: a) micrograph with 1 m 
resolution; b) micrograph with 100 nm resolution, c) elemental Cu mapping 

over the catalyst, and d) EDS spectrum. 
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Figure 7. Characterization of fresh Cu(2%)ZSM5 by STEM, showing the 

EDS analysis over two different copper particles in the zeolite. 
 

In these micrographs, it was observed that while 

unmodified NH4-ZSM5 zeolite particles form agglomerates 

with a size of between 650 and 850 nm, the copper 

modification promotes a reduction in the agglomerate size, 

decreasing to between 300 and 450 nm. However, the crystal 

morphology remains unmodified, which agrees with 

previous studies on this materials [46, 47] 

Clear Cu signals can be observed in EDS, at approximately 

0.95 and 8.10 keV (Figure 6d) for the Cu(2%)ZSM5 catalyst. 

This signals are absent on the unmodified NH4-ZSM5 

zeolite (Figure 5c). Elemental mapping of Cu shows absence 

of copper particle agglomerations, which confirms high 

dispersion over the ZSM5 zeolite (Figure 6c). 

The results obtained from STEM and spot EDS analysis of 

the Cu(1%)ZSM5 fresh catalyst are found in Figure 7. 

STEM images were taken to examine the morphology of 

Cu species and the support (ZSM5). Zeolite channels were 

observed from the STEM micrographs. Spherical copper 

particles (copper oxides, as discussed from the UV-Visible 

results) are observed, which confirm the copper modification 

of the zeolites. To discuss if the particles are inside or outside 

 

Figure 8. Particle size distribution analysis from fresh Cu(1%)ZSM5. 

 

the channels, EDS was performed over two spots 

representing two different Cu particles over the same area. 

Though both particles show a copper signal on the EDS 

analysis, Figure 7a shows a very weak Cu intensity, while 

Figure 7b shows a more prominent signal. This may be an 

evidence to show the presence of Cu particles both inside the 

zeolitic channels (weak EDS signals) and over the surface of 

the ZSM5 (strong EDS signals). 

An apparent uniform dispersion can be observed from the 

STEM images. The particle size distribution analysis 

(calculated using the TIA software provided by FEI on the 

STEM micrographs) in Figure 8 appears to confirm this 

assumption, due to the main predominance of  4 nm particles, 

instead of bigger aggregates, which have been previously 

shown to have sizes between 15 and 30 nm [48, 49]. 

However, some degree of heterogeneity between particle 

sizes is also observed, with 13 nm being the biggest particle 

size present in the zeolite. 

HR-TEM was performed over the Cu(2%)ZSM5 sample in 

order to have a better understanding of the crystallinity and 

nature of the copper particles. The results are shown in 

Figure 9. Copper particles with different sizes are again 

observed, and an increase in image resolution (Figure 9b) 

showed evident crystal planes corresponding to copper 

species, likely the CuO species observed in the UV-Visible 

studies. 

 

Conclusions 

 

Zeolite supports were successfully modified with low 

contents of copper; the zeolites modified with 1.0 and       2.0 

% of this metal showed a remarkable NOx reduction 

performance (with 90-100 % conversion above 500 ºC), even 

when compared with other studies where the copper content 

was greater (almost 3 %). 

The presence of Brönsted acid sites and copper oxides was 

confirmed by FT-IR and UV-Vis, respectively, which 

enhance the SCR activity of the catalyst. Isolated Cu2+ 

species were  also  found,  but  these are  not  thermally  stable 
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Figure 9. HR-TEM characterization of Cu(2%)ZSM5: a) micrograph with 

10 nm resolution, b) micrograph with 5 nm resolution. 
 

and therefore by 200 ºC are almost gone; on the other hand, 

copper oxides showed high stability. Copper XRD signals 

were not found, probably due to lack of Cu phase 

development, small domain size or high particle dispersion.  

The aqueous ion exchange method allowed the formation 

of spherical particles, which were analyzed using SEM and 

STEM and were visually found to be dispersed over the 

ZSM5 catalyst using elemental mapping. A particle size 

distribution analysis shows copper cores are only 4 nm in 

size, which is small compared to other previous works, and 

also may suggest the lack of agglomeration and, in the 

contrary, the presence of highly dispersed particles. The high 

and apparently homogeneous copper particle dispersion may 

also contribute to the high NOx conversion performance of 

these materials. 
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