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Abstract The results of investigation of catalysts based

on natural zeolite in comparison with synthetic ZSM-5

zeolite used in reduction of nitrogen oxides and conversion

of carbon monoxide are presented. It was found that rear-

rangement of the crystal structure of natural zeolite begins

upon heating it above 500 �C in air. The structure of nat-

ural zeolite has been improved by introduction of various

modifiers and selection of thermal regime of samples

training. It has been shown that developed compositions of

press-mass for preparation of carriers for gas purification

catalysts in the form of granules and tablets satisfy the

requirements on ductility and mechanical strength. The

efficiency of synthesized granular and block Cu–Ce, Cu–

Ni–Cr, Ti–V, Ti–VW, and TiO2–V2O5 catalysts based on

natural and synthetic zeolites was determined in conversion

of CO and nitrogen oxides. The results of X-ray structure

analysis of clinoptilolite of the Republic of Kazakhstan

deposits—Chankanai and Taizhuzgen—are represented in

comparison with synthetic ZSM-5 zeolite. The paper also

comprises data about their thermal stability, ductility, and

strength of compositions on their base. Metals particles

morphology and dispersity are studied by the method of

electronic microscopy. These particles were used as active

components of synthesized catalysts.

Keywords Catalyst � Natural zeolite � ZSM-5 �
Microstructure � Catalytic reactivity

Introduction

Cleaning the air (Sellitto et al. 2015) contaminated by

motor vehicles emissions (Vinodh et al. 2011), power

plants, chemical, and petrochemical branches of industry

(Reşitoğlu et al. 2015) is an urgent problem (Panepinto

et al. 2014). The carrier of catalyst determines thermal and

chemical resistance, work stability and duration of catalyst

life under specific conditions of catalytic process (Krylov

and Matyshak 1996), as well as final cost of commercial

catalyst (Rivera et al. 2000). Possibility to use the natural

Kazakhstan’s zeolites as gas purification catalyst compo-

nents in the form of granules, tablets, and blocks in order to

create manufacturing techniques of effective and afford-

able catalysts for conversion of NOx, CO, and hydrocar-

bons of the waste gases is discussed in this paper.

Rapid development of new technologies goes along with

poor conditions of environment (Bamniya et al. 2011);

therefore, it is required to search for ways to stabilize

ecological situation (Koutsonikolas et al. 2013). Among

the main pollutants of large cities where there are a number

of thermal power stations, industrial enterprises (Mikulčić

et al. 2013), and a lot of automotive transports, gas emis-

sion is a considerable hazard (Da Silva and Oliveira 2013).

Catalytic methods of deep cleaning of gas emissions are the

most promising (Akimkhan 2012). The high cost of con-

ventional catalysts based on platinum and palladium con-

siderably limits their practical application. The efficiency

of catalyst depends on the nature and content of catalyti-

cally active component, the presence of modifying agents,

and manufacturing techniques of catalyst (Ono et al. 2011).
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Currently, positive results were achieved on ZSM-5

zeolites.

Materials and methods

Natural Kazakhstan’s zeolites and widely applied synthetic

ZSM-5 zeolite were used as research objects. Natural

zeolites were taken from Chankanai deposit (located in

Kerbulak district of Almaty region) and Taizhuzgen

deposit (located in Tarbagatai district of East Kazakhstan

region). Synthetic zeolites were produced at ‘‘An-

garsknefteorgsintez’’ (Si/Al = 40) (Novikova et al. 2013).

Zeolites samples were used in crude form as tuff, which

were crashed and granulated in the form of tablets and

blocks. X-ray structure analysis of the zeolites samples was

carried out on ‘‘Ultima IV’’ diffractometer produced by

Rigaku (Japan) and on X’Pert PRO produced by ‘‘PANa-

lytical’’ (Holland). For this purpose, original zeolite had

been crushed to the 10-lm-sized particles and analyzed by

the X-ray method.

Electron microscope investigation of the samples was

carried out on the Hitachi SU70 analytic scanning electron

microscope.

Samples preparation was carried out by spreading the

sample in the form of powder on two-side electro con-

ductive scotch and further spraying on the conductive base

for scanning electron microscope. Prepared samples are

suitable for topography analysis and particles size as well

as elemental composition.

Researches on raster electron microscope (JSM-6390LV,

JEOL Ltd, Japan) with the system of energy-dispersive

microanalysis INCA Energy (OXFORD Instruments Ana-

lytical Limited, Great Britain) were carried out in the

IRGITAS laboratory at D. Serikbayev East Kazakhstan State

Technical University (Ust-Kamenogorsk, Kazakhstan).

Samples for raster electron microscope are prepared as

common metallographic sections by grinding and further

gritting. In order to prepare samples for analysis, it is

necessary to meet certain requirements. Thus, samples

surface must be completely flat without any scratches of

relief; the researched sample must be exceptionally clean.

Molding materials were produced by mixing and vary-

ing of torrefaction temperature in wide interval on the basis

of domestic natural materials (Salmiah Jamal Mat Rosid

et al. 2015). Molding materials were used for producing the

samples of catalyst carrier in the form of pellets, granules,

and blocks (Mukhlyonov et al. 1989), and their ductility

and mechanical resistance were studied according to

methodology described by Wu et al. (2007).

Cu–Ce, Cu–Ni–Cr, Ti–V, Ti–V–W, and TiO2–V2O5

were supported on samples of synthesized granulated and

block zeolites (Regalbuto 2006) containing carriers that

have optimal properties of ductility and mechanical resis-

tance among the studied ones (Palma et al. 2013). Their

effectiveness in conversion of NOx was determined in

mixture with CO or C3H6 under conditions of hyper-stoi-

chiometric oxygen concentrations (Schwarz et al. 1995).

The investigation of phase composition and structural

components of initial samples, the natural zeolite and

bentonite, as well as supports and catalysts based on them

was carried out using optical metallographic microscope

Olympus BX 51. Pouring of the liquid mixture of epoxy

resin with hardener in the holder, filling of powdered

bentonite and zeolite, mixing, and subsequent grinding and

polishing after the polymerization of resin were carried out

for the production of microsections. Figure 1 shows the

catalysts in the form of granules, tablets, and blocks pre-

pared for testing.

The resulting catalyst samples were tested under the

following conditions: all components of the reaction mix-

ture (CO, NO, O2) and a carrier gas (high-purity argon)

were fed at a rate 3.0–3.2 l/min; the reaction temperature

was varied from room temperature to 500 �C. Sampling of

the gas mixture was carried out after reaching the desired

temperature. The content of CO and NO were determined

on the KANE 940 gas analyzer (Kane International Ltd.,

Great Britain, measured concentration range from 0 to

10,000 ppm). N2 and CO2 content were determined on

‘‘Chromatec Crystal-5000’’ gas chromatograph.

Results

It is known that the main disadvantage of natural zeolites

(Mihajlović et al. 2015) that limit their practical application

is changeability of their chemical composition (Mansouri

et al. 2013). Main characteristics of natural zeolites are

identical to famous deposits of Ukraine (Sokirnitskoye),

Georgia (Tedzamskoye), Russia (Kholinskoye, Kuli-

kovskoye, Vaginskoye), as well Japan (Sainokai), which

are widely used in different sectors of the national econ-

omy. Comparison characteristics of domestic natural zeo-

lites of different deposits with famous foreign analogs and

main characteristics of synthetic zeolite ZSM-5 are pre-

sented in Tables 1 and 2, respectively.

Diffractograms of powdered ZSM-5 zeolites from

Chankanai and Taizhuzgen after heating in air at 500 �C
are shown in Fig. 2. The figure shows that structures of

high-siliceous synthetic zeolite and natural aluminosili-

cates are similar in general. They differ only in intensity of

peaks from main components. It is connected with com-

position of every sample.

It is known that crystal lattice of aluminosilicates with

Si/Al ratio more than 20 is resistant to high-temperature

action (Canafoglia et al. 2009). In fact, previously ZSM-5
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zeolite was tested by Rabo (1980) with X-ray analysis. The

researches proved that high-temperature heating in air

(100 �C 3 h, 500 �C 3 h, 800 �C 5 h, 1100 �C 5 h) does

not change intensity of synthetic zeolite reflexes. This

means that zeolite lattice is thermally stable. Behavior of

natural zeolites was different (Hagiwara et al. 2002). Initial

structure of natural Chankanai clinoptilolite after heating at

the temperature 100 �C is presented by reflexes of quartz,

clinoptilolite, albite, calcite, and hematite. Subsequent

increase in heating temperature of zeolite leads to disap-

pearance of signal from the clinoptilolite after heating at

500o C and to a decrease in intensities of reflections of the

other structure-forming components and their complete

disappearance (Table 3).

Comparative characteristics of the heat treatment of

zeolites has shown that the original structure of natural

clinoptilolite is characterized by increase the intensity of

quartz reflections, their decrease for calcite, albite and

Fig. 1 Samples of catalysts: a pellets, b cylinders, c blocks

Table 1 Comparison characteristics of natural zeolites of different deposits

Composition Concentration (%)

Chankanai

(Kazakhstan)

Taizhuzgen

(Kazakhstan)

Kulikovskoye

(Russia)

Sokirnitskoye

(Ukraine)

Tedzamskoye

(Georgia)

Sainokai

(Japan)

SiO2 60.0–74.0 62.5–68.7 77.2 70.5 59.1 72.1

Al2O3 14.0–15.0 13.4–19.2 12.8 12.1 13.4 11.4

TiO2 0.1–0.7 – 0.2 – – 0.2

Fe2O3 1.4–5.8 1.3–4.6 2.9 0.9 – 1.4

MnO2 0.1–0.2 0.1 0.1 0.2 – 0.1

MgO 0–2.1 0.8–1.1 0.2 1.1 1.4 2.2

CaO 0.1–6.4 1.0–4.2 1.2 2.1 5.2 1.0

Na2O 0.6–5.5 1.5–3.9 1.4 2.4 2.3 1.3

K2O 0.7–4.0 2.9–4.2 3.9 2.7 1.5 0.5

P2O5 0.1–0.2 – 0.1 0.1 0.5 –

H2O 0–4.1 5.7–10.0 – 8.0 – 4.7

Table 2 Comparison and

processing properties of

synthetic zeolite ZSM-5

Zeolite Composition Processing properties SiO2/Al2O3

Oxides %

ZSM-5 Al2O3 4.2 Water vapor No more 0.1 40

Na2O 0.1 Intan No more 0.14

Fe2O3 0.1 BET general surface m2/g 315

Ignition loss no more 55 External surface m2/g 70.0

Overall pore volume cm3/g 0.235
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hematite, and disappearance of clinoptilolite reflexes after

heating in air for 1 h at 500 �C. Only quartz reflexes with

the structure of cristobalite and feldspar are saved in the

diffraction pattern of Chankanai zeolite after heating in air

at 700–100 �C. Thermal stability of the Tayzhuzgen zeolite

heated in air at gradual raising the temperature for 1 h is

shown in Fig. 3. It can be seen that the intensity of

reflections presented by clinoptilolite (9.9056), quartz

(26.7130), and albite (27.89) changes after heating the

initial sample in the temperature range 500–1000 �C. A
gradual increase in heating temperature up to 700 �C leads

to an increase in intensities of reflections of quartz and

albite and disappearance of clinoptilolite. Only reflexes of

quartz and albite are saved in the diffraction pattern after

heating at 1000 �C.
Study the introduction of various transition metals—the

active components of catalysts on the thermal stability of

zeolites was conducted in the following stage (Arcoya et al.

1994). Figures 4 and 5 show XRD spectra of the original

Tayzhuzgennatural zeolite and syntheticZSM-5zeolite aswell

as catalysts based on them after heating in air at 500 �C for 1 h.

It was established that introduction of transition

metals promotes to modification of crystal structure of alu-

minosilicates, particularly after high-temperature calcination

(Wdowin et al. 2014). Introduction of the cations of elements

of the III Group of cerium and the VIII Group of cobalt con-

tributes to the conservation of the zeolite framework and

prevents the formation of tenorite (Fig. 5). It was found that

the amount ofCeO2 oxide varies dependingon themethod and

supporting procedure of cerium (Rikhtegar et al. 2013).

Thus, XRD data indicate that significant changes in the

structure of carrier of the Cu/ZSM-5 catalyst, leading to

the formation of an amorphous aluminosilicate with

increasing of copper concentration and heating tempera-

ture, take place, beginning from 500 �C, in contrast to

ZSM-5 resistant to heating up to 1000 �C. On the other

hand, the formation of crystalline CuO phase on the outer

surface of carrier is observed. CuO formation increases in

the presence of elements of the I and II groups, and

decreases in the presence of cerium and cobalt, except for

copper. All regularities are valid for both natural zeolites

and ZSM-5.

Fig. 2 Spectrums of X-ray phase analysis of different zeolites after

heating in air at 500 �C: 1 Chankanai zeolite, 2 Taizhuzgen zeolite, 3

ZSM-5 zeolite

Fig. 3 Spectrums of X-ray phase analysis of the Taizhuzgen zeolite

after high-temperature heating for 1 h: 1 initial, 2 at 500 �C, 3 at

700 �C, 4 at 1000 �C

Table 3 Influence of torrefaction temperature on the structure of zeolite Chankanai

Temperature (�C) Time of heating (h) Intensity of reflexes (relative unit)

SiO2 (3.34) Clinoptilolite (8.95) Na[AlSi3O8] (3.18) CaCO3 (3.03) Fe2O3 (2.52)

100 3 100 210 102 47 30

500 3 170 – 86 40 22

700 5 104 – 210 – 25

1000 5 94 – 91 – 45
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Electron micrographs of the initial ZSM-5 and Chan-

kanai zeolites carried out at 24,000 times magnification,

shown in Fig. 6. It can be seen that ZSM-5 has a large well-

faceted crystals, preferably of prismatic shape, and natural

clinoptilolite—crystals of isometric form.

It has been found that copper and other active ingredi-

ents in ZSM-5, as well as in Chankanai zeolite are in the

form of finely dispersed drop-like particles with a size of

2 nm, at least 4–5 nm, after heating in air at 500 �C. The

method of introducing into the matrix of carrier signifi-

cantly affects the dispersity of particles.

The results of optical metallographic investigation

(Fig. 7) show that the initial surface of bentonite represented

mainly by montmorillonite consists of fine particles having

irregular form of leaves with clear contours. The crystals

have a creamy, grayish color with a pink tinge, wax-like

with a matte sheen. Zeolite is mainly composed of grains of

clinoptilolite, quartz, feldspar, and other minerals and rock

fragments. Quartz forms irregular isometric grains, fused

with grains of other minerals. Clinoptilolite is presented by

red, white, and transparent color. It has been shown that the

biphasic structural component is the mixture of the clay-like

bentonite and zeolite, and has the form of large and small

flakes incorporated in the ultra-micro-aggregates and micro-

aggregates. The heating of synthesized catalyst samples to

600 �C strongly alters both color and surface morphology

depending on the supported active ingredient. High-tem-

perature heating of the series of catalyst samples at 1000 �C
has completely changed the original picture of surface.

Statistical methods simultaneously evaluate the influence

of all factors operating for a given treatment. Three-dimen-

sional response surfaces shown in Fig. 8 were built under the

received mathematical models. Data on the study of

mechanical strength the obtained samples in a wide variation

of composition and calcination temperature of molding

compounds are shown in Fig. 8 (Li et al. 2000). The data

were monitored with Statistics program product application.

By analyzing the data of three-dimensional surfaces, it can be

seen that the mechanical strength increases with increase in

zeolite content and enhance of humidity.

It has been shown that mechanical resistance of zeolite-

containing ceramic carrier increases significantly with a

maximum at 29.70 MPa, 15 % humidity, 1.5 t squeeze

pressure, and 1000 �C while increasing the content of

zeolite from 50 to 80 % in molding material.

The influence of squeeze pressure on mechanical resis-

tance of investigated samples is examined with Stat-

graphics graphic editor. Graphic editor Statgraphics allows

getting not only elemental statistics and correlative

matrixes but also executing basic mathematic-analytical

procedures (component, regressive, dispersive, discrimi-

nant, and clustering analysis of the data) (Fig. 9).

Mechanical resistance of tablets from zeolite carrier

increases in direct proportion at increasing the zeolite content

from 50 to 70 wt% with increasing of compaction pressure

from 0.5 to 1.5 tons and from 19 to 24 MPa, respectively.

Mechanical strength of the samples can be predicted

according to the obtained equations by varying the mois-

ture and content of zeolite. The optimum values of the

main factors were obtained from the analysis of the con-

structed response surfaces.

Fig. 5 XRD spectra of ZSM-5 zeolite and catalysts on its basis after

heating in air at 500 �C: 1 ZSM-5, 2 Cu/ZSM-5, 3 Ce/ZSM-5, 4 Cu/

Ce/ZSM-5

Fig. 4 XRD spectra of Taizhuzgen zeolite and catalysts on its basis

after heating in air at 600 �C: 1 zeolite, 2 Cu–Ce/zeolite, 3 Cu–Ni–Cr/
zeolite
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The catalytic activity in the reaction 2NO ? 2CO =

N2 ? 2CO2 is shown in Fig. 10. It has been established

that the catalysts have high activity in the purification of

gases from CO and NOx.

50 % degree of conversion of nitrogen oxide is achieved

on V–W–Ti/Tagan catalyst at 400 �C, but the CO con-

version does not reach the 50 % conversion. Experiments

on the reduction of nitrogen oxides by carbon monoxide in

the presence of V–W–Ti/Tayzhuzgen-Tagan catalyst pre-

pared by impregnating the carrier showed that the con-

version of nitrogen oxides and carbon monoxide increases

with temperature and reaches &90 % for NOx at 350 �C,
whereas the CO conversion did not exceed 65 % even at

500 �C. 95 % conversion of NOx is achieved at 200 �C on

the copper–cerium catalysts based on zeolite and bentonite

calcined at 600 �C. Unfortunately, the activity of these

contacts is considerably reduced by heating in air at

1000 �C for 3 h. Thus, the heat treatment of Cu–Ce zeolite

bentonite contacts at 1000 �C is not recommended because

activity parameters are sharply degraded.

Discussion

The data of X-ray diffraction studies show slight thermal

stability of natural zeolite as compared with synthetic one.

Restructuring of the crystal structure of zeolite begins on

heating at 500 �C in air. A mixture of different oxides and

minerals was obtained by heating. The amount of the

obtained compounds may be changed more than two times

depending on the heating temperature. Accumulations of

needle shaped micro-crystals and elongated prismatic

aggregates formed on walls of the pores and cracks are

visible on electron micrographs of zeolite-containing rocks.

Fig. 6 Electron micrograph of zeolites and catalysts on based of them: a ZSM-5 zeolite, increased in 24,000 times, b Chankanai zeolite,

increased in 24.000 times, c Cu–Ni–Cr/Tayzhuzgen, increased in 1200 times, d Cu–Ce/Tayzhuzgen, increased in 959 times

454 M. A. Sadenova et al.
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Fig. 7 The electron microscopy

pictures of samples (9100

times). Initial unheated samples:

a Tagan bentonite,

b Tayzhuzgen zeolite,

c Zeolite:Bentonite 60:40.

Catalyst samples heated at

600 �C, d Cu–Ce/Tayzhuzgen-

Tagan, e V–W–Ti/Tayzhuzgen-

Tagan, f V–W–Ti/Tagan.

Catalyst samples heated at

1000 �C, g Cu–Ce/Tayzhuzgen-

Tagan, h V–W–Ti/Tayzhuzgen-

Tagan, i V–W–Ti/Tagan
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This indicates the complicated relief of micro-surface

formed by micro-crystals and aggregates represented by

finely dispersed mass in most cases.

Obtained data as well as the analysis of literary sources

(Hagiwara et al. 2003) let us conclude that the structure of

natural zeolite may be improved by the introduction of

various modifiers (Zaleska 2008) and selection of the

regime of thermal training of samples. Developed com-

positions of molded masses for the manufacture of carriers

for catalysts to purify gas in the form of granules and

tablets satisfy the requirements on the ductility and

mechanical strength (Tatsumi et al. 1999). It has been

established that the optimum value of the mechanical

strength (27.6 MPa) is provided at a ratio of zeolite/

Fig. 8 Dependence of the mechanical strength of zeolite tablets from the content of zeolite and moisture at a variation of the sintering

temperature: a 500 �C, b 750 �C, c 1000 �C

456 M. A. Sadenova et al.
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bentonite = 60/40 in the molding material and 1000 �C
calcination temperature for 1 h in air.

Based on the foregoing, it can be concluded that natural

zeolites may become a real alternative to synthetic zeolites

in various spheres of national economy after further study

and modification of their properties, because they are cheap

and available mineral raw material. The obtained results

have allowed us to find the following series of catalyst

activity based on natural sorbents in the reduction of

nitrogen oxides to nitrogen in the presence of CO.

CO conversion increases in the series: V–W–Ti/Ta-

gan\V–W–Ti/Tayzhuzgen-Tagan\Cu–Ce/Tayzhuz-

gen-Tagan.

NO conversion increases in the series: V–W–Ti/Ta-

gan\V–W–Ti/Tayzhuzgen-Tagan\Cu–Ce/Tayzhuz-

gen-Tagan.

Conclusion

It was found that Cu–Ce/Tayzhuzgen-Tagan catalyst, i.e., a

copper–cerium zeolite–bentonite catalyst is the most active

in the reduction of nitrogen oxides to nitrogen and oxida-

tion of carbon monoxide. 200–450 �C temperature range is

the optimal for effective work of oxide catalysts. The new

granular catalysts based on natural sorbents showed high

Fig. 9 Dependence of the mechanical strength of zeolite tablets from the content of zeolite at constant sintering temperature 750 �C and varying

the pressing pressure, t: a 0.5, b 1.0, c 1.5
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activity and stability in the reduction of nitrogen oxides to

nitrogen in the presence of CO in mixtures with compo-

sition close to the real gas emissions.

Development of technology for the direct production of

catalyst carrier (catalyst) from natural zeolite will signifi-

cantly reduce the cost of the entire catalyst system, as it will

be eliminating expensive preliminary stage in the production

of synthetic zeolite. The use of powder metallurgy tech-

niques in preparation of molding material, the detailed study

of properties of original and synthesized samples in con-

junction with the analysis of mathematical modeling method

in determining the influence and significance of various

factors on end result are real prerequisite for the successful

competition of natural zeolites and synthetic analogs.
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