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Study of elementary reactions of free radicals 
formed on oxide and platinum containing catalysts 

Z.R. Ismagilov * and S.N. Pak 

Institute of Catalysis, Prospekt Akademika Lavrentieva, 5, Novosibirsk 630090, Russia 

Received 22 January 1992; accepted 12 June 1992 

The formation of alkylperoxy radicals on catalysts CuCr204/~-A1203, P t / 7 -AI20  3 and 
on alumina upon the interaction of amines and alcohols with oxygen has been observed 
applying the matrix isolation ESR technique. Surface-generated gas phase radicals are 
shown to initiate a radical chain reaction. The efficiency of the yield of radicals depends on 
the catalyst mass and its arrangement in a reactor: the desorption of radicals into the gas 
phase occurs primarily from the outer geometrical surface of catalyst granules. 

Keywords: Oxide and platinum containing catalysts; surface-generated gas phase radicals; 
initiation of radical chain reaction 

1. Introduction 

At present it is well known that a solid surface traditionally considered as a 
radical decay site can take part in all elementary reactions of free radicals: 
radical generation, chain prolongation and branching. The formation of radicals 
on a catalyst surface is typical for reactions carried out under severe conditions, 
usually above 673 K, such as total oxidation, pyrolysis of organic compounds and 
methane coupling. 

The reactions of desorbed radicals can considerably contribute to the total 
catalytic transformation of hydrocarbons. For instance, recombination reactions 
of radicals desorbed from the surface make the main contributions to the 
catalytic conversions of propylene to 1,5-hexadiene [1,2] and methane to ethane 
and ethylene [3,4]. Surface reactions of chain prolongation and branching are 
less studied. There are some experimental data based on IR spectroscopy which 
show the possibility of the transfer of free valency from a gas phase radical to an 
aldehyde adsorbed on SiO 2 [5] and to a surface - O H  group on MgO with the 
formation of - O -  [6]. The data on the existence of surface chain branching 
have been mainly obtained by studying the reactor wall effect on the proceeding 
of gas phase radical-chain oxidation reactions [7]. The study of radicals and their 

* To whom correspondence should be addressed. 
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reactions in the presence of catalysts allows one to obtain the confirmation of 
the radical mechanism of a catalytic reaction and to determine the kinetic 
parameters of the elementary steps of a chain reaction. 

The possibility that gas phase radical reactions are initiated by the surface of 
catalysts for total combustion is studied insufficiently. Moreover, the very high 
activity of these catalysts, connected with the presence of active oxygen on the 
surface has led to the assumption, as e.g. in ref. [8], that the catalyst surface is a 
sufficiently strong inhibitor for the development of gas phase radical-chain 
reactions. In the present paper we report the results of the study of radical 
formation on oxide and platinum containing catalysts for total oxidation as well 
as the study of the conditions for the initiation of a gas phase chain oxidation 
reaction by the catalyst surface. Special attention is given to the elucidation of 
the influence of the geometrical parameters of the catalyst bed arrangement in 
the reactor and the structural parameters of the catalyst granules themselves on 
the generation of radicals by surface. Based on radical accumulation data the 
general regularities of catalytic reactions involving surface-generated gas phase 
radicals are discussed. 

2. Experimental 

One of the modern effective and versatile methods for the study of radicals 
desorbed from the surface is the so-called matrix isolation ESR technique which 
has proved to be useful in the study of gas phase radical reactions [9]. Using this 
method it is possible to study the structure of radicals desorbed from the surface 
and determine the kinetic parameters of their formation. 

The schematic diagram of the experimental set-up for the study of radical 
formation is shown in fig. la. Reactions were carried out in a quartz flow reactor 
with 8 mm i.d. at total pressure ~< 10 Pa. Catalysts in a shape of spherical 
granules with 2 mm diameter were placed into the reactor in one layer. 
Reagents were fed to the reactor via fine control valves. The freezing unit 
installed into the ESR resonator cavity was a quartz Dewar flask cooled by 
liquid nitrogen to 77 K. 

Catalysts 34% CuCr204/3,-A1203, SBE T = 110 m2/g and 0.64% Pt/~/-A1203, 
SBEa-= 190 mZ/g were used in the experiments. The kinetic parameters of 
radical formation from amines (Ca-C a) and alcohols (C1-C 6) of normal struc- 
ture were studied. 

The rates of radical formation in the experiments were determined from the 
accumulation curves - dependences of the intensity of frozen radical ESR 
signals on reaction time. Examples of various types of dependences are illus- 
trated in fig. 2, which shows that these dependences are not always linear. The 
changes observed in the radical accumulation rates may be ascribed to changes 
of the catalyst state. Actually it has been previously mentioned [10] that the 
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Fig. 1. (a) Experimental set-up for the study of radical formation on catalysts. (1) Flask with 
reagent, (2) valves, (3) thermocouple, (4) furnace, (5) catalyst layer, (6) ESR cavity, (7) Dewar 
flask, (8) to vacuum. (b) Schematic diagram of the apparatus for the study of heterogeneous-ho- 
mogeneous reactions. (1) Reaction mixture feed, (2) thermocouple, (3) furnace, (4) catalyst layer, 
(5) calibrated capillary tubing, (6) reaction products outlet, (7) Dewar finger, (8) ESR cavity, (9) to 

vacuum system. 

changes in the rates of radical formation in the reactions of alcohols on CuO 
(curve 2.3) were due to the reduction of the outer  surface of catalyst granules. In 
the experiments with amines over a lumina-p la t inum catalyst (curve 2.2) coking 
of the outer  catalyst surface was observed. These experimental  observations 
have shown that in order  to make an accurate comparison of reactivity of 
reagents and catalysts in radical generat ion reactions a possible alteration of the 
state of a catalyst during the reaction should be taken into account. In the 
present  paper  the comparison of the rates in all the experiments was carried out 
only from radical accumulation data having linear type of dependence  on the 
reaction time. 

The chain reaction of the oxidation of n-propanol was studied at atmospheric 
pressure. GC analysis was applied to all stable reaction products. The concen- 
tration of free radicals in the gas phase over a catalyst was de termined by ESR. 
The products were allowed to flow through a quartz capillary from the gas phase 
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! 

5 t, 
Fig. 2. Kinetic curves of accumulation of R0 2 radicals (I (arb. units) versus time (min)) upon 
interaction of amines and alcohols with oxygen over various catalysts. (1) n-C3H7OH, 

CuCr204 /~/-AleO3, 781 K; (2) (C4H9)2NH, Pt/3J-A1203, 773 K; (4) n-C3H7OH, CuO, 797 K. 

to the low pressure region ( ~ 10 Pa) and further  to the Dewar  finger installed in 
the ESR resonator cavity (fig. lb). The tip of the capillary was placed at a 
distance of --0.5 mm above the catalyst layer. Catalyst samples in the experi- 
ments were of 0.5-1.0 mm fraction with the mass = 50 mg. They were placed in 
a thin l aye r  of = 1 mm in the reactor. Reactions were performed under  flow 
condition, the residence time being equal to about 0.07 s. 

3. Results and discussion 

Data on radical formation in reactions of a great number  of amines and 
alcohols were described in detail elsewhere [10,11]. The kinetic parameters  
measured and the study of alkylperoxy radicals observed in experiments made it 
possible to propose tentative mechanisms of their formation on oxide catalysts. 

The highest rates of radical formation were observed in the oxygen deficient 
media  at P (O  2) ~< P ( R O H  or RNH2). At  larger values of oxygen partial pres- 
sure the efficiency of radical formation decreased; this was attributed to the 
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Table 1 
Activation energy (E, kJ /mol )  and reaction rate (W, particles/m 2 s at 133 Pa) of RO 2 formation 
in reactions of alcohols at T = 760 K on catalysts CuCrO 4/',/-A1203 and Pt /~-A120  3 

Substance CuCr204 / ~/-A1203 Pt /~-A120  3 

E W E W 

CH3OH 113 5.1 • 1011 117 2.1 • 1011 
C2HsOH 126 4.3 • 1011 92 5.4 • 1011 
n-C3H7OH 121 5.0 x 1011 105 5.5 x 1011 
n-CeHgOH 121 5.0• 10 I1 117 4.5 x 1011 
n -CsHl lOH 121 2.5 • 1011 113 4.7 • 1011 
n-C6H13OH 117 1.8 X 1011 121 1.9 • 1011 

effective oxidation both of initial molecules and intermediate species on a 
catalyst surface. 

The kinetic parameters of radical formation in the reactions of amines and 
alcohols of normal structure are given in tables 1 and 2. The represented data 
make it possible to conclude that the number of radicals desorbed from the 
surface is sufficient for the initiation of a chain reaction in the gas phase. The 
least value of the radical formation rate is observed in the reactions of meth- 
ylamine on ~/-AI20 3. Under the experimental conditions at T =  760 K and 
[RNH2] ~ 1021 m -3 the concentration of free radicals over the catalyst, [RO2], 
is equal to -- 1014 m -3. Taking into account the predominating decay of radicals 
on the walls the length of the chain N, which is defined as the ratio of the rate 
of chain prolongation to that of radical decay, can be expressed as 

/p[R02] [RNH2] 10 -16 e-33500/RT X 1014 X 10 21 
N =  = ~ 7 0 ,  

k d [ U 0 2 ]  10 s e -41900/RT x 1014 

where kp = 10 -16 e -33s~176 m 3 s -1 is the value of the constant for chain 
prolongation [12], k d = 10 5 e -419~ S -1  is the constant of alkylperoxy radicals 
decay on the quartz surface [13]. Thus, if the temperature of a reactor is 
maintained close to that of a catalyst, a chain radical reaction can develop 
initiated by the radicals desorbed from the catalyst surface. 

Table 2 
Activation energy (E, kJ /mol )  and reaction rate (W, particles/m 2 s at 133 Pa) of RO z formation 
in reactions of amines at T = 760 K on catalysts Pt / - / -AI20 3 and ~/-A120 3 

Substance Pt/~-A1203 ~-A1203 
E W E W 

CH3NH 2 125 1.3 • 101~ 85 
C2H5NH 2 105 3.7 X 1011 127 
n-C4HgNH2 105 4.2 • 1011 117 

1.4 • 109 
1.9•176 
2.6 • 101~ 
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Fig. 3. Variation of radical accumulation rate W (arb. units) and efficiency of radical formation on 
one catalyst layer W/n with increasing the number of layers of ~-A1203 in the reactor. 

One of the characteristic features of gas phase radical reactions is the 
dependence of kinetic parameters on reactor geometry. In the case of heteroge- 
neous-homogeneous  reactions, reactor geometry and the catalyst distribution in 
a reactor are expected to have a considerable effect since the concentration of 
radicals in the gas phase determined from the data on radical accumulation 
depends on the reactions of their formation and decay and on the change of the 
concentrations of the components  of the reaction mixture on passing the catalyst 
bed. 

Fig. 3 shows the experimental dependence of radical accumulation rate on 
the mass of a catalyst sample. The number  of catalyst layers was defined as the 
ratio of the catalyst volume to the volume of one catalyst layer. If the number  of 
catalyst granules placed into the reactor does not compose the whole layer, the 
value of n should be estimated as the ratio of this number to the quantity of 
granules in the complete layer. As can be seen from fig. 3, the contribution of 
secondary reactions and the change of the mixture composition is small at the 
initial linear part of the dependence of the reaction rate on the number of 
catalyst layers. The efficiency of surface generation of gas phase radicals 
decreases with the increase of the number  of catalyst layers. 

Thus, in experiments with one catalyst layer it is possible to relate the rates of 
radical formation to the mass of the catalyst sample used in an experiment. 
However, the problem of the determination of the specific rate of radical 
formation from the data on radical accumulation has still to be clarified. The 
experimental observation of the change of the rates of radical formation due to 
the change of the state of the outer catalyst surface described previously [10] 
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Fig. 4. Temperature dependences of accumulation of RO 2 radicals W (particles/gs) at PRNH~ = 

133.3 Pa) in reactions of C2HsNH 2 with 02 over c~-Al203 (o) and ~-AI20 3 ([]). 

allows the assumption that under  the reaction conditions the outer  geometrical 
surface of  a catalyst is active in the formation of gas phase radicals. To verify 
this assumption a reaction with the formation of radicals was conducted using 
samples of alumina having the same geometrical dimension but  different pore 

1 

2 

Fig. 5. ESR spectra of species produced in the photolysis of RO 2 radicals formed upon interaction 
of CzHsNH2 with oxygen over (1) ~/-A1203, (2) c~-AlzO 3. 



360 Z.R. Ismagilou, S.N. Pak / Study of elementary reactions of free radicals 

5 ~ 20 

,~ [] d: 

to 

t �9 

I , I i 

500 600 700 800 T 

Fig. 6. The formation of radicals (x  1011 particles/ml) and stable products (vol%) of n-propanol 
oxidation over Pt/3~-A1203 versus temperature. CROH=20.0 VOI%,. C%=15.4 vol%. (n )  

CH3CHzCHO , (0) CHz=CHCH3, (I) CO2, ( � 9  RO 2. 
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Fig. 7. The formation of radicals (• 1011 particles/ml) and stable products (vol%) of n-propanol 
oxidation in empty reactor versus temperature. CRO H = 20.2 vol%, Co2 = 13.9 vol%, ( � 9  CO, (0) 

C2H4, ( 2 )  CH4, (e) CO2, ( 1 )  NO 2. 
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structure and SBET: ~/-A1203 with mean pore radius (r m) 40-100 A and 
SBE T = 220 m2/g, and o~-A120 3 with r m = 1000 ~k and SBE T = 7 m2/g. The 
reactor was loaded with equal number  of catalyst granules. In the temperature 
range 673-773 K the rates of radical accumulation on these catalysts were found 
to be practically the same, with Eel f being 115 _+ 10 k J / m o l  (fig. 4). 

Fig. 5 shows the spectra of radicals formed after the photolysis of alkylperoxy 
radicals obtained in the reactions of ethylamine with oxygen on "y-A1203 and 
o~-A1203. The use of this technique for the study of the structure of peroxy 
radicals formed in the oxidation reactions of alcohols and amines over oxide 
catalysts was discussed previously in detail [10,11]. For ethylamine reactions 
both on 3,-A1203 and a-A1203, after the irradiation the ESR spectra exhibit six 
components with 2.0-2.7 mT splitting with traces of hyperfine structure side 
components.  These spectra can be assigned to ethyl radicals. The close values of 
effective activation energies of radical formation and close chemical composition 
of the oxides used as well as the data on radical photolysis make it possible to 
assume the similar mechanisms of radical formation on -y- and o~-A120 3. 

The data on the dependence of radical formation rate on the mass of a 
catalyst sample and the evidence for the activity of outer catalyst surface in 
radical formation seem to be general for high temperature heterogeneous 
catalytic reactions with the participation of radicals. Taking into consideration 
the results obtained, the values of the rates given in the tables should be 
increased by a factor of = 104 and therefore the specific rates of radical 
formation at 760 K would be ~- 1015 m -2 s -1 which is comparable to specific 
rates of catalytic oxidation. 

The experimental confirmation of the possibility of the development of a gas 
phase chain reaction initiated by the surface of total oxidation catalysts is 
considered in detail in ref. [14]. Here we present as an example the data on the 
formation of free radicals and stable reaction products in the presence of a 
catalyst (fig. 6) and in an empty reactor (fig. 7) upon the variation of tempera- 
ture. As can be seen from the figures a homogeneous radical reaction initiated 
by the surface starts at 650-700 K, and the radical formation in an empty 
reactor is observed only at 750-800 K. The compositions of reaction products 
are also quite different. The presence of a catalyst leads to the increase of the 
yield of oxidation products; the correlation of the change of the concentrations 
of radicals and CO 2 is observed which is typical for branched chain reactions of 
hydrocarbons oxidation. 

4. Conclusion 

The experimental data obtained show that on total oxidation catalysts and 
aluminas alkylperoxy radicals can be formed, their concentration being sufficient 
for the initiation of a gas phase chain reaction. At fairly high temperatures 
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typical for heterogeneous-homogeneous reactions the catalyst pore structure 
and SBE T do not play a significant role in reactions of radical formation and 
decay. Apparently, the outer catalyst surface takes the main part in the desorp- 
tion of radicals into the gas phase. 
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Heterogeneous-Homogeneous Reactions Involving Free Radicals in 
Processes of Total Catalytic Oxidation 
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Using a modified matrix isolation ESR technique conditions for initiation of a heterogeneous-ho- 
mogeneous reaction by total oxidation catalysts CuCr2Oa/y-Al203 and 0.64% Pt/y-A1203 and reaction 
dependences at atmospheric pressure have been studied. The dependences of homogeneous compo- 
nent contribution into the total conversion on the concentration and the ratio of reactants and 
catalyst temperature have been established. © 1992 Academic Press, Inc. 

INTRODUCTION 

One of the specific features of total cata- 
lytic oxidation reactions is a possibility to 
initiate gas-phase homogeneous radical re- 
actions by the catalyst surface (1, 2). Nu- 
merous studies of the formation steps of rad- 
icals on solid contacts were discussed in 
Review (3). Direct detection of surface gen- 
erated gas-phase radicals allows us to per- 
form more detailed mechanistic studies of 
catalytic reactions on the level of active in- 
termediates and to obtain data on the steps 
of initiating homogeneous radical reactions. 

At the same time the character of catalyst 
contribution to these reactions has been 
studied insufficiently. The known high ac- 
tivities of total oxidation catalysts due to the 
presence of highly reactive surface oxygen 
suggest that the surface of oxide catalysts 
can be a strong inhibitor for radical-chain 
oxidation (4). 

On the surface of both oxide and Pt-con- 
taining catalysts free radicals can be formed 
and desorbed into the gas phase (5-7). Ef- 
fective formation of radicals was observed 
at relatively low temperatures (673-773 K) 
compared to flame combustion tempera- 
tures. The formation of surface radicals was 
the most efficient in the conditions of oxy- 
gen deficiency. Kinetic parameters for the 
formation of radicals were determined from 

the kinetic dependences of their accumula- 
tion. It permitted us to propose formation 
mechanisms of radicals for catalytic trans- 
formation of alcohols and amines. These ex- 
periments were carried out at low pressures, 
P ~< 10 Pa, and in conditions for the detec- 
tion of radicals selected so that after the 
desorption of radicals from the catalyst the 
contribution of secondary transformations 
of radicals would be minimal. With increas- 
ing the concentration of reactants and rising 
the total pressure up to 1 atm. (i.e., reaction 
conditions approach real oxidation pro- 
cesses) secondary reactions of radicals in 
the gas phase become possible. Hence one 
could expect principle changes in the ob- 
served dependences. The aim of the present 
study was to examine a possibility for the 
formation of radicals on total oxidation cata- 
lysts and for the realization of heteroge- 
neous-homogeneous reactions at atmo- 
spheric pressure. 

METHODS 

The object of our study was the reaction 
of n-propanol oxidation over 34% CuCr2OJ 
y-A1203 and 0.64% Pt/y-Al203 catalysts at 
atmospheric pressure. A thin layer of cata- 
lyst samples ~50 mg, 0.5-1.0 mm fraction 
were placed into a quartz reactor with inner 
diameter 12 mm. Standard pretreatment of 
catalysts before experiments was their heat- 
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FIG. 1. Experimental setup: (1) feed of reaction mix- 
ture into the reactor; (2) thermocouple; (3) furnace; 
(4) catalyst layer; (5) quartz capillary; (6) outlet of reac- 
tion products; (7) freezing finger; (8) ESR spectrometer 
cavity; (9) to vacuum system. 

ing for an hour in flowing oxygen at 773 K 
and then treatment in helium. 

Experiments were carried out in a flow 
reactor with the residence time • ~ 0.06 s. 
Reaction mixtures were prepared from com- 
mercially available gases: analytical grade 
O2 and He. To supply alcohol to the reaction 
mixture and control ROH concentrations a 
saturator was used. 

Stable reaction products were analyzed 
using a gas chromatographic method. Car- 
bon dioxide and organic compounds were 
separated in a 2-m long Porapak Q column in 
the linear temperature programmed mode. 
CO, 02, and C H  4 w e r e  separated in a 1-m 
long column packed with molecular sieves 
NaX at T = 25°C. 

Concentrations of radicals in the gas 
phase over a catalyst were determined using 
a modified matrix isolation ESR technique 
(8). The experimental setup is schematically 
represented in Fig. 1. Part of the products 
from the reaction zone at atmospheric pres- 
sure were fed through a capillary placed at 
a distance 0.5 mm above the catalyst into 
the low-pressure (~<10 Pa) region, and then 

to the Dewar finger cooled to 77 K and local- 
ized in the cavity of the ESR spectrometer. 

RESULTS AND DISCUSSION 

Preliminary experiments were carried out 
without catalyst. Noticeable conversions of 
n-propanol in an empty reactor were ob- 
served only above 770 K. Composition of 
reaction products (CO, methane, ethylene) 
suggests that in this case alcohol pyrolysis 
takes place. In the presence of catalysts the 
reaction started at much lower temperatures 
(473 K for platinum and 573 K for alumin- 
ium-copperchromium catalysts). The main 
reaction products were propionaldehyde 
and CO2. During n-propanol oxidation radi- 
cals were detected over catalysts. 

At 723 K for the mixture with C% = 
15 vol.% and C~on = 20 vol.% and for the 
observed reaction order with respect to an 
alcohol equal to unity (6, 7) the estimated 
value of radical concentration is about 1014 

ml-1. Experimental concentration of radi- 
cals is equal to ----1011 ml -l. The consider- 
ation of the reaction of chain propagation: 
R0z + ROH ~ ROOH + R'(~HOH with 
taking into account experimental data 
CRO 2 ~ 1011 m1-1 and CRon = 2.0 x 10 TM 

ml- 1 has shown that the lifetime of surface 
radicals desorbed into the gas phase equals 
7" = l / ( k  CROH) ~ 10 -9  S, where k ~ 10 -1° 
ml s for bimolecular reactions, and is by 
seven orders of magnitude lower than the 
residence time of reaction mixtures in the 
volume between the catalyst surface and the 
capillary tip (3.6 × 10 -2 s). It means that 
under experimental conditions practically 
all initial radicals have enough time to take 
part in the reaction of chain propagation. 

The comparison of ESR spectra of radi- 
cals with those obtained previously at low 
pressures indicates that the nature of radi- 
cals accumulated changes. It means that the 
radicals registered during reactions at atmo- 
spheric pressure are products of secondary 
reactions in free volume. ESR spectra of 
radicals frozen out from the gas phase in 
experiments with oxide and alumina-plati- 
num catalysts are presented in Fig. 2. Unlike 
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FIG. 2. ESR spectra of radical frozen out from gas 
phase at 77 K after oxidation of n-propanol over 
CuCr204/3~-AI203 (1) and Pt/3,-AI203 (2). 

alkylperoxy radicals observed in experi- 
ments with the formation of radicals at low 
pressures, at atmospheric pressure one can 
observe the predominant accumulation of 
radicals whose spectra are mixtures of the 
intensive singlet and of the alkylperoxy sig- 
nal having typical axial anisotropy of g-fac- 
tor. Apparently, paramagnetic centers with 
an unshared electron localized on the oxy- 
gen atom or delocalized over several oxygen 
atoms dominate among, the radicals accumu- 
lated (e.g., RCO, R C O 3 ) ,  whose formation 
is typical for branched chain oxidation reac- 
tions. 

Comparative studies of the  temperature 
dependence of the concentrations of stable 
reaction products and radicals show that the 
appearance of radicals in the gas phase is 
accompanied by drastic changes in the yield 
of oxidation products: propionaldehyde and 
CO2 (Fig. 3). The shape of the plotted tem- 
perature dependence of the yield of radicals 
and stable products is practically the same 
for oxide and alumina-platinum catalyst. 
The observed bell-shaped curves for the 
concentration of radicals and CO2 are simi- 
lar to the known temperature dependence 
of the rate for the gas-phase chain degener- 
ated-branched reaction (9). 

The initial rise in the rate of gas-phase 
total oxidation reactions can be due to the 
increase in the rates of chain propagation 
and branching, which leads to the growing 
number of active centers. Chain branching 

is usually ascribed to the reactions involving 
acetyl radicals, which is in agreement with 
the interpretation of experimental ESR 
spectra. The observed negative sign of the 
temperature coefficient for the rate of gas- 
phase oxidation can be due to the change in 
the transformation route of acetyl radi- 
cals (9): 

RCO + 02----). R C 0  3 (1) 

RCO 3 + RH--~ RCO3H + 1~ (2) 

RCO3H--~ R C 0  2 + OH (3) 

RCO ~ 1~ + CO. (4) 

With increasing temperature, reaction (4) 
becomes prevailing, hence the branching 
rate decreases. Further transformations of 
formed radicals diminish the concentration 
of radicals in the gas phase (10): 

1~ + 02 ~ olefin + H02 

H02 wall decay. 

Our experiments showed that with de- 
creasing the concentration of RO2 those of 
CO and ethylene actually rise. 

ESR spectra of the radicals accumulated 
at atmospheric pressure and the type of 
changes in the formation of oxidation prod- 
ucts and in the concentrations of gas-phase 
radicals evidence in favor of the develop- 
ment of a branched chain reaction initiated 
by catalysts. In this connection one should 
expect that with varying the concentrations 
and the ratio of reactants, the dependences 
in the accumulation of radicals to the data 
on their formation at low pressures (5-7) 
would change. 

The formation of stable products and radi- 
cals with varying the oxygen content in the 
reaction mixture and Co2 < CROH is illus- 
trated in Fig. 4. It has been shown pre- 
viously (6, 7) that the desorption rate of 
radicals at Po2 < PROH is independent of the 
partial pressure of oxygen. The rise in the 
concentration of radicals with increasing the 
oxygen concentration (Fig. 4) can be due to 
the branching reaction in the gas phase. 
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FIG. 3. Temperature dependences of concentrations of radicals (CRo 2 X 10 It ml-1) and stable reaction 
products (Cp, vol.%) after oxidation of n-propanol over catalysts: (1) Pt/y-AI203, CRoft + 20.0 vol.%, 
Co2 = 15.4 vol.%; (2) CuCr204/T-AI203, CRo H = 20.5 vol.%, Co2 = 10.8 vol.%; ([]) CH3CH2CHO, (O) 
CH2=CHCH 3, (@) CO2, ( • )  RO2. 

With further increasing the oxygen concen- 
tration up to its stoichiometric value, peri- 
odic flashes spreading opposite to the flow 
of reactants were observed, and apparently 
that is why no radicals above catalysts were 

A 

20 

I0 

3 

FIG. 4. Effect of oxygen concentration in initial mix- 
ture on accumulation radicals (Cgo z × 101I mI -~) and 
stable products (Cp, vol.%) in oxidation of n-propanol 
over Pt/y-Al203 , CROH = 27.6 VOI.%, T = 823 K. (=]) 
CH3CH2CHO, ( 0 ) C H z = C H C H  3 , (@) CO 2, (A) RO2. 

detected in these conditions. Reaction prod- 
ucts were CO2 and water: It should be noted 
that at lower concentrations of reactants in 
the stoichiometric mixtures of ROH (3.5 
vol.%) and 02 (17.2 vo l .%)~re ly  heteroge- 
neous oxidation was observ%d. The forma- 
tion of oxidation products and radicals with 
varying the alcohol concentration in the re- 
action mixture is illustrated in Fig. 5. For 
intermediate concentrations (e.g., CROH = 
11 VOI.%) under the lack of oxygen the con- 
centrations of radicals in the gas phase were 
stationary. 

As mentioned above, heterogeneous-ho- 
mogeneous oxidation of stoichiometric mix- 
tures proceeds with periodic ignitions of the 
reaction mixture. When oxidation reactions 
in stoichiometric mixtures were carried out 
at lower cotacentrations of reactants, these 
flashes were less intensive,which permitted 
to record periodic changes in the catalyst 
temperature (Fig. 6). 

It should be noted that heteroge- 
neous-homogeneous reactions initiated by 
catalysts are observed at relatively lower 
temperatures (600-700 K) compared to the 
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combustion of organic compounds in the r,v 
presence of catalysts (>1000 K) (1). The i~0 
data of (I) show that at such high tempera- ~0 
tures the nature of an active component ex- 
erts almost no effect on the generation of s~ 
active radicals that are likely to be cracking 
products of the molecules oxidated. In our 
study species participating in heteroge- 
neous-homogeneous reactions are the oxy- a 
gen-containing organic radicals and the re- 
actions develop at temperatures lower than 
those necessary for the cracking-directed 
reactions. It has been shown previously 
(5-7) that in these conditions the generation 
of radicals depends on the nature of catalyst 
active components and the nature and the 
chemical structure of reactants. 

CONCLUSIONS 

The results indicate that at atmospheric 
pressure in the presence of typical total oxi- 
dation catalysts a branched chain oxidation 
reaction initiated by the surface can de- 
velop. The contribution of the homogeneous 
component into the total conversion de- 

. . . .  i . . . .  i . . . .  , . . . .  i . . . .  i . . . . .  

s Io s Io t.n~ 

FIG. 6. Periodic changes of catalyst temperature in 
oxidation of n-propanol (11.2 vol. %) by stoichiometric 
amount of oxygen (50.7 vol.%) over catalysts: (1) Pt/ 
y-Al203 , (2) CuCr204/y-A1203 . 

pends on the concentration and the ratio of 
reactants in the gas phase. At low concen- 
trations of reactants the oxidation is purely 
heterogeneous and takes place on the sur- 
face. At high alcohol concentrations in the 
mixture heterogeneous-homogeneous, oxi- 
dation can take place. In this case the contri- 
bution of the homogeneous route rises with 
increasing the ratio Oz/ROH. 

o 

I0 20 30 
%M 

?o 

1o 

FIG. 5. Effect of alcohol concentration in initial mix- 
ture on accumulation of radicals (CR6 × 1011 m1-1) and 
stable products (Cp, vol.%) in oxidation of n-propanol 
over Pt/y-A1203, Co2 = 15.0 vol.%, T = 823 K. (V1) 
CH3CH2CHO, (O) CHE=CHCH3, (O) CO2, (&) RO E. 
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CHAPTER 4 
Development of scientific basis for the 
production of monolith supports and 
catalysts. Establishment of the first 

national production facility. 
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655 6�5 �55

� .$�� 3� ��������� (����,�� ��0-�� I� 7.�� ��! 46 44 47

 �$�� 3� ��������� (����,�� ��0-�� I� .6�� ��! 46 47 41

. 5$4� 3� ���85� 3� ������ ?�  5�3�-� +.!� (����,�� ��0-�� I� 7.�� � ! 8� 4 4.

6 5$4� 3� ���85� 3� ������ ?�  5�3�-� +.!� (����,�� ��0-�� I� .6�� � ! 77 81 45

� �$1� 3� ���85� 3� ������ ?� �5� 3� 2�+ ?�5� 3�-� +.!� � (����,�� ��0-�I.6�� ��4! 86 87 87

1 6� 3� ��J�$ � 3� ���85� 3� ������ ?�  5� 3�-� +.!K� (����,�� ��0-�� I� .6�� ��4! 16 77 86

7 ���85� 3� ������ ?�  5� 3�-� +.!0���"����������� ��0-�� I� 7.�� ��4! 6� 1� 75

8 ��J���85� 3� ������ ?�  5� 3� -� +.!K0���"����������� ��0-�� I� 7.�� ��4! 6. 1 14

4 ���85� 3� ������ ?� �5� 3� 2�+ �?� �5� 3�-� +.!0���"����������� ��0-�I.6�� ��4! �� 16 7 

�5 6� 3� ��J���85� 3� ������ ?� �5� 3� 2�+ � ?� �5� 3� -� +.!K0���"����������

��0-�� I� .6�� ��4! 68 15 16

�� 6� 3� ��J���85� 3� ������ ?� �5� 3� 2�+ � ?� �5� 3� -� +.!K0���"����������

��0-�� I� 7.�� ��4! 68 �4 1�

� ���85� 3� ������ ?�  5� 3�-� +.!0��
���
����� ��0-�� I� .6 15 75 7.

�. ���85� 3� ������ ?� �5� 3� 2�+ �?� �5� 3�-� +.!0��
���
����� ��0-�I.6 �8 17 7 

�6  �3� ��J���85� 3� ������ ?� �5� 3� 2�+ � ?� �5�3�-� +.!K0��
���
����� ��0-�� I� .6 6� �4 16

�� 6� 3� ��J���85� 3� ������ ?� �5� 3� 2�+ � ?� �5� 3�-� +.!K0��
���
����� ��0-�� I� .6 .7 �1 1�

�1 ���������� � �!L 84 41 4�

�7 ���������� ?� ��������!�� � �!L 84 45 84

L2��� �	���� �������� ��� � � 555� �/��� � ;6� ��� �� 
�������� �����$
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�M��3 A�������� ����3 ∆�0�M��3 �
����3

; + ; �

� ���85� 3� ������ ?�  5� 3�-� +.! 655 6� / ? �5 78  4

(��"	��� 7�� 2�����  , �55 75 6� 66 � 

 ���85�3�������?��5�3�2�+ �?��5�3�-� +.! 655 �1 / ? 65  4 ��

(��"	��� 4�� 2�����  , �55 1� 16  16

. ��J���85 3 ����� ? �5 3 2�+ ? �5 3 -� +.!K 655 6 / ?  1 .8 6 

� (��"	��� �5�� 2�����  , �55 �6 �6 5 �6

6 ���85�3� ������?�  5�3�-� +.! 655 6� ? / 8 8 6 

(��"	��� 7�� 2�����  ,

� ���85�3�������?��5�3�2�+ �?��5�3�-� +.! 655 �� ? / �5 8 �.

(��"	��� 4�� 2�����  ,

1 ��J���85 3 ����� ? �5�3 2�+ ? �5�3�-� +.!K 655 6� ? / 6� 5 6�

(��"	��� �5�� 2�����  , �55 �6 �6 5 �6

7 ��J���85 3 ����� ? �5 3 2�+ ? �5 3 -� +.!K 655 6 6 ? ?  1 65 6 6

(��"	��� �5�� 2�����  , �55 �1 �1 5 �1
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� ��J���85� 3 ����� ? �5 3 2�+ ? �5 3 -� +.!K 655 6� / / .4 � /

(��������� �� � ��"�	�� �5� � 2�����  ,

 ��J���85 3 ����� ? �5 3 2�+ ? �5 3 -� +.!K 655 .4 ? /  7 .� .1

(��������� �� � ��"�	�� �5� � 2�����  ,

. ��J���85 3 ����� ? �5 3 2�+ ? �5 3 -� +.!K 655 .4 / ? �8 �6  .

� (��������� �� � ��"�	�� �5� � 2�����  ,

6 ��J���85 3 ����� ? �5 3 2�+ ? �5 3 -� +.!K 655 .7 ? ?  8  6 .1

(��������� �� � ��"�	�� �5� � 2�����  ,

C��$�  $� %��������� ����α-�×  �56���β2�× 55� (�,���α��× 55
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Development of monolithic catalysts with low noble metal content for

diesel vehicle emission control

S.A. Yashnika, V.V. Kuznetsova, Z.R. Ismagilova,*, V.V. Ushakova, N.M. Danchenkob, and S.P. Denisovb

aBoreskov Institute of Catalysis, Prosp. Akad. Lavrentieva, 5, Novosibirsk 630090, Russia
bUral Electrochemical Plant, Dzerzhinskogo st., 2, Novouralsk 624130, Russia

Monolith washcoated catalysts with potential for diesel emission control have been developed. Two types of catalysts have been

prepared for further study: (1) MnOx supported on granulated c-Al2O3, (2) MnOx supported on cordierite monolith washcoated

with c-Al2O3. Both catalysts have been calcined at 500 and 900 �C and subsequently modified by doping with 0.1–1.0 wt% of Pt or

Pd. The influence of the concentration of both manganese oxide (0–10 wt%) and noble metals Pt and Pd in the range 0–1.0 wt% on

the catalytic activity in methane oxidation has been studied. Comparison of the catalytic activity of MnOx/Al2O3 and

MnOx+Pt(Pd)/Al2O3 with that of a standard 1 wt%Pt/Al2O3 catalyst shows the existence of a synergetic effect. This effect is more

pronounced for the samples calcined at 900 �C. The developed monolithic catalysts MnOx+Pt(Pd)/Al2O3 demonstrate higher

activity and thermal stability (up to 900 �C) compared to the commercial monolithic catalyst (TWC’s).

KEY WORDS: manganese–alumina catalyst; multicomponent catalyst; washcoated catalyst; automotive exhaust purification;

diesel emission control; catalytic combustion.

1. Introduction

Over the last several years the environmental legisla-
tion has imposed increasingly stringent limits for auto-
motive exhaust gas emissions. There is a strong
motivation for the development of new improved
automotive catalysts. It is known that for practical
applications the catalyst must be active at relatively low
temperatures and show high selectivity to carbon
dioxide. The catalyst must also be able to destroy
effectively low concentrations of uncomplete fuel com-
bustion products (CO, hydrocarbons and VOCs) at very
high flow rates with little or no deactivation, i.e. by
keeping its thermal stability and resistance to poisons.

Supported Pt, Pd and Rh are most commonly used
catalysts, TWC’s, for the automotive exhaust gas
purification [1,2]. Each of these noble metals has its
own application area conditioned by its advantages and
limitations. Palladium is more active for oxidation of
carbon monoxide, and, possibly, unsaturated hydrocar-
bons [2,3], and methane [1,2]. Platinum is more suitable
for oxidizing alkanes such as butane [3,4]. However,
these noble metals are relatively expensive, and can be
rapidly deactivated in the presence of sulfur compounds
or other metals in the exhaust stream. Pd was said to be
more resistant to thermal sintering in an oxidizing
environment than Pt [4], whereas Pt was found to have
higher sulfur resistance [5].

The second class of deep oxidation catalysts is based
on metal oxides. Some of the most active ones are
based on Mn, Cu, Co, which are a cheaper alternative
to noble metals. Copper and manganese oxides have

sufficient catalytic activity in the reactions of CO and
hydrocarbon oxidation [6,7], although they are less
active than noble metals at low temperatures. They are
sensitive to sintering at higher temperatures and less
stable against sulfur poisoning than noble metals. In
comparison with copper oxide, manganese oxides have
a lower volatility at high temperatures in the presence
of water vapor, and slightly interact with alumina
forming MnAl2O4 spinel [8]. On the other hand,
formation of high temperature compounds between
Mn and Al, e.g. hexaaluminates of different composi-
tion, provides high stability of Mn containing catalysts
in the case of supports made of alumina modified with
La2O3, CeO2 and MgO [7,9]. In addition, for some
applications the higher overall loading of metal oxides
in the catalysts makes them more tolerant to poisons
than noble metals.

The deposition of a La2O3 modified Mn–Al–O
catalyst on the surface of reticulated foam materials
allows to obtain new and thermally more stable and
efficient catalysts [9–11]. These catalysts outperform the
known Pt/Al2O3 and La–Co–Al–O–containing catalysts
[10] deposited in the same way on reticulated foam
materials and exhibit higher thermal stability. The
modified Mn–Al–O catalyst supported on the surface
of highly porous reticulated foam materials may be used
for automotive exhaust gas purification [10] and for high
temperature oxidation of hydrocarbon fuel [9,11].

Multicomponent catalysts containing noble metals
and copper or manganese oxides are known to exhibit a
large synergetic effect and thermal stability in the
oxidation of hydrocarbons [1,4,12,14–17], CO
[13,16,17], and N-containing hydrocarbons [4]. So,
partial or complete substitution of noble metals Pt, Pd

*To whom correspondence should be addressed.
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and Rh for transition metal oxides is one of the
promising ways for the development of less expensive
catalysts for diesel emission control.

The present work is directed to the development of a
monolithic catalyst with low content of noble metals
for neutralization of diesel engine exhaust gases, with
high activity in low temperature oxidation of light and
heavy hydrocarbons, and high thermal stability. The
influence of the concentrations of both manganese
oxide (0–10 wt%) and noble metals Pt and Pd (0–
1.0 wt%), and calcination temperature on the catalytic
activity in a model reaction of methane oxidation have
been studied. BET, X-ray diffraction (XRD), X-ray
microanalysis, and small angle X-ray scattering (SAXS)
have also been used for catalysts characterization and
understanding of the beneficial effect of the addition of
manganese oxide.

2. Experimental

Two types of catalysts have been prepared for further
study: (1) MnOx supported on granulated c–Al2O3; (2)
MnOx supported on cordierite monolith washcoated
with c–Al2O3. Both catalysts were treated at 500 or
900 �C and then modified with Pt or Pd.

Granulated alumina was prepared by hydrocarbon-
ammonia moulding from pseudoboehmite aluminum
hydroxide resulting from the thermal decomposition of
gibbsite in a catalytic heat generator [18]. After calcina-
tion at 550 �C the granulated alumina contained
85–90% of c-Al2O3 and 10–15% of v–Al2O3. The
specific surface area of alumina was 170 m2/g and the
total pore volume was 0.5 cm3/g.

The washcoated monolithic supports were synthe-
sized via immersion of cordierite monoliths (Corning,
cell density of 400 cpsi) in a slurry, containing 80% of
c–Al2O3 powder and 20% of a binding agent (calculated
for Al2O3) made from aluminum hydroxide with pseud-
oboehmite structure. The excess slurry was removed by
blowing air through the channels. Several dips followed
by drying at 110 �C were needed to obtain a washcoat
loading of approximately 15 wt% of the total support
weight. Finally, the cordierite monolith washcoated with
c–Al2O3 was calcined at 500 �C.

The manganese oxides were introduced by wet
impregnation of the granulated c–Al2O3 or the c–Al2O3

washcoated cordierite monolith with a manganese
nitrate solution followed by drying at 110 �C. Both
catalysts were calcined at 500 and 900 �C for 4 h. The
manganese loading was 5 or 10 wt% as MnO2 of
alumina weight.

The Pt or Pd was introduced by wet impregnation of
both catalyst types, preliminary calcined at 500 and
900 �C, with a chloroplatinic acid or chloropalladic acid
solution, drying at 110 �C and calcining at 500 �C. The
noble metal loading was ranged from 0.1 to 0.5 wt% for

granulated catalysts and from 0.25 to 1.0 wt% for the
washcoat, counted as Al2O3.

To investigate the thermal stability of the catalysts,
all unmodified and modified catalysts were calcined at
900 �C for 14 h and at 1200 �C for 4 h.

The catalytic activity of fresh and thermally treated
catalysts was studied in the reaction of methane oxida-
tion using a flow reactor in the temperature range
200–700 �C at a space velocity 1000 h-1. The methane
concentration in the initial gas mixture was 1 vol% in
air. For testing 0.5 g of the granulated catalyst or 1 cm3

of the monolith catalyst was used. The catalytic activity
was characterized by the temperature of 50% methane
conversion (T50%).

The monolithic catalysts were subjected to DIESEL
tests at the Electrochemical Plant (Novouralsk, Rus-
sia). The space velocity was 50 000 h-1, the temperature
was 400 �C, and the gas mixture contained: 14.5 vol%
O2, 300 ppm NO, 1900 ppm CO, 200 ppm C3H6,
300 ppm C3H8, 2500 ppm CO2, 2.5 vol% H2O, nitro-
gen being the balance. Tests were performed on three
replicate samples of the monolithic catalyst 25 mm in
diameter and 75 mm in length. The alumina washcoat
contained 5 wt% MnO2 doped with 0.5 wt% Pd. The
catalytic activity was characterized by an average value
(for three replicate samples) of the temperature at
which 50% conversion of hydrocarbons (HC) and
carbon monoxide CO was obtained and by an average
value (for three replicate samples) of HC, CO, and NO
conversion at 400�C. Three samples were aged at
800 �C for 7 h in dry air and examined in DIESEL
tests at similar conditions.

XRD was performed using a HZG-4 diffractometer
supplied with Cu Ka radiation. The observed diffraction
patterns were identified using the JCPDS-data base [19].
The distribution of the main active components (Mn,
Pt) on the catalyst surface was studied using a MAP-3
microanalyzer. KaAl, KaMn, KaPt lines were analyzed.

3. Results and discussion

The effect of the alumina modification (c-, c+v-,
a-Al2O3) on the catalytic performance of pure
MnOx/Al2O3 catalysts has been discussed previously
[9,11]. The phase composition of the used alumina
support has practically no effect on the catalytic activity
of manganese catalysts calcined at 900 �C. The phase
composition of the support has significantly affected the
catalytic activity of the above catalysts when the
calcination temperature was sufficiently high (1100 and
1300 �C) [9]. The local catalyst overheating can only
reach 800–900 �C at diesel engine operation. So, all
studied alumina modifications are usable for the
preparation of a multicomponent catalyst.

Table 1 presents data on the activity of granulated
MnOx/Al2O3 catalysts, unmodified and modified by
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noble metals (Pt or Pd), in the reaction of methane
oxidation. Unmodified MnOx/Al2O3 catalysts calcined
at 900 �C possess high efficiency in deep oxidation of
methane, and their catalytic activity is higher than that
for the catalyst calcined at 500 �C [7,9]. The temperature
of 50% methane conversion (T50%) is 480–485 and
400–420 �C for the catalysts calcined at 500 and 900 �C,
respectively. This effect is well known: the catalytic
performance (CO, n-C4H10, benzene and cumene oxi-
dation [6]) of manganese oxides supported on alumina
sharply increases after calcination at 900–1000 �C. As
the manganese loading is increased from 5 to 10 wt%, a
slight decrease in the activity of the catalysts calcined at
900 �C was observed. Thus, for the catalysts based on
c+v-Al2O3 with a manganese loading of 5 and 10 wt%
calcined at 900 �C, T50% is 400 and 420 �C, respectively
(samples 1 and 2, table 1). We used the manganese–
alumina catalysts containing 5 wt% of MnOx (calcu-
lated on the basis of MnO2) and preliminarily calcined
at 500 or 900 �C for further preparation of multicom-
ponent catalysts. The influence of the noble metal (Pt or
Pd) and its loading (0.1–0.5 wt%), the calcination
temperature of the unmodified catalyst (500 and
900 �C) before noble metal introduction, and final
thermal treatment conditions (temperature and dura-
tion) on the catalytic activity in methane oxidation have
been studied.

It has been found that the addition of a noble metal
(Pt or Pd) to supported MnOx/Al2O3 catalysts prelim-
inarily calcined at 500 and 900 �C results in an improve-
ment of the catalyst performance. When the Pd loading
in MnOx/Al2O3 catalysts calcined at 500 �C was 0.1 and

0.2 wt% we observed a moderate promotion of the
catalytic activity. The 50% methane conversion is
achieved already at 430 �C in comparison with 485 �C
on unmodified catalysts (samples 1, 3 and 4, table 1).
However, calcination of these samples at 900 �C for 4 h
leads to the disappearance of the Pd modification effect.
The performance of these catalysts is similar to that of
the unmodified catalyst calcined at 900 �C (T50% is
400 �C). An increase of the Pd loading up to 0.5 wt%
(sample 5, table 1) results in a considerable increase of
the catalytic activity and thermal stability (up to
1200 �C) of unmodified catalysts calcined at 500 and
900 �C. T50% is 340 �C on MnOx/Al2O3 modified with
0.5 wt% Pd followed by calcination at 500 or 900 �C,
and slightly rises (to 360 �C) for prolonged treatment at
900 �C for 14 h.

When Pd was introduced in MnOx/Al2O3 prelimi-
narily calcined at 900 �C (samples 6–9, table 1), we
observed a tendency similar to the one reported above
for the manganese catalyst with calcination temperature
of 500 �C. The optimal Pd loading is also 0.5 wt%. In
this case, the modified catalyst has high catalytic activity
and thermal stability (sample 6, table 1). T50% is 370 �C
and does not change much after calcination at 900 �C
for 14 h.

As the Pt loading was increased from 0.1 to 0.5 wt%
in manganese catalyst preliminary calcined at 900 �C
(samples 12–14, table 1), a slight improvement of its
catalytic properties was observed. Further increase of
the Pt loading up to 1 wt% did not influence the
catalytic activity of the unmodified catalyst preliminar-
ily calcined at 900 �C (samples 1 and 11, table 1).

Table 1

Characteristics and catalytic performance of the granulated catalysts

Mn loading (as MnO2) and

calcination temperature

without noble metal Noble metal loading (wt%) T50% CH4 (�C) after calcination at

No Wt% T (�C) Pt Pd 500 �C 900 �C 900 �C /14 h 1200 �C /4 h

Manganese–alumina catalysts

1. 5 500 – – 485 400 470a 530

2. 10 500 – – 480 420 490 525

Manganese–alumina catalysts modified with Pd

3. 5 500 0.1 430 410 – –

4. 5 500 0.2 430 400 – –

5. 5 500 – 0.5 340 340 360 410

6. 5 900 – 0.5 370 340 375 400

7. 5 900 – 0.36 410 380 – –

8. 5 900 – 0.2 410 420 – –

9. 5 900 – 0.1 400 425 – –

Manganese–alumina catalysts modified with Pt

10. 5 500 0.5 – 430 430 400 460

11. 5 900 1.0 – 400 420 – –

12. 5 900 0.5 – 390 380 405 450

13. 5 900 0.2 – 395 380 – –

14. 5 900 0.1 – 405 400 – –

aCatalyst was calcined at 1100 �C for 4 h.
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The 50% methane conversion is achieved at 400 and
380 �C on catalysts unmodified and modified with
0.5 wt% Pt, respectively (samples 1 and 12, table 1).
The catalytic activity of the modified platinum–man-
ganese catalyst slightly increases when the final calci-
nation temperature is rised to 900 �C. This effect is
similar to the aforementioned effect observed for the
unmodified manganese–alumina catalyst after high
temperature calcination (900–1000 �C) [6] and the
similar catalyst modified with Pt after hydrothermal
treatment at 900 �C [14], although, in our case, this
effect is very little. The manganese catalysts modified
with 0.5 wt% Pt are characterized by high thermal
stability irrespective of the preliminary calcination
temperature (500 or 900 �C) of MnOx/Al2O3. For
instance, T50% is 400–405 �C after prolonged calcina-
tion at 900 �C (14 h) and 450–460�C after high
temperature calcination at 1200 �C (4 h). However, it
is noted that catalysts modified with Pd are thermally
more stable than those modified by Pt.

The improvement of the catalytic activity by mod-
ification with a noble metal (Pt or Pd) is most apparent
for monolithic washcoated catalysts. The methane
conversion as a function of the catalytic bed temper-
ature is shown in figure 1 for monolithic catalysts
containing a unmodified MnOx/Al2O3 washcoat cal-
cined at 500 and 900 �C, and for the latter modified
with Pt or Pd. Comparison of the catalytic activity of
MnOx/Al2O3 and MnOx+Pt/Al2O3 with standard
1 wt%Pt/Al2O3 shows the existence of a synergetic
effect (figure 1A). This effect is more pronounced for
samples calcined at 900 �C. The temperature of 50%
methane conversion for manganese catalysts calcined at
500 and 900 �C with added Pt is equal to 365 and

325 �C, respectively. In the case of Pd addition to
manganese catalysts this effect is also presented (fig-
ure 1B). However, the monolithic catalyst with
1 wt%Pd/Al2O3 in the washcoat is more active (T50%

is 350 �C) than manganese catalysts modified by
1 wt%Pd (T50% is 390 �C).

As the noble metal loading in the washcoat is
increased from 0.25 to 1 wt% we observed an improve-
ment of the catalyst performance, which was more
pronounced for Pt than for Pd. The optimal noble metal
loading in the washcoat providing high catalytic activity
and thermal stability of modified MnOx/Al2O3 catalyst
are 1 wt% for both Pt and Pd.

The developed monolithic catalysts MnOx+
Pt(Pd)/Al2O3 demonstrated high thermal stability (up
to 900 �C). Similar to the granulated catalyst, among
the monolithic manganese catalysts with similar noble
metal loading, the catalysts with Pd doping are
thermally more stable than catalysts containing Pt.
Besides, the calcination temperature of manganese
catalysts before noble metal introduction influences
the thermal stability of the modified catalysts. Calci-
nation of manganese catalysts at 500 �C provides
higher thermal stability of the modified catalysts as
compared with those calcined at 900 �C. Thus, the
50% methane conversion for the modified monolith
samples calcined at 900 �C is achieved at 380 �C (Pd)
and 430 �C (Pt) when the noble metal is introduced to
the unmodified catalysts calcined at 500 �C. When the
manganese catalysts calcined at 900 �C were subjected
to a modification with Pt or Pd, T50% for the modified
samples after calcination at 900 �C is quite different:
470 �C (Pt) and 520 �C (Pd). For comparison, T50% for
commercial Pt–Rh catalysts calcined at 900 �C is equal
to 520 �C.

The monolith washcoated catalyst containing man-
ganese oxides and palladium has been subjected to
DIESEL test at Ural Electrochemical Plant. According
to DIESEL test results presented in table 2, the fresh
catalyst has a slightly higher light-off temperature than
commercially available TWC catalysts (Pt,Rh/CeO2/
Al2O3 washcoated on cordierite) in hydrocarbon and
carbon monoxide oxidation. Although at 400 �C the
developed catalyst has a catalytic performance close to
commercial TWC, the conversion of hydrocarbons and
CO was 83% and 99.7%, respectively. Ageing of the
developed catalyst in dry air at 800 �C shows that this
catalyst has a thermal stability comparable to that of
commercial TWC. The catalytic activity of the aged
catalyst in CO and hydrocarbon oxidation was similar
to that of the fresh catalyst and aged commercial TWC.
Besides, when the developed catalyst was aged in dry air,
we observed a substantial increase of NO conversion
(from 12.8% to 27.3%).

The calcination temperature has a marked effect on
the catalytic performance of both unmodified Mn-
oxides or noble metal (Pt, Pd) supported catalysts and
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Figure 1. Temperature dependence of CH4 conversion for monolithic

catalysts with washcoat containing unmodified MnOx/Al2O3 calcined

at 500 �C (A and B, (h)) and 900 �C (A and B, (s)), same catalyst

modified with Pt (A, (n) and (d), respectively) or with Pd (B, (n) and

(d), respectively). For comparison data on CH4 conversion on

monolithic catalysts with Pt/Al2O3 (A, (n)) or Pd/Al2O3 (B, (,)) in

washcoat are presented. Noble metal loadings in all catalysts are

1 wt% of the washcoat.
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multicomponent (MnOx–Pt and MnOx–Pd) catalysts.
Different physicochemical methods were used to
understand this effect. XRD analysis was performed
on fresh MnOx/Al2O3 and MnOx+Pt(Pd)/Al2O3 gran-
ular samples calcined at 500, 900 and 1200 �C. The
formation of two manganese oxide phases, MnO2 and
b-Mn2O3, was observed in Mn-containing catalysts
calcined at 500 �C. As we discussed earlier [11], an
increase of the manganese loading (to 10 wt%) results
in the formation of a spinel-type solid solution close
to (Mn,Al)[Al]2O4 with a lattice parameter a~8.115 Å.
The spinel-type structure in solid solution are better
ordered when the calcination temperature is increased
to 900 �C and then to 1200 and 1300 �C. Finally, an
a-Al2O3 phase and a number of spinels from
(Al,Mn)[Al]2O4 to partially converted spinels (Mn,Al)
[Mn,Al]2O4 are formed. The lattice parameter of the
spinels is changed from a~8.078–8.094 Å to a~8.275–
8.285 Å. We emphasize that the lattice parameter of
both spinels diminishes slightly with increasing a
manganese loading.

Multicomponent catalysts prepared by introduction
of Pt or Pd to MnOx supported catalysts after their
calcination at 500 and 900 �C show diffraction pat-
terns similar to those of unmodified MnOx supported
catalysts calcined at similar temperatures. The noble
metals cannot be detected because of their low
concentration in the samples. The multicomponent
catalysts finally calcined at 900 �C also have diffrac-
tion patterns close to those of pure MnOx supported
catalyst calcined at 900 �C. When the calcination
temperature of multicomponent catalysts is increased
to 1200 �C, the formation of coarse-dispersed crystal-
lized phases of Pt (metal) or PdO with particle size
around 300 Å was observed. Besides, the catalysts
calcined at 1200 �C also contain a-Al2O3 and manga-
nese-alumina spinels. However, the latter has a smaller
lattice parameter (a ~8.060 Å) than the one typical for
manganese-alumina spinels formed in the unmodified
manganese–alumina catalyst calcined at 1200 �C (a
~8.078–8.094 Å). The minor decrease of the lattice
parameter of manganese–alumina spinels indicates
probably an enhancement of the interaction between
manganese oxides and c-Al2O3 in MnOx/Al2O3 cata-

lysts calcined at 500 or 900 �C after impregnation with
chloroplatinic or chloropalladic acid solution and
following calcination.

The similarity of Al Ka and Mn Ka profiles in X-ray
microanalysis observed for the modified manganese-
alumina catalyst also indicates the interaction of Mn
oxides with Al2O3. It should be emphasized that the
interaction of these components is strengthened in the
catalyst calcined at 900 �C. X-ray microanalysis shows
that after calcination at 500 �C distribution of the Pt
compound (Pt Ka profiles) on the modified manganese-
alumina granules is egg-shell and uniform when Pt was
introduced in the manganese–alumina catalyst prelimin-
ary calcined at 500 and 900 �C, respectively. When the
final calcination temperature of both modified catalysts
was increased to 900 �C, the distribution of Pt was not
changed, i.e. it was a egg-shell for MnOx/Al2O3 calcined
at 500 �C and uniform for MnOx/Al2O3 calcined at
900 �C. Besides, the calcination at 900 �C of the latter
catalyst results in a better dispersion of the manganese
compound, and this catalyst shows higher catalytic
performance in methane oxidation (T50% is 380 �C) than
the former one (T50% is 430 �C). It should be noted that
the Pt particle size in the modified catalyst obtained by
SAXS was smaller (~13 Å) when Pt was introduced in
MnOx/Al2O3 after calcination at 900 �C in comparison
with the same sample preliminarily calcined at 500 �C
(~50 Å).

It is known that the high catalytic activity in deep
oxidation of a number of hydrocarbons as well as the
thermal stability of Mn–Al–O catalysts can be explained
by the formation of solid solutions based on the c-Al2O3

structure at 500–900 �C due to the interaction between a
manganese oxide and the catalyst support [7,11] or by
the formation of imperfect Mn3O4 [6]. At 900 �C the
interaction is more pronounced, and it results in the
formation of a number of Mn–c*-Al2O3 solid solutions
based on spinel structure of c-Al2O3. Crystallized
manganese phases are not observed. A useful improve-
ment of the catalytic performance of manganese–alu-
mina catalysts has been observed after calcination at
900–1000 �C [6,7,11].

Methane is known to be more easily oxidized by
PdO than by Pd metal [2]. A similar behaviour is likely

Table 2

Diesel testing of monolith catalyst containing Pd and Mn-oxide in alumina washcoat

Conversion temperature Tx%, (�C) Conversion (%) at 400 �C

HC CO HC CO NO

T50% T75% T50% T90%

Pd–Mn (fresh) 242 384 212 246 83.0 99.7 12.8

Pd–Mn (aged) 255 398 218 251 77.2 99.7 27.3

TWC (fresh) 190 323 171 193 89.9 99.8 55.1

TWC (aged) 244 368 233 249 79.5 99.9 37.4
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for PtO2 and Pt, although the catalytic performance of
Pt compounds in methane oxidation is poorly studied
as a result of the high volatility of Pt–oxygen com-
pounds. At present, the nature of the synergetic effect
observed for manganese–alumina catalysts modified
with Pt or Pd is unknown and invites further investi-
gation. It is believed that the higher activity and
thermal stability (to 900 �C) of manganese–alumina
catalysts modified with noble metal is probably attrib-
uted to the inhibition of the decomposition of noble
metal oxides (PtOx or PdO) to Pt or Pd metal under
the influence of manganese oxides. On the other hand,
the high catalytic activity and thermal stability of
modified catalysts could be explained by the strength-
ening of the MnOx interaction with alumina and the
dispersion of MnOx (observed by XRD and X-ray
microanalysis).

4. Conclusions

The performance of granulated and monolithic
washcoated catalysts containing manganese oxides and
calcined at 500 and 900 oC has been examined in
methane oxidation. The catalyst improvement by adding
small amounts of Pt or Pd has been investigated.
Monolithic washcoated catalysts based on manganese
oxide modified by platinum or palladium have high
activity and thermal stability, characterized by test in
the model reaction of methane oxidation. Introduction
of Pt(Pd) additions (1 wt%) to MnOx/Al2O3 catalyst
leads to appearance of a synergetic effect of catalytic
performance. This effect is more pronounced for sam-
ples calcined at 900 �C.

Structural and surface properties of MnOx/Al2O3 and
MnOx+Pt(Pd)/Al2O3 catalysts have been examined.
The high catalytic activity and thermal stability of
modified catalysts could be explained by the strength-
ening of the MnOx interaction with alumina and high
dispersion of MnOx, observed by XRD and X-ray
microanalysis.
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Abstract
The distribution of water in the impregnated monolithic substrates was visualized by 1H-NMR imaging. The two-dimensional water

content maps along the axial and radial directions have been collected for different monoliths at variation of the drying conditions. Using the

blow-through air for drying of the substrate with coated external walls and with free access of air to external walls leads to the parabolic profile

of water concentration along the axial direction of the sample. Drying of the monoliths with open external walls proceeds more uniformly in

the radial and axial directions of the substrate. Characteristics of drying of alumina monoliths, calcined at 600, 900 and 1200 8C having

differences in the pore structure and pore distribution, are studied.

During drying of the impregnated washcoated monolith the certain part of the introduced active component precursor (H2PtCl6 or

H2PdCl4) is transported from the substrate macropores to the mesoporous washcoated layer which leads to enrichment of the washcoat of the

final catalyst by active component. The non-destructive character of 1H-NMR microimaging demonstrated its capability to visualize the water

content maps in monoliths in the presence of Pt and Pd.

# 2005 Published by Elsevier B.V.

Keywords: 1H-NMR imaging; Honeycomb monolith; Incipient wetness impregnation; Drying; Active component distribution
1. Introduction

The active component distribution in the impregnated

honeycomb monolithic catalysts is usually formed at the

drying stage. This is caused by redistribution of the

impregnating solution containing the active component

precursor in the pore space of the support during drying,

which depends both on the properties of the impregnating

solution and on the pore structure of the support. It is

worth to note that we used this model keeping in mind

that it applies only for ‘‘loosely’’ bound active component

precursors.

There are two main groups of ceramic and oxide

monolithic substrates [1,2]. The first group includes

monoliths with well developed specific surface area (more
* Corresponding author. Tel.: +7 3832 341 219; fax: +7 3832 397352.

E-mail address: ZRI@catalysis.nsk.su (Z.R. Ismagilov).
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than 70–100 m2/g) and pore structure: for example,

substrates on the basis of g-Al2O3 [1,2], which are

traditionally used for the synthesis of catalysts by the

incipient wetness impregnation [1–3]. The second group

consists of substrates with a surface area less than 10–20 m2/

g, for example supports on the basis of a-Al2O3 and various

aluminosilicates (cordierite, mullite, etc.) [1,2], which are

normally washcoated by g-alumina for the catalyst

preparation [1,4–6]. In practice, during the dry-curing and

temperature treatment of the both types of impregnated

monoliths in ambient atmosphere, without air circulation

through channels, the intensive evaporation of the solvent

from the external surface of the monolith takes place. As a

result, the solution containing an active component

precursor is driven to the external surface of a monolith

by capillary forces, which results in a non-uniform

distribution of the precursor and subsequently producing

non-uniform monolithic catalyst. As one of measures to
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prevent this, we normally cover the impregnated monoliths

by a polyethylene cloth to exclude concentration of an active

component on the external surface. Another possibility is to

apply the intensive circulation of air through the channels of

a monolith during the dry-curing and thermal treatment.

For the preparation of an optimal catalyst, it is important

to have the knowledge on the catalyst precursor solution

dynamics during impregnation and drying in different

sections of the pore space of a monolithic support, e.g., in the

pores of both the bulk monolith substrate and of the

washcoated layer.

The 1H-NMR imaging technique allows one to monitor

changes in the distribution of proton-containing liquids,

including water, in the pore structure of various materials

during drying [7,8]. We assume that the dissolved active

component precursor does not strongly adsorb to the walls of

the monolith channels, and its concentration in diluted

aqueous impregnating solutions has negligible effect on the

solution viscosity. On this assumption, the water mass

transfer visualization by 1H-NMR imaging also makes it

possible to visualize the precursor distribution in the pore

structure of a monolith. Earlier we have studied drying of a

water-saturated alumina honeycomb monolith by purging

the dry air through its channels [8]. The registration of one-

dimensional projections of water content in axial direction

during drying at a low flow rate of dry air has shown the

importance of capillary forces, which redistribute the liquid

throughout the pore structure of the sample.

In this paper, the 1H-NMR imaging technique was used to

study the dependencies of drying dynamics and the active

component (Pt, Pd) precursor distribution in the bulk and

washcoated honeycomb monoliths on the support pore

structure and on the drying conditions. Two-dimensional
1H-NMR images of water content in axial and radial

directions of the monolith samples were registered, which

makes it possible to visualize transient pictures of the water

distribution in the monolith walls and to determine the main

parameters affecting the drying dynamics, particularly the

effects of the pore structure and drying conditions.

The three parameters were mainly varied: the space

velocity of the dry air flow supplied to the lower cross

section of a monolith vertically placed in the NMR cavity,

uniformity of the air flow regulated by an air flow distributor

placed below the lower inlet of a monolith, and accessibility

of the external monolith walls to dry air flow.
2. Experimental

2.1. Preparation of honeycomb monoliths

The honeycomb structured monolithic substrates were

prepared by the extrusion of molding masses containing

g-Al2O3 powder and aluminum hydroxide sol of pseudo-

boehmite composition. The extruded monoliths were

subjected to the dry-curing at room temperature for several
days, drying at 100 8C and calcination at selected

temperatures (600, 900, 1200 8C).

The monoliths calcined at 1200 8C and composed of

a-Al2O3 were used for the preparation of washcoated

samples by the deposition of g-Al2O3 suspension, according

to an earlier described procedure [9]. The washcoated

substrates were calcined at 600 8C. The washcoat content

was 20 wt.%, with a thickness of about 60–80 mm.

The alumina monolithic substrates calcined at 600 8C
were incipient wetness impregnated by H2PtCl6 or H2PdCl4
solutions of desired concentrations followed by calcination

at 600 8C. The Pt (Pd) loadings measured by IPC-AES were

1 wt.%.

Total pore volume (VS, cm3/g) was determined by

mercury porosimetry in the effective pore radius (ref) range

from 4 to 105 nm using a Porosiger-9300 instrument. The

volume of pores with radius less than 6000 Å (V<6000A, cm3/g)

and specific surface area (SBET) were determined from

isotherm of nitrogen adsorption measured at 77 K using

ASAP-2400. The main geometrical and physicochemical

characteristics of the monoliths and catalysts are presented

in Table 1.

2.2. 1H-NMR imaging procedure

For the NMR experiments, the calcined piece of a

monolith (diameter 17.5–19.8 mm; length 20 mm) was

saturated with water by immersing into it for 8–10 min.

Then, the sample was removed from water and blown-

through by air to remove excess water droplets present in

the monolith channels. The weight of the monolith was

registered before and after saturation with water, and in all

experiments the weight of adsorbed water corresponded to

the pore volume of the monolith determined by mercury

porosimetry (Table 1).

The 1H-NMR imaging experiments were performed

using a Bruker ‘‘Avance-300’’ NMR spectrometer equipped

with a microimaging accessory capable of delivering

gradient pulses of up to 100 G/cm. More experimental

details can be found elsewhere [8,10].

In order to achieve the uniform air flow distribution in the

whole cross section of the monolith sample, the sample

holding vertical glass tube was modified: the air distributor

was placed below the lower front of the monolith in the

tube. This distributor was made of a porous reticulated

foam material based on mullite-corundum ceramics with

15–20 ppi cell density, 20 mm diameter and 10 mm length.

After saturation with water, a wet sample was placed into

the glass tube located in the cell, so that the lower front of the

monolith was fixed 2–5 mm higher than the exit edge of

the air distributor. Dry air was fed from below, passing

through the air distributor and channels of a monolith

with volumetric flow rates of 96.7 and 180 cm3/s, which

correspond to the linear velocities of 30.8 and 57.2 cm/s for

the monoliths used.
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Fig. 1. Sample holder for 1H-NMR imaging experiments. 1-teflon tubing,

2-ceramic air distributor, 3-teflon ring for sample holding, 4-monolith,

5-teflon film coating, 6-teflon shoulders for sample holding.
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The drying dynamics was studied for two cases: first when

the external walls of a monolith were open and accessible for

the air flow, and second with the monoliths external walls

covered by teflon film (Fig. 1). In the experiments for imaging

the water content in the radial direction of the monolith,

the thickness of the analyzed segment at the half of axial

direction of the sample was 2 mm. The registration of a full

image took 1.97 min. Forty two-dimensional water content

maps in axial or radial direction were recorded during each

experiment.
3. Results and discussion

3.1. Drying of bulk substrate monoliths.

In the case of incipient wetness impregnation, the active

component precursors normally have a macroscopically

uniform distribution in the bulk of a support, having the

similar distribution map as the solvent–water. However, the

distribution of dissolved precursor compounds in the pore

structure is significantly changed during the drying, due to

the characteristics of capillary transport of the solution. As a

first approximation, which neglects the specific adsorption

of a precursor compounds on the substrate material one can

follow the processes of distribution and redistribution of

precursors by registering the dynamics of water content

distribution map.

The series of two-dimensional water content distribution

maps along the radial and axial directions in the process of

drying the alumina monolith preliminarily calcined at

600 8C and saturated by water are presented in Fig. 2. In

these series of experiments, the external walls of monoliths

were covered by teflon film and were not accessible to the air

flow. The water content distribution maps along the sample

radial and axial directions, registered upon the same drying

duration in different experiments, are in good agreement
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Fig. 2. Two-dimensional water content distribution maps recorded during drying of the alumina monolith calcined at 600 8C. The image registration time is

1.97 min. The air flow rate is 57.2 cm/s. The air does not have access to the external surface of the monolith. Values under the images are times when the image

registration ended.
with each other. The first image 2.1 shows that the

distribution of water in the sample is not uniform: there

is more water in the external wall of the monolith (blue

color) than in its central part (yellow-green color). The

following images 2.2 and 2.3, registered after 9.85 min and

17.73 min of drying show that the water concentration in the

central part of the sample decreases, as indicated by an

increase of red and yellow colors in the water content

distribution maps in both radial and axial directions. These

parabolic profiles characterize higher water content in the

external wall because this wall is isolated from external air

flow. The images 2.4 (after 27.58 min) and 2.5 (after

35.46 min) characterize practically full drying of the

monolith, with the external wall being the last one to dry.

Similar features, in particular fast drying of the central

part of the monolith, and slow drying of the external wall were
Fig. 3. Two-dimensional water content maps recorded during drying of the sample

is 57.2 cm/s. The air freely accesses to the external surface of the monolith. Val
also observed at a lower drying air flow rate (30.8 cm/s). In

these experiments, upon decreasing of the drying air flow rate

from 57.2 to 30.8 cm/s the drying time was longer: for the

samples calcined at 600 8C, the time required for the arch of

the water content parabolic curve to reach the half of axial

direction of the monolith (a-a section, Fig. 2, image 2.3)

increased from 18 to 27.5 min.

In the experiments with the open external wall of

monoliths, the two-dimensional water content distribution

maps along the radial and axial directions had demonstrated

that in this case the drying profile was more uniform (Fig. 3).

The drying of the monolith external wall proceeds with

almost the same rate as that of the channel walls in the

central part of the monolith. Note that for all the samples

drying uniformity is improved when a higher dry air flow

rate is used. Upon the air flow rate of 57.2 cm/s, the uniform
calcined at 600 8C. The image registration time is 1.97 min. The air flow rate

ues under the images are times when the image registration ended.
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decrease of signal intensity along the sample radial direction

is observed, and the parabolic profile along the sample axial

direction is expressed weakly. However, despite the drying

uniformity in general, the high concentration spots can be

found in this case as well, mostly located in thicker segments

of the external monolith wall.

Drying of the sample calcined at 1200 8C (Fig. 4B) is

faster and more uniform than that of the samples calcined at

600 8C (Fig. 4A). The differences in the drying dynamics of

samples upon the increasing of calcination temperature from

600 to 1200 8C are, most likely, due to the sintering of small

pores, resulting in the decrease of the total pore volume from

0.44 to 0.29 cm3/g and growth of the predominating and

effective pore radii from 45–50 to 380 Å and from 82 to

960 Å, respectively.
Fig. 4. Two-dimensional water content maps recorded during drying of the paren

monolith washcoated by g-Al2O3 (C). The image registration times are 1.97 min (A

accesses the external surface of the monolith. Values under the images are times
3.2. Drying of washcoated monolith

Several characteristic features observed during the study

of the drying dynamics of a-Al2O3 monoliths washcoated by

g-Al2O3 can be distinguished during analysis of the two-

dimensional water content distribution maps along radial

and axial directions (Fig. 4C). The images 4C.1 and 4C.2

recorded at the beginning of drying process are character-

ized by the high intensity of 1H-NMR signal in the center of

the monolith walls in comparison with their surface.

However, these data do not allow us to unambiguously

affirm that there is more water in the wide pores of a-Al2O3

monolith than in the narrow pores of g-Al2O3 washcoat,

because the 1H-NMR signal intensity in a liquid depends on

a spin-lattice relaxation time, T1. The spin-lattice relaxation
t alumina monoliths calcined at 600 8C (A) and 1200 8C (B) and a-Al2O3

, B) and 4 min (C). The dry air flow rate is 30.8 cm/s. The drying air freely

when the image registration ended.
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time of a liquid in the large pores is longer than in the narrow

pores. The drying process starts from the external surface of

the monolith (maps 4C1–4C3). Then, the signal of the

external monolith wall disappears (map 4C4), and the drying

process moves to the central part of the monolith (map 4C5).

Meanwhile, some water remains in the thin layer of

washcoat (maps 4C4, 4C5). In addition, in all the maps one

can easily see a ‘‘cellular’’ structure of the 1H-NMR image

of the washcoat, which is the last one to dry. The observed

effect is due to the difference in pore size of the high-

temperature a-Al2O3 substrate monolith wall and the

washcoat, 380 and 45–50 Å, which results in the redis-

tribution of water by capillary forces from the bulk of

monolith walls to the washcoat, which dries by water

evaporation from the surface of narrow pores.

The observed characteristics of the drying dynamics

suggest that during the drying of impregnated washcoated

monolith a certain part of the introduced active component

precursor is transported from the substrate macropores to the

mesoporous washcoating layer. In general, the precursor

redistribution and, consequently the size of crystallites

formed after drying significantly depend on the support pore

structure, especially on the predominating pore radius and

drying conditions.

It is important to note that the transfer of the impregnating

solution from one end of the monolith to the other, together

with the flow of drying air, may lead to the enrichment of the

monolith edge face by the precursor. Therefore, to reach a

uniform active component distribution along the monolith

axial direction, it is necessary to provide the alternating air

blow-through direction.

3.3. Spatial distribution of the active component in

monoliths

The most interesting subject of the study by the 1H-NMR

imaging method is the spatial distribution of an active

component precursor in the monolith pore space before and
Fig. 5. Comparison of water content distribution maps of two halves of alumina mo

precursor H2PtCl6 (25 mg Pt/ml) or Pt(NH3)4Cl2 (5 mg Pt/ml). The Pt loading cal

200 ms.
after the heat treatment. The technique used for the

determination of active component spatial distribution in

the sample is based on the difference of proton nuclear spin

relaxation time T1 in a liquid contained in the sections of

sample with the active component and without it. The 1H-

NMR signal intensity depends on the spin-lattice relaxation

time T1. Various dissolved compounds may either increase

the T1 of liquids present in the pore volume of substrate

(diamagnetic additives, e.g., PdCl4
2�, PtCl6

2� [8,11,12]), or,

on the contrary, decrease it (paramagnetic additives, e.g.,

Fe3+, Cu2+ [10]).

In the preliminary experiments aimed on the visualization

of differences in the detection of water and impregnating

solution in the pore space, the two-dimensional T1-weighed

images were simultaneously registered for the two alumina

half-monoliths impregnated with pure water and with the

solution of active component precursor. The distribution of

the impregnating solution in the pore space of a monolith

substrate was studied using the aqueous solutions of H2PtCl6
(25 mg Pt/ml) and Pt(NH3)4Cl2 (5 mg Pt/ml), which

correspond to 1 wt.% Pt and 0.25 wt.% Pt content in the

dry catalysts. The signal intensity in the regions of substrate

impregnated with Pt was found to be higher than in the case

of the sample impregnated with water, due to difference in

their spin-lattice relaxation time (Fig. 5). Registration of the

active component spatial distribution maps shows that in the

freshly impregnated substrate before drying, the active

component is uniformly distributed. Note that the active

component precursor concentration is slightly higher inside

the channel walls than on the surface of the walls. One can

also see that the intensity of 1H-NMR signal from the half of

the sample containing the active component grows with an

increase of platinum precursor concentration in the solution

(Fig. 5a and b) and is apparently independent on the type of a

platinum precursor.

The distribution of active components, namely platinum

and palladium oxides, in the honeycomb monolithic catalyst

and their influence on the 1H-NMR imaging were studied
nolith (Tc = 600 8C) impregnated with water and with the active component

culated for dry catalyst was 1% Pt (a) and 0.25% Pt (b). Repetition time is
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Fig. 6. Comparison of water content distribution maps of two halves of parent monolith (Tc = 600 8C) impregnated by water and calcined (Tc = 600 8C) catalyst

containing 1% Pt (a) and 1% Pd (b) active component. Repetition time is 50 ms.
after the calcination of impregnated samples in air at 600 8C.

In one experiment, the two halves of the monoliths: a half of

the parent alumina substrate and a half of the monolith

catalyst containing Pt or Pd active component (�1 wt.%),

both saturated with water, were simultaneously placed in the

tubular cell and the T1-weighted images were recorded

(Fig. 6). The 1H-NMR signal intensity was lower in the

sample with the active component than in the sample without

it, indicating that Pt and Pd oxides decrease the spin-lattice

relaxation time. Note that both the parent alumina substrate

and the monolith catalysts with active component, having

the similar pore volumes and pore size distributions, were

treated in water for the same time. This fact excludes the

attribution of the observed effect to the smaller amount of

liquid in the sample with the active component, and the

effects of capillary liquid transfer from one half of the

substrate to the other.

There is a sort of a sliced structure of the NMR signal

intensity in the intersections of the internal walls of monolith

channels and also in between the central and external part of

the walls. Currently, available data is not sufficient for the

assignment of these images to the egg-shell distribution of

an active component in the walls of a monolith substrate.

Although the obtained spatial T1 maps are in good

agreement with the Pt (Pd) distribution curves obtained

by the X-ray microprobe method, we have to collect more

experimental data and the work is in progress.
4. Conclusions

The drying dynamics of the g-Al2O3 and a-Al2O3

monolithic substrate and the washcoated g-Al2O3/a-Al2O3

monolith were visualized by 1H-NMR imaging.

Distribution of water in the impregnated substrate is not

uniform, there is more water in the external wall of the

monolith than in its central part. During drying of the

substrate with covered external walls by blow-through air,
the water content in the central part of sample decreases

faster both along the sample’s radial and axial directions.

The two-dimensional water content distribution maps have a

parabolic profile.

Drying of the monoliths with open external walls

proceeds more uniformly both in radial and axial directions.

The drying of the sample calcined at 1200 8C (a-Al2O3)

is faster and more uniform than that of the samples calcined

at 600 8C (g-Al2O3) due to a difference in the pore structure

and pore distribution.

During drying of impregnated washcoated monoliths, a

certain part of the introduced precursor is transported from

the substrate macropores to the mesoporous washcoating

layer and leads to enrichment of the washcoat of the final

catalyst by an active component.

The non-destructive character of 1H-NMR microimaging

demonstrated its capability to visualize the water content

maps in monoliths in the presence of Pt and Pd.
Acknowledgement

This work was supported by the Grants INCO–COPER-

NICUS contract no. ICA2-CT-1999-10028, INTAS-00413,

NWO-RFBR 047.015.012.
References

[1] A. Cybulski, J.A. Moulijn, Catal. Rev. Sci. Eng. 36 (2) (1994) 179.

[2] J.L. Williams, Catal. Today 69 (2001) 3.

[3] Z.R. Ismagilov, S.A. Yashnik, N.V. Shikina, I.P. Andrievskaya, S.R.

Khairulin, V.A. Ushakov, I.A. Ovsyannikova, J.A. Moulijn, I.V.

Babich, Chem. Sustainable Dev. 11 (2003) 75.

[4] R.M. Heck, S. Gulati, R.J. Farrauto, Chem. Eng. J. 82 (2001) 149.

[5] T.A. Nijhuis, M.T. Kreutzer, A.C.J. Romijn, F. Kapteijn, J.A. Moulijn,

Chem. Eng. Sci. 56 (2001) 823.

[6] S.A. Yashnik, V.V. Kuznetsov, Z.R. Ismagilov, V.V. Ushakov, N.M.

Danchenko, S.P. Denisov, Top. Catal. 30–31 (2004) 293.



Z.R. Ismagilov et al. / Catalysis Today 105 (2005) 484–491 491
[7] I.V. Koptyug, R.Z. Sagdeev, L.Yu. Khitrina, V.N. Parmon, Appl.

Magn. Reson. 18 (2000) 13.

[8] I.V. Koptyug, L.Yu. Ilyina, A.V. Matveev, V.N. Parmon, R.Z. Sagdeev,

Khim. Fizika 21 (2002) 68 (in Russian).

[9] Z.R. Ismagilov, R.A. Shkrabina, D.A. Arendarskii, N.V. Shikina,

Kinet. Katal. 39 (1998) 600 (in Russian).
[10] I.V. Koptyug, S.I. Kabanikhin, K.T. Iskakov, V.B. Fenelonov, L.Yu.

Khitrina, R.Z. Sagdeev, V.N. Parmon, Chem. Eng. Sci. 55 (2000)

1559.

[11] L.Yu. Khitrina, I.V. Koptyug, N.A. Pakhomov, R.Z. Sagdeev, V.N.

Parmon, J. Phys. Chem. B 104 (2000) 1966.

[12] B. Boddenberg, B. Beerwerth, J. Phys. Chem. 93 (1989) 1440.



www.elsevier.com/locate/cattod

Catalysis Today 105 (2005) 507–515
Formation of textural and mechanical properties

of extruded ceramic honeycomb monoliths:

An 1H NMR imaging study

S.A. Yashnik a, Z.R. Ismagilov a,*, I.V. Koptyug b, I.P. Andrievskaya a,
A.A. Matveev b, J.A. Moulijn c

a Boreskov Institute of Catalysis, Novosibirsk, 630090, Russia
b International Tomography Center, Novosibirsk, Russia

c Technical University of Delft, The Netherlands
Abstract
The effects of the nature of oxide component and binder, and thermal treatment temperature (100 8C and from 600 to 1300 8C) on textural

and physicochemical properties of honeycomb monoliths based on alumina, titania and aluminosilicates have been studied.

The main regularities of the texture formation have been revealed using 1H NMR imaging, SEM, XRD, adsorption technique and others. It

has been shown that the textural changes of monolith samples at different preparation stages from extrusion to thermal treatment are mostly

caused by removal of capillary water (20–100 8C), sintering of small pores and consolidation of oxide particles (100–700 8C), and phase

transformation of the oxide component or the binder (900–1300 8C).

# 2005 Published by Elsevier B.V.

Keywords: Honeycomb monolith catalyst; 1H NMR imaging; Extrusion; Texture; Pore structure; Mechanical strength
1. Introduction

Today monolith supports with honeycomb structure and

catalysts on their basis are widely used in various branches

of industry [1–4]. Most actively monolithic catalysts are

applied for purification of automobile exhaust gases [1,5]

and waste gases of chemical, metallurgical and energy

producing plants [2,3] from pollutants, such as hydro-

carbons, carbon monoxide, nitrogen oxides, hydrogen

sulfide, volatile organic compounds, etc. The development

of monolithic catalysts increases their technical merit due to

ease of operation and regeneration owing to low pressure

drop, small dust and attrition sensitivity [1,2,5].

Extrusion on vacuum presses is the most widely used

method for preparation of honeycomb monolithic supports.

The production of honeycomb monolithic substrate includes
* Corresponding author. Tel.: +7 3833 306219; fax: +7 3833 397352.

E-mail address: zri@catalysis.nsk.su (Z.R. Ismagilov).
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the following technological stages: preparation of the

forming mass, its extrusion through a die, dry-curing,

drying and thermal treatment [5].

The rational compositions of the extrusion mass contain-

ing the main oxide component, the binder and the plasticizer

are selected to provide both optimum rheological properties

of the mass and optimum physicochemical properties of the

final monolithic substrate. Various oxide powders, such as

titania, zirconia, silica and alumina [2], mullite, spodumene,

cordierite [1,2,5], kaolin, montmorillonite, halloysite clays

[2] and their compositions, are widely used. A binder and a

plasticizer varying in concentration and preparation method

are added to the forming mass to give them plasticity [1,5,6].

Clays from different deposits, kaolin, montmorillonite, and

the product of thermal dispersion of alumina hydrate are

usually used as the binder.

The thermal treatment is the final stage in the production

of honeycomb monoliths, which determines their opera-

tional properties [1,2], such as mechanical strength, specific
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surface area and pore structure. Chemical and phase

transformations and sintering processes forming the support

texture and physicochemical properties can take place

during the thermal treatment of ceramic supports. Therefore,

it is important to have detailed information on the formation

of the above properties at each technological stage.

In the current study, the formation of the textural and

physicochemical properties of ceramic monoliths based on

alumina, titania and aluminosilicates has been investigated

by 1H NMR microimaging in combination with a number of

traditionally used methods (XRD, SEM, mercury porosi-

metry and others) during dry-curing, drying and thermal

treatment. The non-destructive character of the 1H NMR

microimaging method is attractive because it makes possible

visualization of the dynamics of the substrate texture

formation at various preparation stages, which is important

for optimization of the technology for synthesis of substrate

with desired operational characteristics.
2. Experimental

2.1. Preparation of monoliths

The masses for extrusion were composed by mixing

Al2O3, TiO2 or clay powders with aluminum hydroxide sol

having pseudoboehmite structure or Ca-form of montmor-

illonite (Tagan deposit) in a Z-shape mixer. The water

content of the extrusion masses was 33–35%. The masses

had the following compositions (calculated for the dry

products):
- a
lumina: g-Al2O3 (60 wt.%), a-Al2O3 (10 wt.%) and

g-Al2O3 or Ca-montmorillonite (30 wt.%);
- ti
tania: anatase (60 wt.%), rutile (10 wt.%) and Ca-

montmorillonite (30 wt.%);
- a
luminosilicate: clay (75 wt.%) and Ca-montmorillonite

(25 wt.%).

Honeycomb monoliths were extruded using a pneumatic

press with a vertical piston and dies with diameter of 11 and

21 mm. The extruded monoliths were dry-cured for 2–5

days, dried at 100 8C for 4–8 h and calcined at desired

temperatures (600–1300 8C) for 4 h.

Depending on the composition and the calcination

temperature, the wall thickness was 0.3–0.5 mm, the

channel density was 169–225 cpsi and 100–135 cpsi for

monoliths extruded using 11 and 21 mm dies, respectively.

2.2. 1H NMR microimaging technique

1H NMR imaging experiments were performed using a

Bruker ‘‘Avance-300’’ NMR spectrometer equipped with a

microimaging accessory capable of delivering gradient

pulses of up 100 G/cm. Experimental details can be found

elsewhere [7].
2.3. Determination of monolith shrinkage

The shrinkage of monoliths along the diameter and length

was determined after dry-curing, drying and thermal

treatment of the samples relative to their ‘‘raw’’ state right

after extrusion:
� A
long the diameter: Sd = (D0 � Dt)/D0 � 100%, where

D0 and Dt are monolith diameters after extrusion and

thermal treatment, respectively.
� A
long the length: Sl = (L0 � Lt)/L0 � 100%, where L0 and

Lt are monolith lengths after extrusion and thermal

treatment, respectively.
2.4. Physicochemical methods

XRD analysis of the samples was carried out using a

HZG-4C (Freiberger Prazisionmechanik) diffractrometer

with monochromatic Cu Ka irradiation. The phase

compositions were determined using diffraction patterns

recorded in the 2u range 4–408 with 18/min scanning rate.

Specific surface area (S, m2/g) of the samples was

determined using thermal desorption of argon. Total pore

volume (VP, cm3/g) was determined by mercury porosi-

metry in the effective pore radius (Ref) range from 4 to

105 nm using a Porosiger-9300 instrument. True density

(r, g/cm3) of the samples was measured using a helium

Autopicnometer-1320.

Porosity was calculated as follows: e = VP/(VP +

1/r) � 100%, where e is the sample porosity, %, VP is

the total pore volume according to the mercury porosimetry

data, cm3/g, and r is the true density of the sample, g/cm3.

Crushing mechanical strength was determined using an

MP-9C instrument. The method is based on the measurement

of the force required for crushing of a monolith between

two parallel plates. Mechanical strength of the sample along

the generatrices was calculated using the following formula:

Pg = p/S = p/(d � L), where Pg is the sample strength,

kg/cm2, p is the value on the instrument indicator, kg, S

is the cross-section area of the monolith, cm2, d is the

‘‘effective’’ sample diameter, cm, L is the sample height, cm.

The ‘‘effective’’ sample diameter was accepted to be equal

to the monolith diameter (Dt) minus the size of the sum of

internal opening (channels).

The physicochemical properties of honeycomb monoliths

based on alumina, titania and aluminosilicate are presented

in Tables 1–4.

The support morphology was studied using a REM 100-U

scanning electron microscope. The accelerating voltage was

20 kV.
3. Results and discussion

The most important properties of air-dry ceramic

supports, such as pore structure, specific surface area,
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Table 2

Physicochemical properties of alumina monolith with Ca-montmorillonite as binder

Tcalc. (8C) XRD composition S (m2/g) Total pore

volume VS (cm3/g)

and Ref, (Å)

Mechanical

strength, Pg

(kg/cm2)

Shrinkage,

Sd (%)/Sl (%)

100 Ca-montmorillonite 150 VS = 0.34 – 8.5/8

g-Al2O3 Ref = 72

a-Al2O3

600 g-Al2O3 146 VS = 0.34 32 9/8.5

a-Al2O3 (trace) Ref = 76

Ca0.2(Al, Mg)2Si4O10(OH)2*4H2O

a-SiO2 (trace)

900 g*-Al2O3 81 VS = 0.34 43 10/9

a-Al2O3 (trace) Ref = 95

a-SiO2 (trace) amorphous SiO2 (trace)

Al6Si2O13 (trace, mullite)

1100 a-Al2O3 33 VS = 0.33 39 11.5/10

d-Al2O3 (trace) Ref = 210

SiO2 and a-SiO2

Al6Si2O13 (mullite)

MgSiO3

1200 a-Al2O3 (main) 7 VS = 0.32 42 12/11

SiO2 (main) and a-SiO2 Ref = 540

Al6Si2O13 (mullite)

MgSiO3 (trace)

1300 a-Al2O3 (main) 6 VS = 0.29

SiO2 (main) and a-SiO2 Ref = 1170 60 14/12

Al6Si2O13 (mullite)

MgSiO3 (trace)

Mass composition (wt.%): 60% g-Al2O3 + 10% a-Al2O3 + 30% Ca-montmorillonite, Fe content �0.3 to 0.4 wt.%.

Table 1

Physicochemical properties of alumina monolith with pseudoboehmite as binder

Tcalc. (8C) XRD composition S (m2/g) r (g/cm3) Total pore volume,

VS (cm3/g) and Ref (Å)

True porosity

e (%)

Mechanical

strength, Pg,

(kg/cm2)

Shrinkage,

Sd (%)/Sl (%)

100 Pseudoboehmite 140 – VS = 0.38 – – 4/3.5

g-Al2O3 Ref = 70

a-Al2O3

600 g-Al2O3 156 – VS = 0.37 – 17 5/4.5

a-Al2O3 (trace) Ref = 72

800 g-Al2O3 115 – – – 17.5 –

a-Al2O3 (trace)

900 u-Al2O3 (70%) 95 – VS = 0.41 – 9.0 7/6

a-Al2O3 (30%) Ref = 110

1000 u-Al2O3 (50%) 50 3.762 VS = 0.36 59 21 –

a-Al2O3 (50%) Ref = 160

1100 u-Al2O3 (40%) 25 – VS = 0.33 – 17 –

a-Al2O3 (60%) Ref = 240

1200 a-Al2O3 9 4.043 VS = 0.26 54 37 17/15.5

Ref = 735

1300 a-Al2O3 7 3.902 VS = 0.24 48 52 20/18.5

Ref = 1290

Mass composition, wt.%: 60% g-Al2O3 + 10% a-Al2O3 + 30% pseudoboehmite, Fe content < 0.05 wt.%.
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Table 3

Physicochemical properties of titania monolith with Ca-montmorillone

Tcalc. (8C) XRD composition S (m2/g) r (g/cm3) Total pore volume,

VS (cm3/g) and Ref (Å)

True porosity

e (%)

Mechanical

strength, Pg

(kg/cm2)

Shrinkage,

Sd (%)/Sl (%)

100 Anatase (70 Å) 185 – VS = 0.44 – – 12/8.5

Rutile (trace)

Montmorillonite

a-SiO2 (trace)

700 Anatase (300 Å) 72 – VS = 0.41 – 17 13/9.5

Rutile (trace) Ref = 160

Montmorillonite

a-SiO2 (trace)

800 Anatase (400 Å) 20 – VS = 0.26 – 23 –

Rutile Ref = 265

Amorphous SiO2

a-SiO2 (trace)

900 Anatase (400 Å) 16 3.258 VS = 0.08 19.8 63 30/27

Rutile (500 Å, 10%) Ref = 400

Amorphous SiO2

a-SiO2

1200 Putile (1000 Å) 0.01 3.073 VS = 0.11 25.0 66 30/27

Al6Si2O13 (mullite) Ref = 9180

MgSiO3

a-SiO2 (trace)

1300 Putile (>1000 Å) 0.01 3.115 VS = 0.23 42.0 74 18/22

Al6Si2O13 (mullite) Ref = 27400

Mg2Al4Si5O18

a-SiO2 (trace)

Mass composition (wt.%): 60% anatase + 10% putile + 30% Ca-montmorillonite; Fe content �0.3 to 0.4 wt.%.
texture, mechanical strength, density, water resistance, etc.,

are known to be formed during their thermal treatment [3].

The results of the investigation of physicochemical proper-

ties of monolith supports on the basis of alumina, titania and

aluminosilicate dried at 100 8C and calcined at temperatures

from 600 (700) to 1100–1300 8C indicate that independent
Table 4

Physicochemical properties of aluminosilicate monolith with Ca-montmorillonite

Tcalc. (8C) XRD composition S (m2/g) r (g/cm3) To

V

R

100 a-SiO2 59 – V

Kaolin

Montmorillonite (trace)

700 a-SiO2 37 – V

Montmorillonite (amorphous) R

800 a-SiO2 0.8 - V

Amorphous SiO2 R

900 a-SiO2 0.4 2.584 V

Amorphous SiO2 R

1000 a-SiO2 0.3 2.631 V

SiO2 R

Al6Si2O13 (mullite)

1100 a-SiO2 0.3 2.495 V

Al6Si2O13 (mullite) R

MgSiO3

Mass composition (wt.%): 75% clay + 25% Ca-montmorillonite, Fe content �1.
of the type of the oxide an increase of the calcination

temperature results in changes of the monolith geometric

sizes (diameter, length, channel density), decrease of the

total pore volume and specific surface area, which generally

lead to an increase of the ceramic support mechanical

strength (Tables 1–4).
as binder

tal pore volume,

S (cm3/g) and

ef (Å)

True porosity,

e (%)

Mechanical

strength, Pg

(kg/cm2)

Shrinkage, Sd

(%)/Sl (%)

S = 0.12 – – 8.5/7.5

S = 0.12 – 22 9/8

ef = 300

S = 0.18 – 31 –

ef = 8850

S = 0.11 22 39 10.5/10

ef = 9220

S = 0.18 32 47 10.5/10

ef = 18975

S = 0.14 26 49 10.5/10

ef = 14960

6 to 1.8 wt.%.
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Fig. 2. Correlation of the 1H NMR signal intensity with the gravimetric

water content in the alumina monolith during the dry-curing procedure.
3.1. Alumina honeycomb monoliths

The effects of the dry-curing (25 8C, 0–72 h) and thermal

treatment conditions on the formation of the pore structure

of alumina monoliths have been studied by 1H NMR

imaging method.

Fig. 1 presents two-dimensional images of the water

content in alumina monoliths as a function of the dry-curing

time. One can see that the 1H NMR signal intensity goes

down during the dry-curing. The maximum (3-fold)

decrease of the 1H NMR signal was observed during the

first 24 h of dry-curing (Fig. 2). The 1H NMR imaging data

are in a good agreement with the data on the drying loss in

the sample at 110 8C determined by thermal gravimetric

analysis. The value of drying loss for the ‘‘raw’’ sample

found to be 30 wt.% and goes down to 10 wt.% after dry-

curing for 24 h and to 3 wt.% in the following 48 h of dry-

curing.

During the experiments it has been shown that the

samples subjected to dry-curing of different duration are

characterized by different relaxation times T1 and T2. During

the first 24 h of dry-curing the T1 and T2 values decrease

most significantly (more than 4-fold, Fig. 2). On the base of
1H NMR imaging fundamentals, we conclude that water

molecules are rather free in the pore structure of the ‘‘raw’’

monolith at high water content, but during dry-curing most

of ‘‘free’’ water is removed and remaining molecules are

bonded to the walls of pores stronger than molecular to

molecular binding in free water [8].
Fig. 1. Two-dimensional 1H NMR images of water content in a alumina monoli
The maximum drying loss during the sample dry-curing

is accompanied by a decrease of its geometric dimensions

(diameter and length, Table 1). The sample shrinkage during

the first 24 h is about 4%. It should be noted that shrinkage of

the alumina monoliths with the temperature growth from

100 to 900 8C is �6.5% and sharply increases up to 17%

after calcination at 1200 8C.

The pore structure of air-dry samples (100 8C) is biporous

according to the mercury porosimetry data (Fig. 3). It is

composed of small pores with the radii �45 to 50 Å and
th depending on dry-curing time: (a) 0 h; (b) 24 h; (c) 48 h; and (d) 72 h.
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Fig. 3. Cumulative pore volume as VR/VS in % (a) and derivative pore

volume (b) curves for alumina monoliths calcined at 100 (&,

VS = 0.38 cm3/g); 600 (&, VS = 0.36 cm3/g); 900 (*, VS = 0.41 cm3/g);

1000 (~, VS = 0.36 cm3/g); 1100 (5, VS = 0.33 cm3/g); 1200 (^,

VS = 0.25 cm3/g); and 1300 8C (*, VS = 0.23 cm3/g).
large pores with the radii 200–1500 Å. For alumina samples,

an increase of the calcination temperature is accompanied by

changes of textural characteristics. Calcination at 600 8C
leads to the increase of the fraction of small pores (from 50

to 60%) and growth of their average radius to 75–80 Å.

Meanwhile, the fraction of pores with the 200–1500 Å radii

slightly decreases. According to the mercury porosimetry

data, further increase of the calcination temperature from

600 to 1300 8C leads to the pore volume decrease from 0.44

to 0.24 cm3/g accompanied by an increase of the pre-

dominating pore radius from 75–80 to 700–1000 Å. At

calcination temperatures above 900 8C, the sharpest

decrease is observed for volume of pores with the radii
Fig. 4. 1H NMR images of two alumina half monolith samples calcined at

600 8C (a) and 1200 8C (b) after their saturation with water.
smaller than 100–200 Å. Pores with the radii of 100–200 Å

are absent in the samples calcined at 1200–1300 8C, whereas

the fraction of pores with the radii smaller than 400 Å does

not exceed 5–8%. Meanwhile, the volume fraction of pores

with the radii of 500–5000 Å significantly increases (to

�90%).
1H NMR imaging method made it possible to visualize

the differences in the pore structure of alumina monoliths

formed after calcination at different temperatures. Fig. 4

presents two-dimensional maps of water content in two

adjacent halves of alumina monoliths calcined at tempera-

tures 600 8C and 1200 8C, the pore space of which was

initially filled with water. One can see that the 1H NMR

signal intensity in the monolith half calcined at 1200 8C is

higher (yellow and orange colors) than in the monolith half

calcined at 600 8C (vinous color) whereas the pore volume is

almost two times lower. This phenomenon may be explained

by different radii of predominating pores. The relaxation

times of adsorbed liquid are known to be usually short in

small pores (for example, in zeolite crystallites [9]). As a

result, 1H NMR signal corresponding to the water content in

the zeolite channels may not be observed in the experiments.

In the sample calcined at 1200 8C the major fraction of the

pore space consists of large pores with the radii of 500–

3000 Å where water practically does not experience the

effect of the monolith walls (free water). Meanwhile, small

pores with the radii �45 to 80 Å predominate in the sample

calcined at 600 8C. This results in a decrease of the

relaxation times and 1H NMR signal intensity.

The textural changes of alumina monoliths were

regularly accompanied by changes of the other physico-

chemical properties (Fig. 5). In the calcination temperature

range 600–900 8C the specific surface area, pore volume,

porosity and mechanical strength of the samples changed

smoothly. A sharp decrease of the surface area and total pore

volume, and significant increase of the mechanical strength

were observed at higher calcination temperatures (1000–
Fig. 5. Changes in the surface area, S, m2/g (*); pore volume, VS, cm3/g

(&); shrinkage, Sd, % (&); and mechanical strength, Pg, kg/cm2 (~) of the

alumina monolith depending on calcination temperature.
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1300 8C). For instance, specific surface area of samples

calcined at 600 and 1300 8C was 156 and 7 m2/g,

respectively (Table 1). The sample porosity went down

from 60 to 48%. Meanwhile, the mechanical strength grew

from 17 to 52 kg/cm2 (Table 1).

Changes of the geometrical parameters of the monoliths

correlate with the changes of the pore volume (Fig. 5). This

fact makes it possible to suggest that shrinkage of alumina

monoliths is primarily caused by changes of their pore

space. The pore structure formation of monoliths prepared

by extrusion of a well-milled oxide material with a binder

may be split into several stages. During preparation of the

extrusion mass the binder is uniformly distributed between

the solid oxide particles. In this case, aluminum hydroxide

sol is distributed between the particles of g-Al2O3 powder.

Intensive mixing results in thixotropic peptization of the

binder, and the mass acquires connectedness, plasticity and,

consequently, formability.

The pore structure of the samples at dry-curing and

drying stages is determined by two factors acting in opposite

directions: the value of capillary forces compressing the

structure and the degree of its resistibility to compression.

The first factor depends on the paste humidity before

forming, mechanical densification of the mass in the mixing

device and surface tension of the intermicellar liquid [10].

The second factor is determined by the particle size and

strength of primary crystallites inside a particle [10]. During

drying, hydroxyl groups of aluminum hydroxide sol and

solid g-Al2O3 particles condense to form colloid bridges,

which accounts for the formation of strong bonds and results

in the structure contraction. This contraction leads to a

decrease of the capillary radii and, consequently, an increase

of the water connectedness in them, which is observed by 1H

NMR imaging as a decrease of relaxation times T1 and T2 in

the samples during dry-curing.

The pore structure of the samples during thermal

treatment at different temperatures (600–1300 8C) is

determined by sintering of the pores and phase transforma-

tions. The following conclusions were made on the basis of

pore size distributions measured by mercury porosimetry

and data on the particle sizes observed by SEM. Changes of

the pore structure and specific surface area in the

temperature range of 600–900 8C are mostly caused by

sintering of small pores and consolidation of alumina

particles, that was earlier observed for granulated alumina

[10–12]. The sintering of small pores results in a slight

decrease of the total pore volume and has practically no

effect on the geometrical sizes of the samples. On the

contrary, a sharp decrease of the total pore volume observed

after calcination at 1000–1300 8C leads to a significant

decrease of the geometrical dimensions of the samples.

Changes of the pore structure in the temperature range of

1000–1300 8C are caused by reconstruction of alumina

structure, which ends at 1200 8C with the formation of a-

Al2O3. According to the XRD data (Table 1), alumina

samples calcined at 600 8C contained �90% g-Al2O3 and
�10% a-Al2O3 introduced into the extrusion mass. The

appearance of additional a-Al2O3 was observed at 900 8C
(�30% a-Al2O3 and �70% u-Al2O3), and its concentration

increased to 100% after calcination at 1200 8C.

So, changes of the geometric dimensions of alumina

monoliths may be tentatively split into three temperature

regions. In the temperature range of 20–100 8C, i.e. during

dry-curing and drying of the samples, the sample shrinkage

takes place due to removal of the capillary water from the

alumina pore space. During calcination of the sample at

600–900 8C changes of the geometrical parameters of the

monoliths are related to changes of their textural properties,

namely, pore volume and radius. The shrinkage observed

after calcination of the samples at temperatures above

900 8C is caused by the reconstruction of the g-Al2O3

structure, which ends at 1200 8C with the formation of a-

Al2O3.

The formation of the pore structure of monoliths prepared

by extrusion is also affected by the nature of the binder and

changes of its texture at different technological stages. The

use of Ca-montmorillonite instead of aluminum hydroxide

sol as a binder results in a more significant change of the

geometrical dimensions of alumina monoliths at the dry-

curing stage. For extrusion masses of the same composition,

the monolith shrinkage along the diameter at the dry-curing

stage was 4 and 9% for samples prepared using aluminum

hydroxide sol and Ca-montmorillonite, respectively

(Tables 1 and 2). Montmorillonite has a layered structure,

and its swelling in water is due to introduction of water

molecules into the layers of the silica framework and

corresponding increase of the interlayer spacing. The water

removal during dry-curing leads to a decrease of the

interlayer spacing, appearance of three-dimensional strains

in the material, and, correspondingly, strong contraction of

the product pore space. After calcination in the temperature

range of 600–1200 8C changes of the pore volume, and,

consequently, geometrical size of alumina monoliths

prepared using aluminum hydroxide sol and montmorillo-

nite were close to each other (Tables 1 and 2), being caused

by similar processes.

3.2. Titania honeycomb monoliths

An investigation of the texture formation of honeycomb

monoliths on the basis of titania by 1H NMR imaging is

restricted because the presence of paramagnetic Fe3+

(�0.4 wt.%) ions leads to a decrease of the water spin

relaxation time T1 and T2. The latter causes poor resolution

of 1H NMR imaging. For titania monoliths calcined at

temperature range of 100–1200 8C it was possible to

distinguish three temperature zones of physicochemical

properties changing, that was discussed above for alumina

monoliths.

In the temperature range of 100–700 8C the phase

composition and pore volume (�0.41 to 0.44 cm3/g) of the

titania monoliths do not change. As a result, this range of
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Fig. 7. Changes in the surface area, S, m2/g (*); pore volume, VS, cm3/g

(&); shrinkage, Sd, % (&); and mechanical strength, Pg, kg/cm2 (~) of the

aluminosilicate monolith depending on calcination temperature.

Fig. 6. Changes in the surface area, S, m2/g (*); pore volume, VS, cm3/g

(&); shrinkage, Sd, % (&); and mechanical strength, Pg, kg/cm2 (~) of the

titania monolith depending on calcination temperature.
calcination temperature has a minor effect on the

geometrical dimensions of the samples (Fig. 6). The

decrease of the specific surface area from 185 to 72 m2/g

(Fig. 6) observed after the temperature increase from 100 to

700 8C is due to sintering of small pores and growth of

anatase particles. According to the XRD data, their average

size grows from 70 to 300 Å (Table 3).

At 900 8C a sharp decrease of the total pore volume (from

0.41 to 0.08 cm3/g) and surface area (from 72 to 16 m2/g), as

well as significant growth of the monolith strength (from 17

to 63 kg/cm2) are observed (Fig. 6). The change of the

sample texture is primarily caused by continuous sintering

of small pores, which is indicated by an increase of the

predominating pore radius from 160 to 400 Å and anatase

particle size to 400–500 Å (Table 3). The change of the pore

structure is also connected with beginning of the anatase

phase transformation to rutile that ends at temperatures

about 1050 8C (Table 3). A significant decrease of the pore

volume leads to a sharp decrease of the sample geometrical

dimensions down to 28–30% (Fig. 6).

At the temperature range of 1000–1200 8C the textural

characteristics, geometrical dimensions and phase com-

position (rutile) of titania monoliths remain constant

(Fig. 6).

A calcination temperature increase from 1200 to

1300 8C leads to an increase of the total pore volume

(to 0.23 cm3/g), predominating pore radii (to 2.7 mm) and,

surprisingly, also increases geometrical dimension of

titania samples and their mechanical strength (Fig. 6).

Taking into account that the anatase to rutile phase

transformation ends at 1050–1100 8C resulting in the

formation of large rutile particles (�1000 Å) characterized

by low surface area (�5 m2/g), the textural changes of

titania monolith are likely to be caused by decomposition

of the Ca-montmorillonite binder. The montmorillonite

melting temperature is about 1100 8C [13], and Ca or Mg
silicates are the main products of its decomposition during

high-temperature calcination. Apparently, the pore volume

increase and the surface area decrease are caused by

montmorillonite foaming during its decomposition with

formation of a rigid glazed skeleton. The above supposi-

tion is in a good agreement with the XRD (Table 3) and

SEM data.

3.3. Aluminosilicate honeycomb monoliths

The 1H NMR technique is unacceptable for study of

aluminosilicate monolith because the high concentrations

of paramagnetic Fe3+ (�1.6 wt.%) ions lead to a strong

diminution of the water spin relaxation time T1 and T2. In

this case, we investigated the main physicochemical

properties observed for aluminosilicate monoliths and

on the basis of comparison with data for titania, we

concluded that the texture formation regularities for these

two substrates are similar. The calcination temperature

increase of aluminosilicate monoliths from 700 to 900 8C
is accompanied by a surface area decrease (from 37 to

0.4 m2/g, Fig. 7) and a mechanical strength growth (from

22 to 39 kg/cm3, Fig. 7). The pore volume of alumino-

silicate monoliths does not practically change when the

calcination temperature is increased from 700 to 1100 8C
(Fig. 7), whereas the predominating pore radii grow from

300 to 1.5 mm (Table 4). A significant change in the

geometrical dimensions of aluminosilicate monoliths

about 8.5% along the sample diameter and length is

observed at the dry-curing stage (Fig. 7). Practically no

changes in the sizes of the studied monoliths (from 8.5 to

�10%) are observed after the following increase of the

calcination temperature to 900–1100 8C (Fig. 7). Changes

in the sample porosity are also insignificant (from 22 to

26%, Table 4).
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4. Conclusions

The main regularities of formation of honeycomb

monoliths (alumina, titania and aluminosilicates) texture

have been revealed using 1H NMR imaging, SEM, XRD,

adsorption technique, and others. The texture changes may

be tentatively subdivided into several temperature regions.

At the temperature range of 20–100 8C, i.e. during dry-

curing and drying of the samples, changes of the texture of

the samples are related to removal of capillary water from

the pore space of the material. Then the interaction of the

hydroxyl groups of the binder (aluminum hydroxide sol or

montmorillonite) with solid particles of the oxide material

(g-Al2O3, anatase, clay, etc.) leads to the strong bonds

formation, which results in contraction of the structure. The

contraction degree depends on the nature of the binder and is

high for montmorillonite.

At the low-temperature calcination region (100–700 8C)

changes in the texture of honeycomb monoliths take place

due to sintering of small pores and consolidation of the oxide

material particles, whereas no phase transformations are

observed. The total pore volume does not practically change

at this temperature range. Consequently, the geometrical

dimensions of the sample are not changed. The upper limit

of this temperature range is different for alumina, titania and

aluminosilicate monoliths and corresponds to the phase

transformation temperature.

At the high-temperature calcination region (above

900 8C) textural changes are related to phase transforma-

tions of the oxide component and the binder. Significant

changes in volume and radius of pores accompanied by
substantial changes of dimensions are observed in this

temperature region.
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CHAPTER 5 
Catalytic methods for conversion of 

sulfur compounds: direct oxidation of 
hydrogen sulfide, raw oil hydrofining, 

catalytic synthesis of thiophene. 
Creation of a industrial plant for direct 

oxidation of hydrogen sulfide 
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Abstract

In the Boreskov Institute of Catalysis in cooperation with specialists of All-Russian Institute of
Hydrocarbons Raw Materials novel methods of purification of fossil fuels based on oxidation of hydrogen
sulfide to elemental sulfur have been developed. In this paper the results of laboratory and pilot plant
testing of the technologies are presented.

Introduction

Hydrogen sulfide is known as one of the most
toxic atmospheric pollutants. Acid rains,
depression of vegetation, dying of aqueous flora
and fauna, increase in respiratory and
oncological diseases are typical consequences
of the adverse effect of hydrogen sulfide and
toxic products of its processing, such as sulfur
dioxide, carbon oxide-sulfide, carbon disulfide.
Sources of hydrogen sulfide emission to
atmosphere are mainly man-caused, the most
important of them being the extraction and
processing of oil and hydrogen sulfide
containing natural gas. Natural gases with a
high content of H2S are very common (e.g.
Astrakhan gas field in Russia, Karachaganak
gas field, Tengiz oil-gas field in Kazakhstan,
Jiu-Ji-Lyan` in China, Bearberry in Canada),
and they are playing very significant role in the
world’s energy balance. On the other hand,
hydrogen sulfide is an important raw material
for elemental sulfur production. Sulfur, in its
turn, is a starting material for sulfuric acid
synthesis [1]. That is why the problem of the
development of environmentally friendly
technologies of utilization of hydrogen sulfide
containing gases resulting from fossil fuels
extraction and processing is a challenge to the
world community.

*Corresponding author: phone: +7(3832) 341219, fax:+7(3832)
397352, e-mail: zri@catalysis.nsk.su

There are many methods of H2S removal from
gaseous mixtures. The ones most developed to
date are methods based on the use of different
sorbents, such as diethanolamine,
monoethanolamine and synthetic zeolites. Despite
rich experience accumulated in this field and a
rather high efficiency, all these methods only
isolate acid components (H2S and CO2), and they
have to be used in the combination with other
processes to produce sulfur, usually with the
conventional Claus process based on catalytic
oxidation of H2S by SO2. At present the Claus
process is the most recognized technology for
sulfur production from fossil fuels. This process
has many stages, and it has evident environmental
drawbacks, because initially H2S is burned in
flame resulting in the formation of toxic side
products, such as COS, CS2 and nitrogen oxides.
At present the efforts of many companies are
directed to the improvement of different stages of
the conventional Claus process: the use of oxygen
as an oxidizer (COPE process), improved
catalysts (CRS-31 by Rhone-Poulenc) and
installation of tail-gas purification systems (the
cost of which reaches 40% of the total
investment), such as SCOTT, Superclaus, etc.

Another group of methods is based on direct
catalytic oxidation of hydrogen sulfide to
elemental sulfur, which has been considered in
some cases as a more efficient way to solve the
problem of purification of fossil fuels from H2S
with simultaneous sulfur production [2]:
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H2S + 1/2 O2→S +H2O             (1)
This process has the following advantages:

1. it is continuous;
2. it leads directly to sulfur formation;
3. the operating conditions are very "soft",
providing the possibility to oxidize hydrogen
sulfide in natural gases without noticeable
conversion of hydrocarbon part of these gases.

However, since reaction (1) is highly exothermic
(∆H= -221 kJ/mole) technological problems of
efficient heat removal from a fixed catalyst bed
limit the application of this technology to gas
streams with H2S concentration below 10 vol.%.
There are several commercial processes based on
direct oxidation of H2S to sulfur, like MODOP,
CATASULF, etc., developed for specific goals,
mainly for cleaning tail gas of Claus units.

A few years ago in the Boreskov Institute of
Catalysis the technology of hydrogen sulfide direct
catalytic oxidation in a fluidized catalyst bed, that
has no restrictions on H2S concentration has been
developed. A raw hydrogen sulfide containing gas
is supplied to the reactor with a fluidized bed of
catalyst, simultaneously oxygen (or air) is fed into
the catalyst bed by a separate flow. Prior to regents
supply, the catalyst bed is heated in order to initiate
the catalytic reaction. The excessive heat of the
exothermic reaction of H2S oxidation is efficiently
removed by a heat-exchanger immersed into the
fluidized bed. The bed temperature is controlled by
the regulation of the amount of heat removed from
the bed with a heat-exchange agent [3-5].

New possibilities extending the range of the
application of the technology of direct H2S
oxidation are provided by monolithic honeycomb
catalysts recently designed for this process, which
possess several technological advantages over
granulated catalysts (most important of them low
pressure drop), especially for the gases with low
excessive pressure and for purposes when the
pressure loss is unacceptable. [6]. These catalysts
are promising for purification of tail gases and
removal of H2S from geothermal steam.

Results

Catalytic oxidation of hydrogen sulfide in a
fluidized catalyst bed

Laboratory study
Experimental study of the reaction of H2S direct

catalytic oxidation was carried out in a flow setup

with a vibro-fluidized catalyst bed. Mixture
H2S+N2 or H2S+RH was supplied from a gas
cylinder to a mixing unit, where it was diluted
with air. Reagents ratio H2S/O2 was varied within
0.3-2.0, depending on experimental goal. Flow
rate of H2S containing mixture was 1L/hour, and
that of air was varied according to the reagents
ratio. Inlet H2S concentration ranged from 5 to
20 vol.%. Mixture was analyzed using GC
“Tsvet-500” with TCD. Helium was used as a
carrier gas, its flow rate being 30 ml/min.
Separation of the gas mixture components
occurred in two columns - with NaX and Porapak
Q. NaX column (1m x 3 mm) worked at T= 20°C
to separate O2, N2, (CO, CH4). Porapak Q
column worked at T= 150°C to separate CO2,
H2S, SO2 and H2O. The reaction was performed
at T= 130-300°C and contact time τ ranging from
0.1 to 3.0 s.

Fig. 1 shows the comparison of H2S oxidation
over alumina and magnesium-chromium oxide
catalyst. It can be seen that alumina performance
in H2S oxidation is inferior to that of Mg-Cr
catalyst. The sulfur yield determined as the
product of H2S conversion and reaction
selectivity to sulfur is less than 60% in all the
range of the temperatures studied which may be
attributed to the proceeding of the reverse Claus
reaction over alumina, i.e. reaction of sulfur with
water producing H2S and SO2. Mg-Cr catalyst
exhibits a high selectivity up to 300°C, which
drops sharply at higher temperatures, possibly
due to the initiation of H2S gas phase oxidation
to SO2 proceeding via radical chain mechanism.

The effect of hydrocarbons in the
composition of the initial gas mixture on
parameters of the reaction of H2S direct
oxidation is the issue of fundamental
importance in the development of processes
of purification of fossil fuels from hydrogen
sulfide. Initially the separate oxidation of
hydrogen sulfide and propane was studied
over Mg-Cr catalyst under similar conditions.
In the both cases the ratio reagent/oxygen was
kept stoichiometric: 2.0 for H2S partial
oxidation and 0.2 for propane deep oxidation.
As can be seen from the results obtained (Fig.
2), the temperature regions where these
reactions take place are sufficiently separated.
Thus, at temperatures 220-260°C when the
sulfur  yield  is  close  to  100%,  the  reaction
of propane   oxidation   proceeds   at   a  very
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Fig. 2. Temperature dependencies of hydrogen sulfide and propane conversions over MgCr2O4/γ-Al2O3
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Table 1.

Results of study direct catalytic oxidation of H2S in the composition of hydrocarbon containing

Gas mixture components
Gas composition, vol. %

Reactor inlet                Reactor outlet

H2S
CO2

O2

N2

CH4

C2-C5

SO2 
300

SO2
330*

4.6
5.1
2.4

10.1
70.8
7.1
-
-

0.03
5.2
0.1

10.3
77.6
7.6
-

0.02

slow rate. It is worth to note also that hydrogen
sulfide has deactivating effect of on catalysts for
hydrocarbon transformations (deep and partial
oxidation, cracking, reforming, etc.) [7-8], thus it
should be expected that in the case of the joint
presence of H2S and hydrocarbons in a gas
mixture H2S mainly the reaction of H2S partial
oxidation will take place, because the catalysts
will be deactivated with respect to reactions of
hydrocarbon transformations retaining sufficient
activity for the goal reaction of H2S oxidation.

The oxidation of H2S in the composition of
complex mixture containing hydrocarbons
simulating real natural gas was studied directly
over the Mg-Cr catalyst. The results of the
experiments performed at 300°C and volume
space velocity of 3600 h-1 are given in Table 1.
The data obtained demonstrate that the
composition of the hydrocarbon portion of the
mixture remains unchanged at the maximum
temperature 300°C within the optimum range of
250-300°C. It was also shown that the
introduction of hydrocarbons to gas mixtures
containing H2S has a positive effect on selectivity
to sulfur especially at higher temperatures up to
330°C, which may be attributed to possible
reduction of SO2 to sulfur by hydrocarbons or by
CO formed upon hydrocarbon incomplete
oxidation.

Pilot tests.

The proposed process of H2S one-stage catalytic
oxidation to sulfur was tested in a pilot
installation at the Ufimsky Refinery (Fig. 3) with
the mixture simulating the composition of the acid
gas formed upon processing of Karachaganak

natural gas. The capacity of the installation with
respect to raw gas prepared by mixing H2S with
CO2  was 10-50 m3/h. The tests were conducted
as follows. The raw H2S containing gas was
taken from the monoethanolamine sorption unit
at the Ufimsky Refinery and mixed with CO2

from gas cylinders in a mixing unit. The
resulting gas mixture was heated to 200-220°C
in the electric heater and fed to the lower part of
the catalytic reactor to be oxidized by air stream
also preheated  to 200-220°C in a fluidized
catalyst bed. The reaction of H2S oxidation
proceeds with heat evolution, so in order to
maintain optimum temperatures of 250-300°C,
the excess heat was removed by a coil heat
exchanger immersed into the bed, with 90-100°C
water at the inlet and steam at the outlet.
Sulfur vapor produced in the reaction is directed
to à sulfur condenser, where it condenses, and the
resulting liquid sulfur is collected in a tank. The
residual sulfur in the exhaust gas stream is
removed by polyethyleneglycol in a sulfur trap at
160°C.

The results of the tests are given in Table 2.
The data in the Table show that the H2S
conversion equals 97.8-98.9%, with the
selectivity to sulfur being 97-99%. The
installation allows to obtain commercial sulfur
of the type 99.000 with a quality corresponding
to the State Standard.

During testing stable bed temperature and
fluidization regimes were maintained, and the
catalyst IC-12-72 exhibited stable performance
characteristics of activity and selectivity, which
is the evidence of efficiency of the process
developed and reliability of the design of the
installation.
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Fig. 3. Pilot installation at the Ufimsky Refinery.
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Table 2

Results of the tests of the pilot installation at the Ufimsky Refinery

ToC C H2S , vol..% Conversion, % Selectivity to S, %
260 25 97.8 99.0
350 30 98.9 97.3
300 35 98.3 98.5
300 40 98.5 99.0

Experimental-industrial tests

The technology was tested at experimental-
industrial scale at Shkapovo Gas Processing
Plant, in Priyutovo,  Bashkorstan, Russia. This
Plant was built for reprocessing of associated
gas at Shkapovo oil field. The gas is treated by
monoethanolamine absorption unit to remove
H2S and CO2 and then fractionated to produce
commercial products. The acid gas desorbed
from monoethanolamine purification unit
contains from 20 to 60% H2S. Up to now, the
acid gas was burned in torch and the products
of combustion – predominantly SO2 and
unreacted H2S were emitted to the atmosphere.
To prevent the atmosphere pollution and utilize
H2S from the acid gas an experimental-
industrial installation for H2S direct catalytic
oxidation was designed and constructed. The
schematic diagram of the installation is given
in Fig. 4. The raw gas for the installation is the
acid gas supplied from the desorber column.
The main parameters of the installation are
given below:

Capacity with respect to
acid gas, nm3/h                                 up to 300
Capacity with respect to
 sulfur produced, t/h                         up to 0.2
Catalyst loading, t                               0.1
Catalyst type IC-12-72(MgCr2O4/γ-Al2O3)

The tests of the installation allowed to
optimize operating parameters and ensure
the efficiency of H2S conversion to sulfur
at a level of 97%. The capacity of this
installation is sufficient for the
requirements of the Plant for acid gas
reprocessing. Thus, the possibil i ty to
replace the Conventional Claus process
by a new one-stage process of H2S
catalytic oxidation was demonstrated.

Direct oxidation of hydrogen sulfide to
sulfur over monolithic honeycomb catalysts

Purification of tail-gas of the Claus units

The process of Claus unit tail gas purification
using honeycomb catalysts was tested at
experimental-industrial plant in the Novo-
Ufimsky Refinery, Ufa. The conditions of tests
are given below:

     Gas supply to the plant, Nm3 /h up to  7000
     H2S concentration., vol.%              0.2-3.0
     SO2  concentration, vol.%              0.1-0.3
     Catalyst loading, t                                3

The efficiency of H2S removal was up to 95-
98%. The experience of one year testing of the
plant has shown that the catalyst retains its
structural and mechanical properties
(mechanical strength changes from 48.0 to 46.2
kg/cm2). The activity measured under standard
conditions (250oC, V=7200 h-1) has decreased
only by 8-11% for samples taken from various
parts of the reactor.

Purification of geothermal steam

Geothermal steam considered as an
alternative source of electrical and heat energy
usually contains admixture of hydrogen
sulfide. It causes equipment corrosion and
environment pollution. All modern methods for
purification of geothermal steam deal with so
called compressor exhaust, i.e. the steam at the
turbine outlet. Thus the turbine equipment is
not protected from a drastic impact of
hydrogen sulfide. Basing on the experience
in the development of processes of H2S direct
selective catalytic oxidation, we developed
the method of purification of geothermal
steam entering  the turbine using  honeycomb
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Fig. 4. Schematic diagram of the experimental - industrial plant
at Shkapovo Gas Processing Plant:

1. Absorber
2. Desorber

3. Catalytic reactor
4. Sulfur condenser

monolithic catalysts. The unique properties of
honeycomb monoliths provide conservation of
initial steam parameters, and thus catalytic
purification system has no significant effect on the
turbine energetic parameters.

The comparative laboratory studies of supported
catalytic systems showed that the catalyst based on
vanadium pentoxide exhibits the highest activity
and selectivity to sulfur in the reaction of hydrogen
sulfide oxidation even after long exposure in an
autoclave under 2.0 MPa of water vapor.

Based on the results obtained a pilot batch of
catalysts was manufactured. The pilot plant with
characteristics listed below was designed and built

at Mutnovskoe deposit  (Kamchatka peninsula,
Russia).
Main characteristics of the pilot plant:

Capacity (geothermal steam), t/h             up to 0.5
Monolithic catalyst loading, kg                     100

Operation conditions:

T,°C                                         150-180
Pressure, MPa                                   0.5-0.8
H2S conversion, %                                 ≥ 99

The results of the tests of the pilot plant are given
in Table 3. It was shown that at a space velocity of

Air

H2S+ CO2

4

Amine

21

3

SULFUR

RH
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Table 3

Results of the tests of the pilot plant at the Mutnovsoe deposit of geothermal steam

No Steam pressure,
MPa

Steam temperature,
 °C

Steam feed rate,
kg/h

Degree of H2S
removal, %

1 0.62 162 120 80
2 0.73 166 99 93
3 0.81 172 40 95
4 0.72 168 50 97
5 0.66 166 30 - 35 99.9
6 0.65 165 50 99.9
7 0.64 164 70 89

3600 h-1 the efficiency of H2S conversion to
elemental sulfur was close to 80%. With space
velocity reduced to 1000-1500 h-1 the efficiency of
purification increased to 99-99.9%. No sulfur
dioxide was detected after the catalytic reactor. The
study of the catalyst unloaded from the reactor after
2500 h of continuous operation showed that it
retained its mechanical strength and phase
composition.

Conclusions

Two modifications of efficient one-stage catalytic
technology of direct H2S oxidation to elemental
sulfur were developed and tested - in a fluidized
catalyst bed and over monolithic honeycomb
catalyst.

We believe the promising fields for the
implementation of the developed technologies to
be:
1. purification of the natural gas upon the initial

blowing of gas wells during well testing
procedure,

2. processing of natural gas instead of Claus
process

3. H2S removal from tail gas in  gas  processing
plants  and refineries,

4. purification of oil-associated gases,
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cured furan resin. Hereafter the iron-containing carbon andCarbon materials are fascinating because these materials
the control carbon are referred to as Fe-FR and FR,can have desired properties by controlling the preparation
respectively. The BET surface areas of FR and Fe-FR wereprocesses. While there are many ways to control the

239 and 159 m /g, respectively.carbonization process of organic substances, we have
The H S decomposition activity was studied by charg-engaged in the addition of iron compounds to the precursor 2

ing about 0.5 g of crushed carbon sample (0.25–1 mm)for that purpose [1–3]. The most striking effect of iron was
into a fixed bed reactor, of which temperature was linearlyfound, when iron-containing carbons prepared from poly-
increased from room temperature to 7008C at 108C/min(furfuryl alcohol) or phenol-formaldehyde resin mixed
under flowing 0.5 vol.% H S/N gas. The residence timewith ferrocene, were used as electrodes for an electro- 2 2

32 42chemical reaction of Fe(CN) /Fe(CN) [4]. Further was fixed at 1 s. The effluent gas was analyzed with a gas6 6

study revealed that the electrocatalytic activity has an chromatograph or a H S detector tube.2

intimate relation with the presence of a special type of The surface of the Fe-FR sample was characterized by
carbon, TS carbon [5]. TS carbon stands for thermally the CO-adsorption FTIR technique. After evacuating the
stable turbostratic carbons, which means that they do not pelletized sample at 4008C for 2 h in a conventional in-situ
graphitize even at temperatures as high as 30008C [6]. FTIR cell, the reference spectrum was obtained at room

Electrochemical reactions take place on the surfaces of temperature. Then 1–2 Torr of CO was introduced to
electrode materials, and electrocatalytic activity is ob- record the spectra both at the liquid nitrogen temperature
served when the electron transfer process that concerns the or at room temperature.
reactions is accelerated. Inhomogeneous catalytic re- The Fe-FR was identified as TS carbon, because it
actions, on the other hand, can be said to involve the showed a characteristic X-ray diffractogram and electro-

32 42reconstruction of the atomic arrays of molecules. Electron catalytic activity for Fe(CN) /Fe(CN) . Fig. 1 shows6 6

transfer between the reactant and the catalyst surfaces is an the temperature dependence of the activity for H S de-2

important process in some reactions. composition over the carbon samples. No activity was
In the present study, we have examined the catalytic observed for FR up to 6008C, however an increasing

activity of the TS carbon for the decomposition of hydro- activity was observed above 6008C. The activity of Fe-FR
gen sulfide: H S→H 1S. This reaction is important from started to increase around 2508C with a maximum at2 2

the following viewpoints: reducing the emission of a around 300–4008C. After the maximum, the activity
harmful gas to the environment and retrieving hydrogen decreased and finally showed an increase above 6008C
gas to be used as a fuel [7–9]. similar to the FR. It was also confirmed that no H S2

A homogeneous benzene solution of a furan resin decomposition took place without carbons throughout the
precursor supplied by Hitachi Chemical Co. Ltd. was temperature range investigated. According to the literature,
prepared which also contained 3 wt.% Fe of ferrocene and non-catalytic uniform decomposition of H S takes place2

10 wt.% of trichloroacetic acid. After removing benzene above 7408C [8,9]. Combining the above observations, the
from the solution, the mixture cured in an oven at 808C for reaction which took place above 6008C was caused by a
48 h under an N flow. The cured resin was, then, catalytic effect of the carbon surface.2

carbonized at 9008C for 1 h in a He stream. A control Fig. 2 shows the difference FTIR spectra of the adsorbed
carbon sample, FR, was also prepared from the pristine CO on the Fe-FR catalyst. Both spectra with two different

measuring temperatures revealed the presence of iron
species that could interact with gas phase CO. This*Corresponding author. Tel.: 181-277-301-352; fax: 181-
supports the presence of the iron species on the surface of277-301-353.

0008-6223/01/$ – see front matter  2001 Elsevier Science Ltd. All rights reserved.
PI I : S0008-6223( 01 )00113-0
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in the transition metal sulfide catalysts for H S decomposi-2

tion are claimed to be the unsaturated metal sites where the
ligand sulfurs are missing [8,9]. Because this kind of site
acts as a Lewis acidic site, we temporarily consider that the
Lewis acidic sites found in FTIR should be responsible for
the H S decomposition activity of carbons. Such sites2

would be abundant in Fe-FR and the acid washed Fe-FR
samples.

In summary, it was revealed that the electrochemically
active carbon, TS carbon, was also catalytically active in
the H S decomposition reaction. The reactivity was di-2

vided into two-temperature regions, the low temperature
and the high temperature reactions. From CO-adsorption
FTIR and acid washing studies, the surface iron species
was found to be responsible for the former reaction, while
the Lewis acidic site was inferred to be the reason for theFig. 1. Temperature dependence of the H S decomposition over2

latter reaction. Further study on the nature of the TSdifferent carbons. h, FR; s, Fe-FR; d, acid washed Fe-FR.
carbon is required.

Fe-FR discussed above. Beside these Fe-peaks, there are
also bands at higher wavenumber such as 2208 and 2218

21 Acknowledgementscm . These were assigned to CO adsorbed on Lewis acid
sites [10], which were probably located on the surface of

This study was conducted as a project of the Proposal-the carbon, because these sites cannot be observed in the
based International Joint Research Program, entrusted bycommon Fe catalyst system.
the New Energy and Industrial Technology DevelopmentIn order to clarify the role of the surface iron species, we
Organization (NEDO), 2000 fiscal year.conducted removal of surface iron species by treating

Fe-FR with hydrochloric acid. As shown in Fig. 1, the
hump in the conversion curve for Fe-FR completely
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A modern industrial process for hydrocarbon feed-
stock cleaning of mercaptans is their oxidation to
dialkyl disulfides with molecular oxygen in an alkaline
medium in the presence of phthalocyanine catalysts
[1

 

−

 

4].
The following main reactions relevant to this treat-

ment for the removal of mercaptans occur in the mate-
rial:

RSH

 

 + 

 

NaOH

 

  

 

RSNa

 

 + 

 

H

 

2

 

O

 

,

2

 

RSNa

 

 + 0.5

 

O

 

2

 

 + 

 

H

 

2

 

O

 

  

 

RSSR

 

 + 2

 

NaOH

 

. 

 

As follows from this scheme, a byproduct of the
process is a mixture of organic dialkyl disulfides RSSR,
the so-called disulfide oil (DSO), a waste whose dis-
posal from demercaptanization units is still an unre-
solved problem. To date, the disulfide oil has not found
qualified application and is practically undisposable;
meanwhile, its storage creates a safety hazard. Thus,
the stock of DSO produced all over the world continu-
ously grows. Therefore, the problem of the utilization
of the disulfide oil via its processing into chemicals that
are in demand is of great importance.

One of the possible ways of coping with the problem
is the conversion of DSO into thiophene, a compound
used for the synthesis of a range of valuable drugs for
human and veterinary medicine, as well as chemicals
for agriculture (herbicides and pesticides) [5–8]. New
application areas of thiophene as a reactant for the fab-
rication of conducting and light-emitting polymers
[9, 10], dyes and bleaching agents, additives for lubri-
cating oils, and antiknocks [11, 12] are of great interest
and perspective.

At present, according to [13–15], there are two main
methods for the synthesis of thiophene and its deriva-
tives: the catalytic reaction of 

 

ë

 

4

 

 oxygenates with

Cat

 

hydrogen sulfide or carbon disulfide in the presence of
catalysts at moderate temperatures of 

 

400–600°ë

 

. For
preparative purposes, laboratory methods, in particular
the Paal–Knorr synthesis, as well as the synthesis of
thiophene from furan or pyrrole according to the Yur’ev
reaction, can be used. The main drawbacks of these
methods are the low economic efficiency, which is pri-
marily due to the use of expensive and less available
reagent materials, and an insufficient selectivity of the
reactions. All of these factors result in a high produc-
tion cost of the desired product thiophene.

In this work, we studied the feasibility of thiophene
synthesis from organic dialkyl disulfides (disulfide oil)
and 

 

n

 

-butane using a modified magnesia–chromia–alu-
mina catalyst.

EXPERIMENTAL

Feedstock components used in laboratory studies of
thiophene synthesis were dimethyl disulfide containing
a 99.57 wt % base substance; a mixture of organic
dialkyl disulfides (disulfide oil) from the propane–
butane demercaptanization unit (Orenburg gas process-
ing plant) with dimethyl disulfide, methyl ethyl disul-
fide, and diethyl disulfide contents of 69.69, 24.54, and
3.15 wt %, respectively; and a grade B 

 

n

 

-butane cut (TU
(Technical Specifications) 0272-026-00151638-99)
which contained 88.0 wt % 

 

n

 

-butane (OAO Nizhneka-
mskneftekhim).

A special catalytic system containing chromium and
magnesium oxides as an active component and potassium
and/or lanthanum oxides as a promoter of the general for-
mula 

 

t

 

Mg

 

1 – 

 

n

 

Cu

 

n

 

Cr

 

2

 

O

 

4

 

–

 

x

 

MgO

 

–

 

y

 

K

 

2

 

O

 

–

 

z

 

La

 

2

 

O

 

3

 

/

 

Al

 

2

 

O

 

3

 

,
where 

 

t

 

 lies in the range 5 wt %; 

 

x

 

, 

 

y

 

, and 

 

z

 

 are at most
3.2, 2, and 10 wt %, respectively; and the value of

 

n

 

 ranges within 0–1, was designed for the thiophene
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Abstract

 

—A promising new method for thiophene synthesis on the basis of dialkyl disulfides (byproduct of
demercaptanization of hydrocarbon feedstocks) catalyzed by a modified magnesia–chromia–alumina catalyst
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synthesis from organic disulfides. The catalyst was pre-
pared via the impregnation of a grained alumina sup-
port with a magnesium and/or copper dichromate solu-
tion of predetermined concentration and subsequent
drying and thermal treatment. The impregnation was
performed in the incipient wetness mode. In the final
stage of treatment, catalyst grains containing magne-
sium and/or copper dichromate were promoted by
admixtures of potassium and/or lanthanum oxides.

The process was conducted in a catalytic reactor
with a fixed catalyst bed at a space velocity of
400

 

−

 

1800 h

 

–1

 

, a temperature of 

 

400–600°ë

 

, and an

 

n

 

-butane/dialkyl disulfide molar ratio in the range
1/(1

 

−

 

2).
The reaction mixture was analyzed chromatograph-

ically in the on-line mode with an LKhM-80 gas chro-
matograph equipped with a thermal conductivity detec-
tor, a 

 

3000 

 

×

 

 3

 

 mm column packed with 10% 1,2,3-tris-

 

β

 

-cyanoethoxypropane on diatomaceous earth, and a
ATsP-E24 (L-Card) analog-to-digital converter; the
data acquisition and processing program was
NetChrom 2.1.

The yield of thiophene was determined according to
the following formula in terms of 

 

n

 

-butane fed:

 

Y

 

 = [ ]

 

K

 

 

 

×

 

 100%,

 

where  is the mass fraction of thiophene in the

products (g/g),  is the mass fraction of 

 

n

 

-butane
in the reactants (g/g), and 

 

K

 

 is the ratio of the molar
mass of thiophene to that of 

 

n

 

-butane.

RESULTS AND DISCUSSION

Determination of the catalyst activity in the synthe-
sis of thiophene is based on the study of the model reac-
tion between 

 

n

 

-butane and dimethyl disulfide (DMDS).
This reaction is most complicated from the viewpoint
of both its thermodynamic parameters and the mecha-
nism of the process.

Earlier, Mashkina et al. [16–18] experimentally
showed that, independent of the choice of the sulfur-
containing feedstock, the activity of hydrogen sulfide-
sulfided specimens of alumina–chromia catalysts dur-
ing thiophene synthesis is somewhat higher than the
activity of analogous oxide specimens. In this work, the
catalyst was also sulfided; however, we used dimethyl
disulfide as the sulfiding agent. This method signifi-
cantly simplifies the sulfidation procedure, as dimethyl
disulfide is less toxic than hydrogen sulfide and has a
low vapor pressure, properties that facilitate its storage
and accurate dosing. In addition, DMDS is a compo-
nent of disulfide oil and is readily isolated upon its rec-
tification, i.e., is a more available sulfiding agent.

Sulfidation was carried out according to the follow-
ing procedures:

—sulfiding with pure DMDS in a helium flow at

 

450°ë

 

;

CC4H4S/CC4H10

CC4H4S

CC4H10

 

—sulfiding with DMDS in a hydrogen flow at a vol-
ume ratio of DMDS : 

 

ç

 

2

 

 = 1 : 3 and 

 

450°ë

 

.

Figure 1 presents the data on the activity of catalysts
in the oxide form and the catalysts sulfided according to
these procedures. As follows from these data, the
DMDS-sulfided catalyst shows the lowest activity: the
yield of thiophene for 4 h was 40 wt %; the yield of
thiophene on the catalyst in the oxide form for 2 h was
70 wt %; however, during the next 2 h, the yield rapidly
decreased to 40 wt %. The highest activity and selectiv-
ity is exhibited by the catalyst sulfided with DMDS in
a hydrogen flow; in this case, the yield of thiophene was
90 wt %.

This effect can be explained on the basis of pub-
lished data [16–18]. As follows from that data, the
activity of alumina–chromia catalysts in the synthesis
of sulfur heterocycles strongly depends not only on the
presence of sulfur in the catalyst, but also on the sulfur
reactivity. The most active catalysts have sulfur bonded
less strongly to the catalyst surface.

Thus, since one of the functional properties of the
catalyst is dehydrogenation, active sites of the catalyst
in the case of sulfidation with pure DMDS become par-
tially coked because of the lack of hydrogen, owing to
the complete dehydrogenation of hydrocarbon frag-
ments formed during the thermal decomposition of
DMDS. As a result of this unfavorable effect, a part of
the catalyst surface is blocked with coke, thereby lead-
ing to a decrease in the catalyst surface area covered
with active sulfur.

 

0 25 2502252001751501251007550

 

Time, min

 

10

20

30

40

50

60

70

80
90

100

 

Thiophene yield, wt

 

%

 

Catalyst in the oxide form
Catalyst sulfided with DMDS at 

 

450°C

 

Catalyst sulfided with DMDS in a hydrogen

 

 

 

flow at

 

 450°C

 

Fig. 1.

 

 Dependence of the magnesia–chromia–alumina cat-
alyst activity in the synthesis of thiophene from dimethyl
disulfide and

 

 n

 

-butane on the sulfidation conditions: 580

 

°

 

C,
the volume ratio of DMDS :

 

 n

 

-butane = 1 : 1, contact time
was 2 s (for Figs. 1–5, 7 and 8).



 

114

 

PETROLEUM CHEMISTRY

 

      

 

Vol. 48

 

      

 

No. 2

 

     

 

2008

 

KOPYLOV et al.

 

The same effect, although to a lower degree, is char-
acteristic of the catalyst in the oxide form. It is likely
that the oxide catalyst, exhibiting a higher cracking
activity, decomposes the reactants at the initial stage of
the process and the forming hydrogen sulfide converts
metal oxides to the corresponding sulfides, which are
active in the cyclization reaction; however, a portion of
the active centers become coked as a result of the par-
allel reaction of 

 

n

 

-butane dehydrogenation.
These negative factors can be minimized by the sul-

fiding catalyst with DMDS in a hydrogen stream.
An analysis of the data presented in Fig. 1 leads to

the conclusion that the choice of the sulfiding agent and
the sulfidation procedure are important aspects in the
synthesis of thiophene from dialkyl disulfides and 

 

n

 

-
butane. Thus, the preliminary sulfidation of the catalyst
with DMDS in a hydrogen flow at 

 

450°ë

 

 significantly
improves the catalyst performance characteristics: con-
version, selectivity, and stability of operation. There-
fore, the following experiments were conducted using
the catalyst sulfided with DMDS in a hydrogen flow.

The next step of the work was to determine the influ-
ence of the reaction temperature on the catalyst activity,
which was evaluated as the yield of thiophene.

A characteristic property of dialkyl disulfides is the
relatively low strength of their S–S and C–S bonds,
which break upon heating or the interaction of dialkyl
disulfides with the catalyst surface. Thermodynami-
cally, the formation of thiophene from DMDS and 

 

n

 

-
butane is allowed even at 

 

300°ë

 

. However, as follows
from the experimental data (Fig. 2) on varying the tem-
perature in the range 

 

300–650°ë

 

, the formation of
thiophene takes place only at temperatures above

 

450°ë

 

. In noticeable amounts (more than 50 wt %),
thiophene is formed beginning from 

 

550°ë

 

 and reaches

its maximum yield of 90 wt % at 

 

580°ë

 

. The elevation
of the temperature above 

 

600°ë

 

 does not produce a
favorable effect: on the contrary, the catalyst is quickly
deactivated and its activity falls from 70 to 40 wt %
within 2 h. The rapid deactivation of the catalyst at tem-
peratures above 

 

600°ë

 

 is associated with its coking due
to the acceleration of the dehydrogenation reaction.

As follows from the data given in Fig. 3, an increase
in the 

 

n-butane-to-DMDS ratio from equimolar to two-
fold excess decreases practically twice the yield of
thiophene on a fed n-butane basis. Thus, the increase in
the hydrocarbon-to-dialkyl disulfide ratio gives no pos-
itive effect.

An increase in the concentration of the reactants
DMDS and n-butane in helium from 10 to 30 vol %
(Fig. 4) significantly decreases the thiophene yield
from 90 to 50 wt %. This decline can be explained by
the fact that the fixed-bed mode of catalyst operation
cannot ensure the ideal displacement conditions and,
thus, makes it impossible to attain the maximal catalyst
productivity. In the stationary regime, even small devi-
ations of the ratio of the reactor diameter to the catalyst
grain diameter leads to the disturbance of the plug flow;
as a result, the local linear gas velocity can significantly
deviate from the average value. The use of an ebullating
bed of the catalyst can prevent negative phenomena,
such as the breakthrough and the formation of dead
spaces; decreases the degree of catalyst coking; and
increases its activity in comparison with the fixed bed.

Taking into account the results of investigations
concerning the influence of the main parameters (tem-
perature, concentration, and reactant ratio) on the cata-
lytic activity, we conducted three-cycle experiments on
thiophene synthesis from n-butane and DMDS (Fig. 5);
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Fig. 2. Influence of temperature on the yield of thiophene from
n-butane and DMDS; the DMDS : n-butane volume ratio is
1 : 1, the reactant concentration in helium is 10 vol %.
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Fig. 3. Dependence of the thiophene yield on the ratio of
n-butane to DMDS at 580°C and a reactant concentration in
helium of 10 vol %.
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each cycle included three stages: sulfidation–synthe-
sis–regeneration.

As follows from the results of the study of the model
reaction of thiophene synthesis from dimethyl disulfide
and n-butane, the magnesia–chromia–alumina catalyst
makes it possible to maintain the thiophene yield at a
level of 60–90 wt % during 4 h; afterwards, the yield of
thiophene gradually decreases (up to 30–40 wt %). To
recover the catalytic activity, the catalyst was subjected
to oxidative regeneration with air oxygen at 580°ë. It
was found that the carbon is removed as carbon dioxide
from the deactivated catalyst surface. The higher the
initial amount of carbon in the specimen, the longer the
full catalyst regeneration time. The regeneration condi-
tions employed, ensuring the removal of coke from the
catalyst surface, leave intact both the phase composi-
tion of the catalyst and the electronic state of chro-
mium.

It follows from the analysis of the results obtained in
the second and the third cycle that the catalyst almost
completely recovers its catalytic properties after regen-
eration.

The aim of the kinetic experiments was to obtain an
accurate mathematical description of the model reac-
tion on the basis of the experimental data. Studying the
kinetic behavior of the reaction of the thiophene syn-
thesis from DMDS and n-butane on a magnesia–chro-
mia–alumina catalyst showed that the reaction is first
order in dimethyl disulfide at the initial period of time.

Based on the analysis of the results of the exper-
iments, we obtained the rate equation: wDMDS =
−dCDMDS/dτ = k0exp(–EA/RT)CDMDS.

The parameters of the rate equation are as follows:
K0 = 0.084 min–1 and the activation energy EA of the
process in the temperature range 550–580°ë is
2295 J/mol at the initial period of time.

The calculated and experimental data for the model
reaction of thiophene synthesis are collated in Fig. 6.

As follows from the obtained data, the proposed
kinetic model is not universal; in our case, this model
adequately describes the region at the initial period of
the reaction at temperatures in the range 550–580°ë.
This fact allows us to assume that thiophene is initially
formed from DMDS at the optimal temperature of
580°ë and, then, its formation follows a complex mul-
tistage mechanism that cannot be described by this sim-
plified kinetic model.

An analysis of the composition and concentration of
the components of the reaction mixture (Fig. 7) in the
synthesis of thiophene from n-butane and DMDS
showed that the equilibrium mixture predominantly con-
sists of methane, thiophene, and hydrogen sulfide. There
were no reaction products other than these. The obtained
experimental data agree with the results of a preliminary
calculation of the equilibrium composition of a gaseous
mixture for the reaction between n-butane and dimethyl
disulfide with the use of the IVTANTERMO program,
which makes it possible to calculate the equilibrium
parameters of gaseous mixtures on the basis of the ther-
modynamic data.

The results obtained in this work confirm the step-
wise mechanism of the thiophene formation suggested
previously [16–18]. At the first stage, the interaction of
dimethyl disulfide with the surface of a sulfided catalyst
leads to the dissociative absorption of the disulfide with
the cleavage of the S–S and C–S bonds and the forma-
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Fig. 4. Dependence of the thiophene yield on the concentra-
tion of n-butane and DMDS in helium at 580°C and a
DMDS : n-butane volume ratio of 1 : 1.
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tion of adsorbed hydrocarbon fragments that undergo
further transformations (dimerization, dehydrogena-
tion, etc.) on the catalyst surface under the given condi-
tions:

2CH3SSCH3                 4–CH– 4S  +

       –CH=CH–CH=CH– 4S.+

–Me–S–Me–

–Me–S–Me–

Along with the dissociative adsorption of dimethyl
disulfide on the catalyst surface, n-butane undergoes
dehydrogenation yielding the reactive hydrocarbon
fragment:

ëH3–ëç2–ëç2–ëH3  –CH=CH–CH=CH–.

Condensation of these dehydrogenated hydrocarbon
groups with the surface sulfur of the catalyst results in
the formation of the thiophene ring:

–CH=CH–CH=CH– + Kat[S]   + Cat [ ].

Being desorbed from the catalyst surface, the
thiophene takes away a portion of the sulfur, thereby
resulting in catalyst deactivation. The next stage is the
resulfurization of the catalyst surface by the reaction
medium: Cat[ ] + S  Cat[S].

It also follows from the obtained data that the
decline in the catalyst activity is due to the deactivation
of the catalytic active sites responsible for the cycliza-
tion of the thiophene ring because of an increase in the
carbon load on the catalyst active sites. The increase in
the methyl mercaptan and hydrogen sulfide concentra-
tions in the equilibrium mixture is a clear indication of
this fact.

The results presented in Fig. 8 show that, in the case
of the disulfide oil used instead of dimethyl disulfide,
the magnesia–chromia–alumina catalyst maintains the
yield of thiophene at a level of 60–100 wt % for 2 h;
afterwards, the yield of thiophene decreases (up to
30−40 wt %). This finding can be explained on the basis
of the assumption that an increase in the proportion of
disulfides with a higher molecular mass in the feed mix-
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Fig. 6. Experimental and calculated rate curves for
thiophene formation at 550°C and 580°C.
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0 25 2502252001751501251007550
Time, min

10

20
30

40
50

60

70
80

90
100
Thiophene yield, wt %

Cycle 1 Cycle 2 Cycle 3

Fig. 8. The yield of thiophene during its synthesis from
n-butane and disulfide oil at 580°C at a concentration of
reactants in helium of 10 vol % and a disulfide oil : n-butane
volume ratio of 1 : 1.



PETROLEUM CHEMISTRY      Vol. 48      No. 2      2008

CATALYTIC SYNTHESIS OF THIOPHENE 117

ture (methyl ethyl disulfide, diethyl disulfide, etc.)
facilitates their decomposition to the corresponding
mercaptans followed by the transformation of the latter
to thiophene.

To summarize, it was shown that aliphatic disulfides
or their mixtures can be used for the catalytic synthesis
of thiophene. The process proceeds in the presence of a
magnesia–chromia–alumina catalyst modified with
potassium and lanthanum oxides, with the yield of
thiophene depending on the length of the alkyl radicals
in the reactant dialkyl disulfide and on the reaction con-
ditions. The developed method makes it possible to
obtain thiophene with a yield of up to 90 wt % under
appropriate conditions.

Further investigation into the synthesis of thiophene
from the disulfide oil will be conducted using the ebul-
lating bed of the catalyst, an arrangement that will pre-
sumably increase the lifetime and the activity of the cat-
alyst.
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The preparation of Pt-zeolite catalysts, including choice of the noble metal precursor and loading (1.0–

1.8 wt.%), was optimized for maximizing the catalytic activity in thiophene hydrodesulphurization

(HDS) and benzene hydrogenation (HYD). According to data obtained by HRTEM, XPS, EXAFS and FTIR

spectroscopy of adsorbed CO, the catalysts contained finely dispersed Pt nanoparticles (2–5 nm)

located on montmorillonite and zeolite surfaces as: Pt0 (main, nCO = 2070–2095 cm�1), Pt
d+

(nCO = 2128 cm�1) and Pt2+ (nCO = 2149–2155 cm�1). It was shown that the state of Pt depended on

the Si/Al zeolite ratio, montmorillonite presence and Pt precursor. The use of H2PtCl6 as the precursor

(impregnation) promoted stabilization of an oxidized Pt state, most likely Pt(OH)xCly. When

Pt(NH3)4Cl2 (ion-exchange) was used, the Pt0 and hydroxo- or oxy-complexes Pt(OH)6
2� or PtO2

were formed. The addition of the Ca-montmorillonite favoured stabilization of Pt+d. The Cl� ions inhibit

reduction of oxidized Pt state to Pt particles. The Pt-zeolite catalyst demonstrated high efficiency in

ultra-deep desulphurization of DLCO. The good catalyst performance in hydrogenation activity and

sulphur resistance can be explained by the favourable pore space architecture and the location and the

state of the Pt clusters. The bimodal texture of the developed zeolite substrates allows realizing a

concept for design of sulphur-resistant noble metal hydrotreating catalyst proposed by Song [C. Song,

Shape-Selective Catalysis, Chemicals Synthesis and Hydrocarbon Processing (ACS Symposium Series

738), Washington, 1999, p. 381; Chemtech 29(3) (1999) 26].
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1. Introduction

In the last decade, requirements to the concentration of
harmful substances in the exhaust gases of gasoline and diesel
engines keep getting much stricter [1]. This tendency led to
stricter requirements to the quality of motor fuel. According to the
Directive of the European Union, diesel fuel in Europe should not
contain more than 50 ppm sulphur (ultra-low-sulphur-diesel–
ULSD, EURO-IV) starting from 2005, no more than 10 ppm sulphur
(near-zero-sulphur-diesel–NZSD, EURO-V) starting from 2010,
and no more than 10 vol.% of aromatic substances [2]. According to
the US regulations, the sulphur concentration in diesel fuel should
not exceed 15 ppm starting from June 2006 [3]. All diesel fuel
* Corresponding author at: Boreskov Institute of Catalysis, Pr. Akad. Lavrentieva,

5 Novosibirsk 630090, Russia.

E-mail address: yashnik@catalysis.ru (S.A. Yashnik).

0920-5861/$ – see front matter � 2009 Elsevier B.V. All rights reserved.

doi:10.1016/j.cattod.2009.01.030
produced in Russia should conform to the EURO-IV standards
starting from 2010.

The industrial hydrodesulphurization catalysts CoMo/Al2O3

and NiMo/Al2O3 decreased typically the sulphur concentration in
diesel fuel to 350–500 ppm [4,5]. The new present-day catalysts
such as TK558-Brim, TK559-Brim and TK576-Brim provide a
decrease of sulphur content to 50 ppm [6]. To purify diesel fuel to
50 ppm S or less one has to remove the least-reactive sulphur-
containing-alkyl-substituted dibenzothiophenes [7–10] while
maintaining the other diesel fuel requirements such as the cetane
number, density, polynuclear aromatics contents and 95% dis-
tillation point [2,3]. The conventional supported CoMo/Al2O3 and
NiMo/Al2O3 sulphide hydrodesulphurization catalysts cannot
accomplish these tasks.

Usually crude oil contains a wide range of sulphur-containing
compounds: mercaptans, sulphides, thiophenes, benzothiophenes
and their alkyl-substituted derivatives. The reactivity of organo-
sulphur compounds depends on their structure and local
environment of the sulphur atom [8,11]. Low-boiling oil fractions

mailto:yashnik@catalysis.ru
http://www.sciencedirect.com/science/journal/09205861
http://dx.doi.org/10.1016/j.cattod.2009.01.030
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contain mainly aliphatic organosulphur compounds: mercaptans,
sulphides and disulphides that are easily and completely removed
in industrial hydrodesulphurization processes over CoMo/Al2O3

and NiMo/Al2O3 sulphide catalysts [11]. These substances can be
easily eliminated by non-catalytic methods as well, e.g. by Merox
process [11]. Meanwhile, organosulphur compounds containing
the thiophene ring predominate in heavier oil fractions, such as
diesel fraction, light and heavy gasoil [11]. It is more difficult to
eliminate them by hydrodesulphurization compared to mercap-
tans and sulphides. The oil fractions such as bottom fluid catalytic
cracking (FCC) naphtha, coker naphtha, FCC and coker diesel
contain mostly alkylated benzothiophenes, dibenzothiophene and
its derivates, as well as polynuclear organosulphur compounds
[11], which have very low reactivity in hydrodesulphurization
reactions.

Solution of the deep hydrodesulphurization problem requires
either improvement of severity of industrial hydrodesulphuriza-
tion processes (increase of the process temperature and pressure
[10–13], decrease of the feed flow rate [10]) or development of new
catalysts with high activity and selectivity [10–14]. However, more
severe conditions of the HDS process are not always possible. For
example, higher pressure leads to olefins saturation, and higher
temperature results in increased coke formation and subsequent
catalyst deactivation. When the fuel feed flow rate is considerably
reduced, the catalyst lifetime is shortened. It is most desirable
economically to increase the activity and selectivity of the
catalysts. This is the reason why the interest of researchers to
development of catalytic systems for hydrodesulphurization
processes does not go down.

The main approaches to improvement of the catalysts for deep
hydrodesulphurization can be tentatively divided into three
groups:

(1) Development ofnew methods for deposition and activation of the
active component in Co(Ni)Mo(W)/Al2O3 catalysts [6,13–18];

(2) Application of improved supports with optimal textural and
acid–base properties, e.g. amorphous silicates, mixtures of
silica, titania or zirconia with alumina, zeolites [13,14,19–24];

(3) Application of active complexes different from Co(Ni)MoS that
have high hydrogenation activity, e.g. Pt, Pd [25–29], nitrides
[30], carbides [30–32], phosphides [33,34].

Each of these three approaches for improvement of the catalyst
increases the efficiency of the motor fuel desulphurization mostly
by changing the reaction pathway from direct desulphurization
(DDS) to preliminary conversion of alkyldibenzothiophenes to
more reactive molecules by ‘‘benzene ring hydrogenation’’ (HYD),
isomerization and dealkylation [10–14]. The catalytic activity in
HYD reaction is mostly determined by the catalyst hydrogenation
properties that can be increased by introduction of appropriate
metals, such as Ni and W [4,15], Pt [25], Pd [27,29,35–38], and/or
use of a suitable support [25–28]. The activity in other, non-HYD
reactions, mostly depends on the acid–base properties of the
support [10,12–14].

Today, catalysts based on Pt and Pd supported on various oxide
supports [23,24,28,29] or zeolite-containing materials [25–27] are
considered as candidates for second stage of two-stage deep
hydrodesulphurization of motor fuels when the oil fraction is
already mostly desulphurized on sulphide catalysts CoMo/Al2O3

and NiMo/Al2O3 [13,14,28]. PtPd/ASA catalysts are excellent for
hydrodesulphurization of oil fractions with low concentrations of
sulphur and aromatic substances [25,26]. However, supported
PtPd/ASA catalysts are quickly deactivated by sulphur if its
concentration in the fuel is high [11,26]. At high concentration
of aromatic compounds Pt/ASA was found to be more active than
PtPd/ASA [11,26]. Pd was found to be more active than Pt in
hydrogenation reaction in the presence of sulphur components
[29,35–38]. So, the introduction of a second metal, e.g. Pd to Pt,
improves the catalytic activity in hydrogenation reaction in the
presence of sulphur [39] and the catalytic performance in
conversion of substituted dibenzothiophenes [40,41].

A new concept in design of hydrodesulphurization catalysts
suggested by Song [10,42] makes it possible to improve the
stability of noble metals to deactivation in hydrodesulphurization
processes [10,11,25,27,42,43]. According to his concept, the
catalyst must be bifunctional, have bimodal pore size distribution
(e.g. zeolite) and two types of active sites [10,42]. The sites of the
first type are located in large pores, accessible to large organo-
sulphur molecules and sensitive to deactivation with sulphur. The
sites of the second type are located in small pores (zeolite
channels), inaccessible to organic molecules and stable to
deactivation. Hydrogen easily penetrates into the small pores
where it is dissociatively adsorbed. Then, it can move along the
pore system and be used for regeneration of the deactivated sites of
the first type. Such autoregeneration maintains the high activity
even when the sulphur concentration on the oil fraction is high.
However, this concept requires supports with suitable textural and
surface properties to be developed.

The current study was devoted to rational design of nanos-
tructured sulphur-tolerant Pt catalysts based on zeolite-mono-
lithic materials and investigation of their activity in thiophene
hydrogenolysis and benzene hydrogenation. These catalytic
materials enable simultaneous ultra-deep desulphurization and
dearomatization of petroleum feedstocks. FTIR spectroscopy of
adsorbed CO molecules, electron microscopy (SEM and TEM),
nitrogen adsorption, XPS and EXAFS were used for investigation of
the state of Pt, morphology, textural and acid properties of the
zeolite materials and catalysts. These data make it possible to
arrive at fundamental understanding of relationships between
their structure and catalytic performance.

2. Experimental

2.1. Catalyst preparation

The honeycomb zeolite-containing monoliths were prepared by
extrusion according to the technique described in [44]. The
extrusion masses were prepared by blending powdered experi-
mental-industrial H-ZSM-5 zeolites (distinguished by the Si/Al
atomic ratio) with a Ca-montmorillonite sol (Tagan’skoe deposit,
Kazakhstan). The zeolite-containing monoliths were calcined at
600 8C for 4 h. The zeolite and Ca-montmorillonite loadings in the
calcined monoliths were 65 wt.% and 35 wt.%, respectively. The
physicochemical properties of the zeolite-containing materials are
presented in Table 1.

Pt was introduced in the honeycomb zeolite-containing
monolith by incipient wetness impregnation or by ion-exchange.
For incipient wetness impregnation the zeolite-monolith was
immersed in aqueous solutions of hexachloroplatinum acid,
H2PtCl6, or tetraammineplatinum chloride, Pt(NH3)4Cl2, with
specified concentration for 15 min. Then, the monoliths were
taken from the solutions, and solution excess was removed by
compressed air flow.

For ion-exchange the zeolite-monolith was plunged into
aqueous solutions of Pt(NH3)4Cl2 with 2.5 mg Pt ml�1 concentra-
tion and kept for 2 days. Then, the zeolite-monolith was taken from
the solution and washed with water, and excess of solution and
water was removed by compressed air flow.

After the impregnation or ion-exchange procedure the mono-
liths were dried at 110 8C and calcined at 400 8C for 4 h. The Pt
loadings were 0.8–1.9 wt.%. The physicochemical properties of the
Pt-zeolite catalysts are presented in Table 2.



Table 1
Textural and physicochemical characteristics of monoliths prepared by extrusion of the oxide powder with montmorillonite sol.

Monolith Oxide component Pore structurea SBET (m2 g�1) Sexternal (m2 g�1) Mechanical strength on

generatrix (kg/cm2)

VS (cm3 g�1) Vmicro (cm3 g�1) Dav (nm)

ZM-17 H-ZSM-5-17 0.28 0.08 4.5 265 89 10

ZM-30 H-ZSM-5-30 0.26 0.08 4.5 290 100 19

ZM-45 H-ZSM-5-45 0.36 0.07 4.7 250 98 21

YM Na-Y 0.28 0.2 2.0 460 28 7

SiM SiO2 0.63 – 15.5 162 157 48

AlM Al2O3 0.30 – 9.3 129 125 32

ZAb H-ZSM-5-45 0.33 0.07 5.0 300 100 4

Zc H-ZSM-5-45 0.25 0.095 – 127 346 –

Md Montmorillonite 0.036 0.0001 6.0 23 24 –

a N2 adsorption technique: VS—total pore volume of pores between 1 and 300 nm, Vmicro—micropore volume, Dav—BET average pore diameter, SBET—BET surface area,

Sexternal—surface area of crystallites.
b Prepared with Al hydroxide (as a binder).
c Powder of H-ZSM-5-45 calcined at 600 8C.
d Powder of Ca-montmorillonite calcined at 600 8C.
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For comparison the catalysts based on H-ZSM-5 and Ca-
montmorillonite powders were prepared under similar conditions.
Their properties are also presented in Table 2.

The catalysts are designated in the text as follows: xPt(a)/Y-b,
where x is the Pt loading (0.8–1.9 wt.%), a is the Pt precursor and
preparation route (Cl—H2PtCl6, impregnation; A—Pt(NH3)4Cl2, ion-
exchange), Y is the support (Z—H-ZSM-5 zeolite powder; ZM—
honeycomb monolith based on zeolite with montmorillonite, M—
montmorillonite powder), and b is the zeolite Si/Al ratio (17, 30,
and 45).

2.2. Physicochemical properties

The textural properties of the zeolite powders and the zeolite-
containing monoliths-total pore volume (VS cm3 g�1), volume of
micropores (Vmicro, cm3 g�1) and mesopores (Vmezo, cm3 g�1),
specific surface area (SBET, m2 g�1) and crystallite external surface
area (Sexternal, m2 g�1)–were determined from the nitrogen
adsorption isotherms. The nitrogen adsorption isotherms were
measured at 77 K using ASAP-2400 instrument. The samples were
degassed under vacuum at 570 K before the nitrogen adsorption.
The micropore volumes and the crystallite external surface areas
were calculated from the nitrogen desorption isotherm by the
t-method. The data were processed according to the procedure
described in [45]. Mercury porosimetry was used to study the
macropore volume of the zeolite-containing monoliths.

The morphology of the zeolite-monoliths and Pt-zeolite
catalysts was studied by scanning electron microscopy (SEM)
Table 2
HDS activity of Pt catalysts on substrates of different chemical composition.

Catalyst composition

Catalyst Oxide component in

substrate

Pt precursor Pt loading (wt.%)

1Pt(Cl) ZM-17 H-ZSM-5-17 H2PtCl6 1.1

1Pt(Cl)ZM-30 H-ZSM-5-30 H2PtCl6 1.0

1Pt(Cl)ZM-45 H-ZSM-5-45 H2PtCl6 1.1

2Pt(Cl)ZM-45 H-ZSM-5-45 H2PtCl6 1.8

2Pt(A)ZM-45 H-ZSM-5-45 Pt(NH3)4Cl2 1.6

1Pt(Cl)YM Na-Y H2PtCl6 0.8

1Pt(Cl)SiM SiO2 H2PtCl6 0.9

1Pt(Cl)AlM Al2O3 H2PtCl6 0.9

2Pt(Cl)ZA-45 H-ZSM-5-45 H2PtCl6 1.9

1Pt(Cl)Z-45 H-ZSM-5-45 H2PtCl6 1.22

1Pt(A)Z-45 H-ZSM-5-45 Pt(NH3)4Cl2 1.23

1Pt(Cl)M Montmorill H2PtCl6 0.51

1Pt(A)M Montmorill Pt(NH3)4Cl2 0.12
and by transmission electron microscopy (TEM) using SEM-100-Y
and JEM-100CX microscopes, respectively. For the SEM investiga-
tion the samples were pasted on the substrates and covered with a
thin layer of gold to create a conducting layer. The accelerating
voltage was 30 kV. For the TEM study the samples were dispersed
in alcohol suspensions by means of an ultrasonic disperser and
placed on copper grids with 3 mm diameter covered by a
microperforated carbon film.

The Pt loading was determined by atomic absorption spectro-
scopy with inductively coupled plasma (AAS-ICP), employing a
BLYRD analyzer. The catalyst was previously dissolved by heating
in a mixture of concentrated hydrofluoric and sulphuric acids.

The acidic properties and the state of Pt in the Pt-zeolite
catalysts were studied by FTIR spectroscopy, XPS and EXAFS.

The FTIR spectra were recorded using a BOMEM MB102 FTIR
spectrometer. The adsorption of carbon monoxide was studied in a
low-temperature spectroscopic cell equipped with CaF2 glasses.
Powdered samples were pressed into self-supported wafers of 15–
25 mg cm�2 thickness. A catalyst pellet was placed into the
spectroscopic cell, which was then connected to a vacuum
adsorption apparatus. Prior to the adsorption measurements, the
pellets were heated in air at 400 8C for 1 h and then pretreated
under vacuum for 3 h at the same temperature to remove surface-
adsorbed compounds and water. Then, the sample was cooled
down to room temperature, and background spectra were
recorded. Pure carbon monoxide was introduced into the cell at
1.3–2.6 mbar pressure. FTIR spectra were recorded at room
temperature with spectral resolution of 2 cm�1 and accumulation
Thiophene decomposition activity

Initial/steady-state total

conversion XC4H4S (%)

Reaction rate W

(mol C4H4S/mol Pt h)

Selectivity (%)

C4H10/C4H8S

49/40 3500 52/48

38/33 2900 30/70

50/35 3100 40/60

48/45 2190 46/54

52/40 1760 50/50

23/18 1045 51/49

23/16 760 54/46

33/22 1345 47/53

36/26 710 45/55

58/46 3715 37/63

62/50 3090 47/53

24/6 710 0/100

26/12 6700 26/74
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of 64 scans. Then, the sample was cooled to �196 8C with liquid
nitrogen, and FTIR spectra were recorded. This procedure gives
information about the strength of Bronsted and Lewis acid sites of
the support and the catalyst.

Spectral bands at 2070–2090 cm�1 and 2120–2150 cm�1 were
used to identify Pt0 particles and Pt

d+/Pt2+ cations, respectively.
The Pt0 amount was calculated from the intensities of the
corresponding spectral bands using BLB law: A = 10�3�Ao�Cs�r,
where A is the observed integral absorbance, cm�1; Ao is the
integral extinction coefficient, cm/mmol; Cs is the adsorbate
concentration, mmol/g; and r is the catalyst density, mg cm�2 [46].
The integral extinction coefficient equal to 11.7 cm/mmol [46] was
used for the Pt0 site.

XPS spectra were obtained by electron spectrometer VG
ESCALAB HP (VG Scientific, Great Britain). Non-monochromatic
Al Ka X-rays (1486.6 eV) were used as primary excitation. The Si 2p
peak of silica from zeolite was selected as the internal standard,
which value was accepted equal to 103.0 eV. Before spectroscopic
measurements all samples were degassed in the preparation
chamber up to pressure 10�7 mbar and subsequently moved in the
analyzer chamber where the base vacuum was not above
10�9 mbar. The main background gases were CO, CO2, and H2O.
The analysis of a platinum chemical state was carried out from
analysis of core Pt4d- and Pt4f-levels. Difference spectra of the
catalyst and the support samples were used except the Al2p line of
alumina from the support, because of superposition of Al2p and
Pt4f lines.

The EXAFS spectra of the Pt-L3 edge for all the studied samples
were obtained at the EXAFS Station of Siberian Synchrotron
Radiation Center (SSRC, Novosibirsk). The storage ring VEPP-3 with
the electron beam energy of 2 GeV and the average stored current
of 80 mA has been used as the source of radiation. The X-ray energy
was monitored with a channel cut Si(111) monochromator. All the
spectra were recorded under transmission mode using ionization
chambers filled with argon. For the EXAFS measurements, the
samples were prepared as pellets with thickness varied to obtain
ca. 0.5–1.0 jump at the absorption edges. The harmonic rejection
was performed by a SiO2 (quartz) mirror for all Pt-L3 measure-
ments. All EXAFS spectra were recorded with the steps of ca. 1.5 eV.

The EXAFS spectra were treated by the standard procedures
[47]. The background was removed by extrapolating the pre-edge
region onto the EXAFS region by Victoreen’s polynomials. Three
cubic splines were used to construct the smooth part of the
absorption coefficient. The inflection point of the edge of the X-ray
absorption spectrum was used as initial point (k = 0) of the EXAFS
spectrum. The radial distribution function (RDF) of the atoms was
calculated from the EXAFS spectra in k3x(k) as modulus of Fourier
transform at the wave number intervals 3.5–13.5 Å�1. Curve fitting
procedure with EXCURV92 code [48] was employed to determine
the distances (R) and effective coordination numbers (CN) in
similar wave number intervals after preliminary Fourier filtering
using the known XRD literature data for the bulk reference
compounds. The values of Debye-Waller factors were fixed.

2.3. Catalytic tests in thiophene HDS and benzene HYD

The procedure of the catalytic experiments is presented in [49].
An experimental flow set-up with a fixed bed catalytic reactor was
used for the catalyst testing. The thiophene hydrodesulphurization
(HDS) reaction C4H4S + 4H2! H2S + C4H10 (C4H8) was studied in
the kinetic region at 300 8C, hydrogen pressure 20 atm and weight-
hourly space-velocity 0.7 h�1. The hydrogen-to-thiophene volume
ratio was equal to 500. The catalyst loading was 10 mg. The catalyst
fraction with 0.25–0.5 mm size was used. A mixture of thiophene
with cyclohexane was fed into the reactor with flowing hydrogen
saturated by thiophene at 0 8C. The reaction mixture feed rate
(C4H4S + H2) was equal to 10 cm3 s�1. The reaction products were
analyzed using a LChM-8 chromatograph equipped with a flame-
ionization detector and a packed column filled with tricresylpho-
sphate supported on shimalite at the oven temperature of 60 8C.
The chromatogram contained peaks corresponding to the C4-
products, tetrahydrothiophene and unreacted thiophene. Different
C4-components were not separated, only the total C4 signal was
considered for calculating the activity. The fractional conversion
(aC4 and aC4H8S) was calculated from the ratio of the concentra-
tions of the C4-products or tetrahydrothiophene to the sum of the
concentrations of the products and thiophene. The total thiophene
conversion was calculated as the sum of the fractional conversions
aC4 and aC4H8S.

The catalytic activity in the HDS reaction was evaluated as the
rate (WHDS, mol C4H4S/mol Pt*h) of the pseudo-first-order
thiophene HDS reaction. The rate was determined using the
integral reactor equation: WHDS = �ln(1-aC4)*V/W, where aC4 is
the the fractional conversion of C4-products at the steady-state
conditions (aC4 = C4/(C4 + C4H8S + C4H4S); C4 and C4H8S are the
concentrations of C4-products and tetrahydrothiophene, respec-
tively; C4H4S is the concentration of unreacted C4H4S; V is the
C4H4S gas flow rate (mol C4H4S/h); and W is the Pt loading in the
catalyst weight (mol Pt).

The benzene hydrogenation (HYD) reaction C6H6 + 3H2! C6H12

was studied at 300 8C, pressure 20 atm, feed (C6H6 + H2) flow rate
10 cm3 s�1. Thiophene (1.2 wt.% based on the expectation of
sulphur) was introduced in the reaction mixture (C6H6 + H2) at
the first stage of benzene HYD testing (I-stage). When the benzene
conversion at the I-stage became stable, the thiophene feed was cut
off (II-stage) while the benzene conversion was monitored. The
catalyst loading was 10 mg. The catalyst fraction with 0.25–0.5 mm
size was used.

The catalytic activity in HYD reaction was evaluated as the total
conversion of benzene to cyclohexane (CH) and methylcyclopen-
tane (MCP). The selectivities to CH and MCP were also measured.

2.4. Hydrodesulphurization and hydrogenation of DLCO

A ‘‘U23’’ pilot plant was used. This plant contains an isothermal
fixed bed reactor operating in the up flow mode. The reactor with
the catalyst volume of 40 ml has an interior diameter of 19 mm and
is equipped with an interior thermometric probe.

Deeply desulphurized Light Cycle Oil (DLCO) which was
prepared by hydrotreatment of pure Light Cycle Oil (LCO) using
a commercial HDS catalyst (NiMoP/Al2O3 from Axens) was used as
the feedstock. LCO is a middle distillate refinery product generated
in a fluid catalytic cracking (FCC) unit. The main properties of DLCO
are summarized in Table 3. DLCO has a very low sulphur content
and a relatively high aromatic content. The sulphur content of this
feed has been increased artificially up to 50 ppm S by adding
dibenzothiophene (DBT). This procedure allows for evaluating the
HDS activity and the effect of the amount of sulphur on the
hydrogenating properties of the catalysts for the same composition
of aromatics in the feed.

DLCO hydrogenation was carried out under the following
conditions: total pressure 6 MPa, reaction temperature 300 8C,
liquid-hourly space-velocity (LHSV) 1 h�1, hydrogen-to-feed ratio
(without recycling) 450 NL/L. The 1Pt(Cl)ZM-45 catalyst has been
tested in two experiments: (1) the crushed sample, 30 ml (20.4 g)
of sample with fraction 4–8 mm and diluted in 10 ml of SiC
(0.8 mm); (2) the monolithic sample, 8 pieces (30 ml, 18.8 g).

The catalyst was dried in situ under pure H2 flow for 4 h at
150 8C before being reduced at 300 8C for 2 h. After reduction, the
catalyst was cooled down to 150 8C. Then, DLCO containing
20 ppm sulphur (from DBT) was introduced and the test
conditions were adjusted. The change of feedstock containing



Table 3
DLCO composition and performance of 1Pt(Cl)ZM-45 catalyst in hydrogenation of desulphurized Light Cycle Oil (6 MPa, 300 8C, LHSV 1 h�1, and hydrogen-to-feed ratio 450

NL/L).

Catalyst S in feed (ppm) Hours on stream H (wt.%) CN MA (wt.%) PA (wt.%) TA (wt.%) S (ppm) D 15 8C ka (h�1)

DLCO Feed 1.2 – 12.66 35 30 2.2 32.2 – 0.8646 –

Crushed 20 132 13.20 32.9 17.14 1.03 18.17 0 0.8305 0.57

20 144 13.20 32.8 17.28 1.04 18.32 0 0.8304 0.56

Crushed 50 312 12.96 31.2 22.19 1.32 23.51 0 0.8353 0.32

50 324 12.96 30.9 22.66 1.37 24.03 0 0.8352 0.29

Monolith 50 336 12.79 30.2 25.32 1.61 26.93 2 0.8405 0.18

50 348 12.79 30.1 25.66 1.63 27.29 3 0.8406 0.17

H—hydrogen, wt.%; CN—cetane number; MA—monoaromatics, wt.%; PA—polyaromatics, wt.%; TA—total aromatics, wt.%; D—density at 15 8C.

Z.R. Ismagilov et al. / Catalysis Today 144 (2009) 235–250 239
50 ppm sulphur (from DBT) was implemented after the perfor-
mance stabilization.

The experiment was followed by measuring the product
density (D) every twelfth hour. When the density was stabilized,
the percentage and type of aromatics (Total Aromatics (TA),
Mono Aromatics (MA) and Poly Aromatics (PA)) in the products
were measured by UV spectroscopy (Burdett method). The
Cetane Number (CN) was determined by near infrared (NIR)
spectroscopy referring to ASTM D613 (cetane motor). The
percentage of Hydrogen (H) was also determined by NIR
spectroscopy referring to the IFP method based on NMR
measurements. The total amount of Sulphur (S) was measured
by X-ray fluorescence. Simulated distillations (ASTM D86) were
also carried out using the products.

The decrease in the total aromatic content in DLCO was
assumed to be a pseudo-first-order reaction. The rate constant was
defined by the following equation:

ka ðh�1Þ ¼ lnðCfeed=CproductÞ � LHSV;

where Cfeed and Cproduct are the concentration of aromatics in the
feedstock and the product, respectively.

3. Results

3.1. Properties of zeolite-monoliths

The zeolite-containing monoliths prepared by extrusion of H-
ZSM-5 powder with Ca-montmorillonite have a bimodal structure
and developed specific surface area, reaching 330–350 m2 g�1

(Table 1) even after introduction of the montmorillonite additive
in 35 wt.% concentration. The microporous structure of the
zeolite-containing monolith is formed by the channel system of
the ZSM-5 zeolite (Fig. 1). Its pore volume and channel size are
close to 0.1 cm3 g�1 and 0.54–0.56 nm, respectively. The zeolite
crystallites (0.5–1.0 mm) are connected into small agglomerated
units between 4 and 18 mm in size that are covered by a thin
montmorillonite film (Fig. 1). The space between the crystallites
and between the agglomerated units forms the mesoporous
structure of a material (Vm = 0.26–0.36 cm3 g�1, D � 4.5 nm) and
a small amount of transport pores (V = 0.15–0.20 cm3 g�1,
Def � 110 nm) [50]. In this way an attractive architecture of the
pore space is realized.

The zeolite substrates are characterized by proton acidity. The
concentration and strength of the acid sites can be regulated by
changing of the zeolite/montmorillonite ratio in the extrusion
mass and the zeolite Si/Al ratio [50]. FTIR spectroscopy showed
that the zeolite-monolithic materials had high proton acidity
characterized by Bronsted acid sites observed as absorption bands
at 3610 (Al(OH)Si groups), 3665 (AlOH groups), and 3740 (SiOH
groups) cm�1. The spectral shift of the OH bands at 3610–
3615 cm�1 due to interaction with CO was 320–340 cm�1 for the
zeolite-monoliths compared to 260–290 cm�1 for pure HZSM-5.
The proton acidity of OH groups, PA(OH), for the zeolite-monoliths
was 1120–1160 kJ/mol. FTIR spectroscopy of chemisorbed CO
recorded at 77 K showed absorption band (a.b.) at 2174 cm�1

attributed to vibrations of CO molecules H-bonded with OH
groups.

We suppose that the physicochemical properties of the zeolite
substrate: high surface area, developed pore structure with enough
micro- , meso- and macropore volume, proton acidity, high
mechanical strength, make them very attractive supports for Pt
catalysts for deep desulphurization of diesel fuel. Besides, the
bimodal texture of the developed zeolite substrates allows
realizing a concept for design of sulphur-resistant noble metal
hydrotreating catalyst proposed by Song [10,42]. According to this
concept, noble-metal particles located in the micropores (<5 Å)
and in large pore openings (>6 Å) provide for the sulphur
resistance and desulphurization-hydrogenation activity, respec-
tively. It was noted that the alumina and silica monoliths extruded
with montmorillonite (Table 1) do not have the necessary textural
properties. They have lower surface areas (129–162 m2 g�1) and
larger mesopore diameters (9–15 nm) compared to the zeolite-
monoliths. The monoliths based on alumina, silica or Y zeolite
extruded with montmorillonite and ZSM-5 extruded with alumina
are also characterized by low proton acidity.

3.2. Morphology of Pt particles in Pt-zeolite catalysts

The morphology, location and size distribution of Pt particles
have been investigated by TEM. The TEM micrographs of different
Pt-zeolite catalysts are shown in Fig. 2. According to different
contrast in the TEM micrographs we observed coffin-shaped
zeolite crystallites (with length 300–500 nm and width 150–
200 nm), laminated structure of montmorillonite and Pt particles.
The Pt particles were located both on the montmorillonite and the
zeolite crystallite surfaces. The shape, size and distribution of Pt
particles depended on the preparation method.

When Pt catalyst was prepared by ion-exchange with the
Pt(NH3)4Cl2 solution, we observed two types of Pt particles (Fig. 2a
and c). The particles of one type were finely dispersed with
roundish shape and prevalent size 2–5 mn, and were uniformly
distributed on the catalyst surface. However, it was not possible to
determine the state of Pt (Pt0 or PtO or PtO2) in the small particles
and their location (inside the zeolite channels or on the outside
surface). The particles of the second type were well crystallized Pt0

particles with prismatic shape and prevalent size 10–25 mn. The
large Pt0 crystallites were located on the outside surface of the
zeolite crystals. The concentration of these large crystallites was
much higher in Pt-ZSM-5 catalysts with high Pt content, especially
in the samples without montmorillonite (Fig. 2a).

When the Pt catalyst was prepared by incipient wetness
impregnation with H2PtCl6 solution, we observed a narrow particle
size distribution (1–3 nm). Still, these Pt particles were non-
uniformly distributed on surface. Most of them were concentrated
close to the defect (footstep) of the montmorillonite surface and to
the edges of the zeolite crystallites (Fig. 2b and d). The size of Pt



Fig. 1. SEM micrographs of the wall of zeolite-monolithic substrate and scheme of the pore structure.

Z.R. Ismagilov et al. / Catalysis Today 144 (2009) 235–250240
particles in the impregnated catalyst increased (up to 3–10 nm)
after reduction in hydrogen (Fig. 2e).

The zeolite Si/Al ratio also affected the shape and size of Pt
particles. The shape of Pt particles changed from flat to roundish
and their size increased with the growth of the Si/Al ratio from 17
to 30–45. With increasing Si/Al ratio, the acidic strength of HZSM-5
increases, while the concentration of Bronsted acid sites decreases.
These results suggest that the size and shape of Pt particles depend
on the support acidity, and they are determined by the strength of
the interaction between the Pt particles and the support.

Note that both the impregnated and the ion-exchanged Pt
catalysts can contain Pt as particles with size 1–2 nm inside the
zeolite channels, which are not visible by TEM. According to the
data published in [51,52], the maximum size of Pt particles located
inside the ZSM-5 zeolite channels is around 3.5 nm.

3.3. States of Pt in Pt-zeolite catalysts, FTIR of adsorbed CO

The states of Pt were studied by XRD, FTIR spectroscopy of
adsorbed CO, XPS, and EXAFS as a function of the support chemical
composition, the nature of the Pt precursor, its loading, and the
catalyst preparation method.

The coordinatively unsaturated sites in nanostructured Pt
catalysts were monitored by FTIR spectroscopy of chemisorbed CO.
The stretching frequencies and relative intensities of the CO bands
are known to be sensitive to the oxidation state [53], particle size
[51,54–58], and the metal-support interaction [53,59], and can be
used for characterization of the electronic state of Pt in supported
catalysts.

The FTIR spectra of our Pt-zeolite catalysts showed the bands at
3745, 3610, and 3700 cm�1 in the O-H stretching region. The first
two bands were observed for H-ZSM-5 and assigned to the O-H
stretching of silanol groups and zeolite bridged hydroxyls,
respectively. The band at 3700 cm�1 probably corresponds to
the O-H stretching of Pt(OH) groups [60].

Fig. 3 shows the FTIR spectra of CO adsorbed on Pt catalysts
supported on the zeolite powder (a and b) and zeolite-monoliths
(c, d, e) at room temperature. For Pt catalysts prepared by different
methods (Fig. 3), an intensive asymmetric absorption band at
2070–2100 cm�1 with a shoulder at 2050–2065 cm�1 was
observed in the FTIR spectra of adsorbed CO. In addition, high
frequency bands at 2122, 2149-2155 and 2196 cm�1 were
recorded in the FTIR spectra of the ion-exchanged Pt-zeolite
catalysts (Fig. 3a and c). An additional band at 2134–2136 cm�1

was found in the FTIR spectra of the impregnated Pt-catalyst on
zeolite-montmorillonite monoliths (Fig. 3d and e). Note that the
above-mentioned adsorption bands were not observed in the
spectra of H-ZSM-5 and HZSM-5 with montmorillonite without Pt.

The asymmetric peak is likely a superposition of the absorption
bands with the maxima at 2055–2065 and 2090–2095 cm�1. The
band at 2090 cm�1 is usually assigned to Pt0-CO species produced
with participation of finely dispersed platinum about 3–5 nm in
size [53–59]. The band at 2070 cm�1 can be assigned to Pt0-CO
carbonyls formed on larger platinum particles resulting from CO-



Fig. 2. HRTEM micrographs of ion-exchanged ((a) and (c)—fresh) and impregnated ((b) and (d)—fresh, (e)—reduced) Pt-catalysts based on the zeolite-monolith ZM-45 ((c)—

(e)) and zeolite H-ZSM-5 (a) and (b).
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induced platinum agglomeration [57,58]. Based on the literature
data, the band at 2050–2055 cm�1 can be assigned either to CO
molecules linearly adsorbed on big Pt metal particles with the size
10–50 nm on the outside surface [57,61] or to CO molecules
linearly adsorbed on small Pt metal particles with the size 1–2 nm
[58]. The difference between the vibration frequencies of CO
molecules linearly adsorbed on Pt metal (changed from 2050 to
2095 cm�1) is basically explained by the change of the electronic
properties of superficial platinum atoms [57,61,62]. The electronic
properties of platinum atoms, apparently, depend on their
interaction with the support [57,59,62–64], and consequently,
on the preparation route of Pt catalysts and acidic properties of the
supports. In our case, the a.b. at 2055–2065 cm�1 was more
intensive for the impregnated catalysts on H-ZSM-5 powder, for
example, 1Pt(Cl)Z-45 sample (Fig. 3b). The a.b. at 2090–2095 cm�1

was more intensive for the ion-exchanged Pt catalyst (Fig. 3a and c)
and for the impregnated Pt catalysts on the support with the
montmorillonite additive. Its intensity increased with the Pt
loading. The intensity of these absorption bands at 2055–2065 and
2090–2095 cm�1 did not significantly change during the deso-
rption process. This indicates that there was strong interaction of
the CO molecules with the Pt particles. The band at 2090–
2095 cm�1 shifted to low frequency during the CO desorption,
which is typical of the Pt metal [61,62]. The Pt particles smaller
than 5 nm were observed by TEM on the outside surface of the
impregnated sample (Fig. 2b and d). The ion-exchanged sample
had both 2–5 nm and 10–25 nm particles (Fig. 2a and c). The
acidity of H-ZSM-5 significantly increases when Ca-montmorillo-
nite was added to the zeolite supports (Table 4). In agreement with
the TEM and acidity data, we suppose that the absorption bands at
2055–2065 and 2090–2095 cm�1 are related to small Pt metal
particles varying by location and interaction with the support.

The absorption bands at 2122, 2149–2155 and 2196 cm�1 could
be clearly detected on the ion-exchanged Pt-zeolite catalysts
(Fig. 3a and c), when the formation of charged cations and
atomically dispersed metal species is possible [59,65,66]. The
carbonyl bands at high stretching frequencies have been assigned
to the oxidized Pt species [53–55,57,58,61–64]. The observed
bands can correspond to CO molecules adsorbed on the positively
charged monoatomic Pt species. The band at 2195 cm�1 is
probably due to Pt3+ [58], the band at 2150 cm�1 is due to Pt2+

[51,57], and the band at 2122 cm�1 is due to the partially positively
charged Pt species coordinated to the charged zeolite sites [57,58].
The a.b. 2113–2128 cm�1 and 2150 cm�1 can also describe
vibrations of CO adsorbed on Pt2+ as monocarbonyl [57,58] and
bicarbonyls [57], respectively.



Fig. 3. FTIR spectra of chemisorbed CO (A, 25 8C; B, �196 8C) on the ion-exchanged ((a) and (c)—fresh) and the impregnated ((b) and (d)—fresh, (e)—reduced) Pt-zeolite

catalysts: (a) 1.2Pt(A)Z-45; (b) 1.2Pt(Cl)Z-45; (c) 1.6Pt(A)ZM-45; (d) and (e) 1.8Pt(Cl)ZM-45.
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The absorption band at 2134–2136 cm�1 is more intensive on
the impregnated Pt-zeolite catalysts (Fig. 3d), when the formation
of dispersed PtOx species doped by Cl� ions [67–69] on the surface
is possible. These absorption bands can also correspond to CO
molecules adsorbed on the positively charged monoatomic Pt
species, for example, Pt+-CO [57,58].

The observation of the bands at 2090–2095 cm�1 and 2122 cm�1

in the FTIR spectra of the ion-exchanged Pt catalysts suggests that
both bands can be assigned to electron-deficient Pt atoms anchored
to the zeolite by one or two acidic hydroxyl group located inside the
zeolite channels. Similar results were discussed by Zholobenko for
Pt-mordenite [64] and by Stakheev for Pt-ZSM-5 [61]. This
assumption is supported by the experimental data because the
observation of the band at 2122 cm�1 depends on the preparation
route and acid properties of the support, namely it is mainly
observed in the FTIR spectra of ion-exchanged zeolite. In this case,
the bands at 2095 cm�1 and 2122 cm�1 would correspond to the
asymmetric and symmetric vibrations of dicarbonyl adsorbed on
highly unsaturated Pt atoms [61].

In addition to the adsorption bands mentioned above, we
observed adsorption bands at 2137–2142, 2146, 2163–2175, and
2186–2196 cm�1 in the FTIR spectra of adsorbed CO recorded at
Table 4
Concentrations of Pt sites on the monolith surface according to FTIR data.

PA(OH) CO absorption site

Catalyst for a.b. 3612 cm�1 Pt0-CO

(kJ/mol) nCO (cm�1) Cs (mmol g�1)

Z-45 1210 – –

ZM-45 1160 – –

1Pt(Cl)ZM-17 1260 2095 32

1Pt(Cl)ZM-30 1230 2091 37

1Pt(Cl)ZM-45 1210 2090 43

2Pt(Cl)ZM-45 1347 2091 18

2Pt(Cl)ZM-45 reduced in H2 1352 2088 9

2Pt(A)ZM-45 1356 2091 9

1Pt(Cl)Z-45 1290 2083 6

1Pt(A)Z-45 1290 2093 11

A/A*—relative value calculated as a ratio between the areas of absorption band of the
�196 8C (Fig. 3B). The adsorption band at 2186–2196 cm�1 is likely
caused by the vibrations of CO adsorbed on different Lewis acid
sites, such as Al3+ (a.b. 2196 cm�1), Ca2+ (a.b. 2188 cm�1), Fe3+,
Mg2+ and others present in Ca-montmorillonite. The adsorption
band at 2163–2175 cm�1 is produced by vibrations of CO
associated with the surface OH groups by a weak hydrogen bond.

For the Pt catalysts on the support with montmorillonite, the
spectral shifts of OH bands at 3612 and 3740 cm�1 due to
interaction with CO were 120–130 cm�1 and 65–80 cm�1,
respectively. The proton acidity of the strongest OH groups
(3612–3615 cm�1) in these Pt-zeolite-monoliths was 1320–
1330 kJ/mol. The proton acidity of the strongest OH-groups
(3612–3615 cm�1) of the impregnated and ion-exchanged Pt-
HZSM-5 catalysts was equal to 1295 kJ/mol and the spectral shift
was 140–165 cm�1. The experimental data indicate that the proton
acidity of the Pt catalysts supported on both HZSM-5 powder and
monoliths was very low in comparison with the ones of H-ZSM-5
and H-ZSM-5 with montmorillonite (1120–1160 kJ/mol). So, the
acidic properties of the zeolite support were modified by
supporting the metal particles.

The adsorption bands at 2137–2138 cm�1 (specific to Pt-
zeolite) and 2142–2146 cm�1 (specific to Pt-zeolite-montmorillo-
Pt+-CO Pt2+-CO Pt3+-CO, 2196

CFTIR/CICP nCO (cm�1) A/A* nCO (cm�1) A/A* A/A*

– – – – – –

– – – – – –

0.63 2128 1.0 – – –

0.72 2125 1.0 2146 1.25 –

0.84 2118 1.0 2131 1.0 –

0.19 2129 – 2138 0.9 4.5

0.10 2129 – 2134 0.6 –

0.11 2124 2.0 2151 0.65 1

0.10 2119 0.08 – – –

0.18 2122 2.0 2149 1.75 2.5

indicated sample and the sample which area is taken equal to 1.
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nite) in the FTIR spectra recorded at �196 8C are due to CO
condensed in the pores, most likely in the zeolite pores. The
observation of the a.b. at 2137–2142 cm�1 proves that the zeolite
micropores are available for CO molecules and probably for other
small molecules, for example, hydrogen.

So, the FTIR spectroscopy of adsorbed CO shows that Pt catalysts
supported on zeolite-monoliths contain Pt in two oxidation states:
Pt metal particles of different sizes (a.b. 2070–2090 cm�1) and
oxidized Pt

d+ species (a.b. 2128 and 2150 cm�1). The concentra-
tions of these Pt states depend on the Pt precursor, Pt loading,
presence of montmorillonite and pre-treatment conditions. Table 4
shows the relative concentrations of different states of Pt observed
on the surface of the Pt-catalysts. These data led us to the following
conclusions.

First, at the same Pt loading (1.2 wt.%) the use of Pt(NH3)4Cl2 or
H2PtCl6 solution as the Pt precursor promotes stabilization of Pt0

particles of different sizes. The impregnated Pt catalysts have
smaller Pt0 particles in comparison with the ion-exchanged Pt
catalysts.

Second, the use of different precursor results in the formation of
different types of oxidized Pt

d+/Pt2+ species. When Pt(NH3)4Cl2 was
used for the catalyst preparation we observed the formation of the
oxidized Pt

d+/Pt2+ species, probably inside the zeolite channels
close to the cation-exchanged zeolite site (a.b. 2122–2124 and
2150–2155 cm�1). When H2PtCl6 was used for the catalyst
preparation the oxidized Pt

d+/Pt2+ species were the PtO-species
doped by Cl-ions, e.g. like to PtO1-xClx (a.b. 2134–2146 cm�1).

The increase of the Pt loading (from 1.0 to 1.8 wt.% Pt) decreases
the concentration of the FTIR-visible Pt species. The amount of Pt0

particles decreases more significantly, whereas the amount of
oxidized Pt species does not considerably change. As mentioned
above, the formation of more oxidized Pt species, such as Pt3+, takes
place when the Pt loading in the impregnated catalysts is doubled.
The most part of the oxidized Pt species transform to Pt0 during
reduction of the Pt catalysts in H2-containing feed at 400 8C.
Fig. 4. The difference XPS spectra of Pt4f ((a) and (c)) and Pt4d
The presence of Ca-montmorillonite in the catalyst promotes
the formation of the oxidized Pt-species: Pt

d+ and Pt2+, indepen-
dent of the Pt precursor. The formation of more Pt

d+/Pt2+ ions in the
montmorillonite-containing catalysts can be explained by strong
interaction of platinum particles with OH groups of the support
that changes the electronic properties of superficial Pt particles.

The ratio between the concentrations of Pt observed by FTIR as
Pt0-CO at 2070–2090 cm�1 and that obtained by the chemical
analysis (denoted as Cs

FTIR/Es
ICP) was calculated. It was shown that

the FTIR-visible part of Pt was as high as 0.6–0.8 in the catalysts
containing 1 wt.% of Pt. These experimental data suggest that these
catalysts contain Pt as finely dispersed particles. However, this
ratio decreased to 0.2 when the Pt loading was doubled. The most
significant decrease of this ratio was observed for reduced Pt
catalysts, indicating the increase of the Pt0 particle size.

3.4. States of Pt in Pt-zeolite catalysts, XPS

The investigation of Pt-zeolite supported systems by means of
XPS has some spectroscopic obstacles. First of all, the most intensive
platinum line Pt4f, usually used for XPS analysis of Pt oxidation
states, lies in the region in XPS-spectra with very intensive Al2p line
of alumina from zeolite. As a consequence, to get the reliable
information about platinum states in Pt-Al systems is very difficult.
The analysis of Pt4d lines is possible, but the low intensity of this line
leads to a decrease of analysis precision and to a limitation of
minimal Pt loads in the samples (not less than 1 wt.%). In the present
work, analysis of both Pt4f- and Pt4d- core lines was used for
investigation of platinum oxidation states. Examples of difference
spectra of Pt4f7/2 and Pt 4d5/2 for 1.1Pt(Cl)ZM-45 and 1.2Pt(Cl)Z-45
samples are presented in Fig. 4.

The binding energy of Pt4f7/2 line, received from the
difference spectra of 1.1Pt(Cl)ZM-45 catalyst and ZM-45 support,
is BE(Pt4f7/2) = 72.5 eV (Fig. 4a). It is a typical BE for the platinum
in oxidized state like Pt(OH)2 or Pt2Si. Formation of Pt2Si is not
(b) for 1.2Pt(Cl)/ZM-45 ((a) and (b)) and 1.2Pt(Cl)/Z-45 (c).



Fig. 5. The difference XPS spectra of Pt4f for Pt-zeolite catalysts: (a) 1.2Pt(A)Z-45;

(b) 1.2Pt(Cl)Z-45; (c) 1.1Pt(Cl)ZM-45; (d) and (e) 1.8Pt(Cl)ZM-45 ((d)—fresh, (e)—

reduced)).

Z.R. Ismagilov et al. / Catalysis Today 144 (2009) 235–250244
possible in the used mild thermal pre-treatment conditions. It
should be noted that this BE of Pt4f7/2 line might be caused by
nano-size effect of metal platinum particles. Pt4d peaks are also
well-defined in the difference spectra. For the sample 1.1Pt(Cl)/
ZM-45 the binding energy for Pt 4d5/2 is 316.0 eV (Fig. 4b). This
binding energy may be ascribed to platinum in the oxidized state
or to highly dispersed metallic particles (BE of Pt4d5/2 for the Pt-
metal is 314.6 eV).

For the samples 1.2Pt(Cl)Z-45 and 1.2Pt(A)Z-45 the HWMH (Half
Width on the Middle Height) of Pt4f7/2 line was quite large, so the
Pt4f and Pt4d spectra were decomposed to some individual states.
For the 1.2Pt(Cl)Z-45 sample this is shown on Fig. 4c. It is clear that in
this sample there are two different states of platinum, corresponding
to two doublets with BE(Pt4f7/2) = 71.8 eV and BE(Pt4f7/2) = 75.6 eV.
Most part of platinum in the 1.2Pt(Cl)Z-45 sample has an effective
charge d+ (BE = 71.8 eV). Probably it is platinum present in small Pt-
clusters, containing Pt–Pt bonds inside and Cl in a stoichiometry Cl/
Pt� 1/1. Additional platinum species are present in PtCl6

2�

(BE = 75.6 eV). Pt4d spectra also contain two doublets with
BE = 314.9 eV and BE = 318.1 eV, corresponding to platinum with
d+ and oxidized platinum in PtCl6

2�.
The Pt4f XPS spectra from the ion-exchanged and impregnated

Pt-zeolite catalyst are shown in Fig. 5 while numerical values of the
binding energy (BE) of Pt 4f7/2 and Pt 4d5/2 are summarized in
Table 5. One can see that the BE of Pt 4f7/2 shifts to higher values (to
71.8–72.5 eV) for all calcined Pt-catalysts in comparison to that of
metallic platinum crystallites (Pt0, 71.1 eV [70]). This shift
indicates a more oxidized state of the Pt particles than Pt0. The
shift of the BE is more pronounced on Pt-catalysts which possessed
higher acidity of zeolite support, namely, zeolite with montmor-
illonite additive. The BE was 72.3–72.5 eV for Pt(Cl)ZM-45 and
71.8 eV for Pt(Cl)Z-45. The BE of Pt 4f7/2 corresponding to Pt0 is
observed only after Pt-catalyst reduction in hydrogen at 400 8C and
for the Pt(A)Z-45 sample calcined in air at 400 8C. Significant
enrichment of the catalyst surface with platinum is observed for all
Pt-zeolite catalysts, because their Pt/Si surface atomic concentra-
tion ratios calculated from XPS are higher than their Pt/Si
volumetric atomic ratios calculated from AAC-ICP (Table 5).

It was also shown by XPS that the main Pt states, such as Pt0 and
Pt

d+, in the nanostructured ion-exchanged and impregnated
catalysts prepared by using of Pt(NH3)4Cl2 and H2PtCl6, respec-
tively, depend on the zeolite Si/Al ratio, the montmorillonite
additive and the Pt precursor.

First, the stabilization of the oxidized state of Pt-particles, Pt+d
,

with BE of Pt 4f7/2 and Pt4d5/2 equal to 72.5 eV and 315.0 eV,
respectively, was observed when the Ca-montmorillonite additive
and H2PtCl6 were used for synthesis of the Pt catalyst. For example,
all impregnated Pt catalysts on zeolite-monoliths exhibited a
higher Pt 4f7/2 binding energy, 72.5 eV. The oxidized states are
Pt(OH)2 or Pt metal particles with the size smaller than 1 nm. In
survey XPS spectra (Cl2p line) the chlorine-ion was observed,
indicating that the modification of Pt-species and zeolite surface by
Cl-ions is possible.

On the other hand, the impregnated Pt catalysts on H-ZSM-5
powder (e.g. Pt(Cl)Z-45) contain two Pt states that can be ascribed
to Pt+1 and Pt+4, respectively. The former state has a BE of Pt 4f7/2

and Pt 4d5/2 equal to 71.8 eV and 314.9 eV, respectively, and it is
probably represented by Pt clusters containing a Pt–Pt bond and
Cl-ions with stoichiometry Pt/Cl = 1. The second one has a BE of
Pt 4f7/2 75.6 eV and BE of Pt 4d5/2 318.1 eV. Most likely, this is a
[PtCl6]2� anion, some of which were not decomposed completely
during the catalyst thermal treatment in the oxygenated environ-
ment [69,71]. The comparison of these data suggests that higher
support acidity leads to a more oxidized state of Pt. It evidences the
interaction between the Pt particles and the zeolite support which
was also observed for Pt-MOR [59].
Second, the formation of Pt0 state with BE of Pt 4f7/2 and Pt4d5/2

equal to 71.1 eV and 314.8 eV, respectively, is favoured by a low
support acidity and Pt(NH3)4Cl2 as the precursor. For example, the
ion-exchanged Pt-catalysts contain two Pt states. The main state
has a BE of Pt 4f7/2 71.1 eV and BE of Pt 4d5/2 314.9 eV, which is
typical of Pt metal [70]. The second state has a BE of Pt 4f7/2 75.1 eV
corresponding to Pt in hydro/oxo or chloride complexes Pt(OH)6

2�

or PtCl4. The chlorine-ion was also observed in survey XPS spectra
(Cl2p line), but its quantity was lower than in impregnated Pt-
catalysts.

The impregnated catalyst on H-ZSM-5 has higher binding
energy (71.8 eV) than the ion-exchanged catalyst (71.1 eV). This is
attributed to the relatively smaller size of the active metal
particles. The comparison of the ratio of the silicon and platinum
XPS-peak areas shows that the Pt particles are bigger in the ion-
exchanged catalyst 1.2Pt(A)Z-45 than in the impregnated catalyst
1.2Pt(Cl)Z-45. The statement about the distinction in the particle
sizes also proves to be true regarding the intensity of Pt 4d lines. In
the 1.2Pt(A)Z-45 sample the line is less intensive, indicating
growth of the platinum particles. These data agree with the particle
sizes observed by HRTEM, and can be easily explained by different
concentrations of chlorine anions observed by XPS in the samples.
It is known that chlorine prevents Pt from being aggregated into
large particles [72–74].

Third, the most part of Pt+d
species transform to Pt0 during

reduction in hydrogen at 400 8C (BEPt4f7/2 = 71.1 eV). The oxidized
Pt state is also presented in very small quantity, which does not
allow its identification.

3.5. States of Pt in Pt-zeolite catalysts, EXAFS

The curves of the radial distribution function (RDF) of atoms
describing the Pt local arrangement in Pt-ZSM-5 and Pt-zeolite-
monolith are shown in Fig. 6. The RDF curve of the platinum foil
(reference) is also presented for comparison. The structural data



Table 5
Pt sites on the monolith surface according to XPS and EXAFS data.

N Catalyst AAS-ICP XPS EXAFS

Pt content

(%)

Atomic

Pt/Si ratio

Pt binding energy

(eV)

Pt state Atomic

Pt/Si ratio

Pt–O Pt–Cl Pt–Pt

Pt 4f7/2 Pt 4d5/2 R (Å) CN R (Å) CN R (Å) CN

1 1Pt(Cl)ZM-17 1.1 0.004 72.4 315.6 Pt
d+ as Pt(OH)2 or Pt0 (<10 Å) n.d.

2 1Pt(Cl)ZM-30 1.0 0.003 72.4 315.8 Pt
d+ as Pt(OH)2 or Pt0 (<10 Å) n.d.

3 1Pt(Cl)ZM-45 1.1 0.004 72.5 316.0 Pt
d+ as Pt(OH)2 or Pt0 (<10 Å) 0.013 – – 2.29 2.6 2.77 2.6

4 2Pt(Cl)ZM-45 1.8 0.007 72.3 315.7 Pt
d+ as Pt(OH)2 or Pt0 (<10 Å) 0.042 – – 2.31 4.3 �3.1–4.3 �1–2

5 2Pt(Cl)ZM-45

reduced in H2

1.8 0.007 71.1 314.4 Pt0 0.058

6 2Pt(A)ZM-45 1.6 0.006 n.inv. – – – 1.99 3.4 – – 2.79 5.1

7 1Pt(Cl)Z-45 1.2 0.004 71.8 314.9 Pt
d+, Pt:Cl = 1:1 (�88 %) 0.023 – – 2.29 2.4 – –

75.6 318.1 PtCl6
2� (�12%)

8 1Pt(A)Z-45 1.2 0.004 71.1 314.9 Pt0 (�75%) 0.019 2.01 3.6 – – 2.79 2.5

75.1 – Pt(OH)6
2�, PtO2 or PtCl4(�25%)

Pt-foil – – – – 2.77 11.8

Chlorine was observed in survey XPS spectra (Cl2p line) of all samples; R—Pt–O, Pt–Cl and Pt–Pt distances; CN—effective coordination number; n.inv.—the sample was not

investigated by XPS or EXAFS; n.d.—not determined.

Fig. 6. Radial distribution function (RDF) curves describing Pt local arrangement for

the studied samples calcined at 400 8C: (a) 1.8Pt(Cl)ZM-45; (b) 1.2Pt(Cl)Z-45; (c)

1.1Pt(Cl)ZM-45; (d) 1.2Pt(A)Z-45; (e) 1.6Pt(A)ZM-45; (f) Pt-foil (reference).
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such as effective coordination numbers and distances for the Pt–O,
Pt–Cl, Pt–Pt coordination spheres calculated from the EXAFS
spectra for the local Pt arrangement are presented in Table 5.

Analysis of the RDF curves and calculated EXAFS data for our
PtZ-45 and PtZM-45 samples led us to the following conclusions.

Addition of Ca-montmorillonite to the support, e.g. in samples
1.8Pt(Cl)ZM-45 and 1.2Pt(Cl)Z-45 prepared using the H2PtCl6

precursor, hinders the formation of platinum metal particles, Pt0.
However, addition of Ca-montmorillonite in the same amount in
the case of 1.6Pt(A)ZM-45 prepared from [Pt(NH3)4]Cl2

�H2O
precursor is not sufficient to prevent formation of Pt0 particles
promoted by tetraammineplatinum chloride. In the 1.8Pt(Cl)ZM-
45 and 1.2Pt(Cl)Z-45 catalysts platinum is present only in the form
of a partially decomposed initial chloride complex and practically
no platinum metal is observed. The distant peaks at 3.1–4.2 Å
giving coordination numbers � 2 after fitting correspond to the
distances RPt–Pt and RPt–Cl for far coordination spheres in the
structures of platinum chloride and tetrachloroplatinates [75].

In the RDF curves of the samples 1.8Pt(Cl)ZM-45, 1.1Pt(Cl)ZM-
45 and 1.2Pt(Cl)Z-45 there are peaks (for the first coordination
sphere), which correspond to the distance Pt–Cl (�2.3 Å) typical of
platinum-chloride systems [75]. The fitting data also confirm the
presence of such distances. However, the obtained coordination
numbers are somewhat low (CN = �2.4, 4.2; Table 5) in
comparison with the octahedral arrangement of Pt typical of
platinum-chloride systems [75]. The lower values of the effective
coordination numbers are most likely caused by small particle
sizes and significant distortion of the octahedral chloride
arrangement.

In the RDF curves of the samples 1.2Pt(A)Z-45 and 1.6Pt(A)ZM-
45 there are peaks (for the first coordination sphere) that
correspond to the distance Pt–O (�1.98–2.1 Å) typical of some
oxide and hydroxide Pt systems [76]. The fitting data confirm the
presence of such distances. Still, the obtained coordination
numbers are again low (CN = �4; Table 5) in comparison with
the octahedral arrangement of Pt typical of platinum-chloride
systems [75]. The lower values of the effective coordination
numbers are related to the small size of particles with significant
distortion of the octahedral oxygen arrangement.

It should be noted that in a number of samples, platinum is
present in two forms. For instance, platinum metal Pt0 was
observed in addition to the ‘‘chloride’’ form for samples
1.8Pt(Cl)ZM-45 and 1.1Pt(Cl)ZM-45 and the ‘‘oxide’’ form for
samples 1.2Pt(A)Z-45 and 1.6Pt(A)ZM-45. In the RDF curves of
these samples there are far peaks corresponding to the first peak in
the fcc structure typical of platinum metal [77] (Fig. 6). Such
comparison was carried out using reference Pt-foil. However,
noteworthy are the substantial differences in the amplitudes and
some shifts in the positions of the peaks attributed to platinum
metal in the RDF curves of the local arrangement for these samples
(Fig. 6).

The fitting data (Table 5) also completely prove the above-
mentioned finding. The calculated values of the effective
coordination numbers for 1.1Pt(Cl)ZM-45 and 1.2Pt(A)Z-45 are
ca. 2.5–2.6. These values indicate that there are significant
distortions of the platinum metal structure and small dimensions
of Pt0 particles compared to the reference sample. The sample
1.6Pt(A)ZM-45 had rather high CN value equal to 5.1. This fact



Fig. 7. (A) The rate of thiophene conversion by HDS and HYD routes versus duration

time. The catalyst is 1Pt(Cl)ZM-45. (B) The benzene conversion on 1Pt(Cl)ZM-45

(&) and Pt/SiO2 (&) versus duration time.
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indicates that platinum particles Pt0 in this sample are larger and
more ordered in comparison with the other samples. Better
structure ordering in this sample compared to the samples
1.1Pt(Cl)ZM-45 and 1.2Pt(A)Z-45 is also confirmed by the growth
in intensity of the distant peaks attributed to Pt–Pt distances 3.5–
6.5 Å.

3.6. Catalytic activity

The effect of catalyst chemical compositions, the state of Pt and
support acidity on the hydrodesulphurization and hydrogenation
activity of supported Pt catalysts was studied.

Three main products were observed in the hydrodesulphuriza-
tion of thiophene over Pt-zeolite: hydrogen sulphide, C4-hydro-
carbons (such as butane and butene) and fully hydrogenated
sulphur-containing intermediate tetrahydrothiophene (C4H8S).
Fig. 7 shows the rates of thiophene conversion to C4-hydrocarbons
and tetrahydrothiophene over 1Pt(Cl) ZM-45 catalyst. The for-
mation rate of desulphurized C4-products decreased with time
and achieved a steady-state value in 30–40 min. The tetrahy-
drothiophene formation rate increased and also reached a constant
value after same time, indicating that desulphurization of the
fully hydrogenated sulphur-containing intermediate is unfavour-
able over Pt-zeolite at 300 8C and pressure 20 atm.

The catalytic results obtained over our Pt-zeolite catalysts for
the thiophene HDS reaction, in terms of total thiophene conver-
sion, rate of thiophene conversion, selectivity to C4-hydrocarbons
via the HDS route, and selectivity of tetrahydrothiophene for-
mation via the HYD route are summarized in Table 2. Our Pt-
zeolite-monolithic catalysts exhibit fair activity in thiophene HDS,
which achieved 1700–3400 moles of C4H4S per mole of Pt per hour
at 300 8C. The high thiophene and DBT hydrodesulphurization
activity and sulphur resistance were reported for Pt on H-ZSM5
[78,79] and Y [36,78–80] zeolites and ASA [22,25,81].

The steady-state activity of Pt-zeolite-monolithic catalysts in
thiophene HDS reaction depends on the montmorillonite presence,
zeolite Si/Al ratio (17,30,45) and the noble metal precursor. At the
same Pt loading (1 wt.%), the total thiophene conversion over
Pt(Cl)ZM catalysts was 33–40%, while the rate increased slightly
with decreasing the zeolite Si/Al ratio from 45 to 17. The C4-
hydrocarbon formation rate was twice higher for 1Pt(Cl)ZM-17
than for 1Pt(Cl)ZM-30. At the same zeolite Si/Al ratio (e.g. Si/Al-45),
doubling of the Pt loading increased the total thiophene conversion
by 10% and reduced the rate by a factor of 1.4. At nearly the same Pt
loadings (1.6 and 1.8 wt.%), the impregnated Pt-zeolite catalyst
was 1.2 times more active in thiophene HDS than the ion-
exchanged Pt-zeolite catalyst. Meanwhile, the ion-exchanged Pt-
zeolite prepared by using tetraammineplatinum chloride showed
higher selectivity to C4-hydrocarbons in comparison with the
impregnated Pt catalyst prepared from hexachloroplatinum acid.
The regularities observed of thiophene HDS activity versus Pt-
catalyst composition correlate with changes in the state of Pt and
size of its particles.

The thiophene HDS activity of Pt catalysts supported on zeolite
and on montmorillonite is also reported in Table 2. At the same Pt
loading (1 wt.%) and Pt precursor, the Pt catalyst on the zeolite-
montmorillonite monolith (e.g. Pt(Cl)ZM-45) was slightly more
active and selective to C4-hydrocarbons than the one on the zeolite
(e.g. Pt(Cl)Z-45). Meanwhile, the Pt-montmorillonite catalyst (see
Pt(Cl)M and Pt(A)M) was not selective to C4-hydrocarbons,
especially the 1Pt(Cl)M catalyst prepared by impregnation with
hexachloroplatinum acid. The 1Pt(Cl)M catalyst had the highest
activity in the thiophene hydrogenation to tetrahydrothiophene.
This indicates that the zeolite channels play an important role in
the sulphur removal from thiophene. On the other hand, the
replacement of montmorillonite for alumina in the composition of
the support decreased the activity by a factor of three, whereas the
selectivity of thiophene decomposition did not change (see
samples 2Pt(Cl)ZM-45 and 2Pt(Cl)ZA-45). When Pt was supported
on monoliths containing Y-zeolite, silica or alumina with
montmorillonite, we also observed low activity in thiophene
decomposition (XC4H4S-16–22%) and selectivity to C4-hydrocar-
bons 47–54%, e.g. for 1Pt(Cl)YM, 1Pt(Cl)SiM, 1Pt(Cl)AlM. This
indicates that both the textural properties and the proton acidity of
the support play an important role in the thiophene hydrodesul-
phurization. The aggregate of these properties was more optimal
when the monoliths were prepared from H-ZSM-5 with mon-
tmorillonite.

The most active catalyst 1Pt(Cl)ZM-45 was tested in benzene
hydrogenation and hydrodesulphurization of diesel fractions.

Pt-zeolite catalysts have higher hydrogenation activity, e.g. in
benzene hydrogenation, and stability to thiophene deactivation.
Their benzene HYD activity was shown to be determined by the
catalyst composition and the support acidity, as discussed above
for thiophene desulphurization. Benzene conversion at 300 8C is
close to 100% on our Pt-zeolite catalyst. If thiophene is introduced
into the gas mixture at 300 8C, the benzene conversion decreases
rapidly and reaches a stable value of 23–26%, whereas the
thiophene conversion is 100% (Fig. 7B). MCP formation was
observed on Pt(Cl)ZM-45 catalysts supported on zeolite-mono-
liths, and was not detected on commercially available Pt/SiO2

(Pt � 0.5 wt.%). Benzene conversion to MCP was 5–8%. When the
thiophene feeding was cut off, the benzene conversion sharply
increased and reached 100% on the Pt-catalyst (Fig. 7B). The zeolite
Si/Al ratio did not influence catalytic activity in benzene HYD of Pt-
catalysts. It was noted that the 1Pt(Cl)ZM-45 catalyst possessed



Fig. 9. Product distillation curve-comparison with the DLCO feed (reaction

conditions: 50 ppm S (from DBT) in the feed).
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higher stability to deactivation by thiophene in comparison with
commercially available Pt/SiO2 (Fig. 7B). The benzene hydrogena-
tion activity in thiophene presence over our Pt-zeolites was well
correlated with tetralin hydrogenation activity observed for Pt-Pd/
Y zeolite [36] and Pt-Pd/ASA [27,81] in presence of dibenzothio-
phene.

The performance of Pt supported on the zeolite-monolith in
desulphurization and hydrogenation of Desulphurized Light Cycle
Oil was evaluated on the IFP hydrotreating pilot plant. Table 3
presents the aromatic contents, the cetane numbers, the hydrogen
contents and the sulphur contents measured in the products for
stabilized chemical conditions. Figs. 8 and 9 show the density
evolution versus time on stream and the distillation curves of the
products for the three hydrogenation experiments on 1Pt(Cl)ZM-
45 catalyst, respectively. The density of the liquid product obtained
during the hydrogenation of DLCO on 1Pt(Cl)ZM-45 catalyst at
300 8C was observed to increase during the first 100 h. Then, the
density reached a steady value (Fig. 8), which was lower than the
one of the initial feed (Table 3). The smaller densities observed
with the 1Pt(Cl)ZM-45 catalyst indicate higher hydrocracking
activity of this catalyst. Indeed, the distillation curves of the
products for the 1Pt(Cl)ZM-45 catalyst are different from those of
the DLCO feed. The yield on liquid product (with distillation
temperature above 100 8C) obtained on 1Pt(Cl)ZM-45 catalyst was
close to 88% (Fig. 9). The crushed catalyst had higher hydrogena-
tion activity than the monolithic catalyst. Their rate constants were
0.29–0.32 and 0.17–0.18 h�1, respectively. The hydrogenation
activity of the crushed catalyst increased twice when the sulphur
content in the feed was decreased from 50 to 20 ppm. The
differences observed in the performance of the crushed and the
monolithic catalysts suggest intragranular diffusion limits on the
monolith catalyst (in connection with the used loading). The slight
decreasing of cetane numbers and the slight increasing of
hydrogen contents obtained with the 1Pt(Cl)ZM-45 catalyst are
also in accordance with its lower efficiency in hydrogenation in the
presence of sulphur.

The test showed that 1Pt(Cl)ZM-45 catalyst had high activity in
desulphurization of DLCO feeds containing 20–50 ppm of sulphur
in the form of dibenzothiophene. At pressure 6 MPa and
temperature 300 8C, the crushed and the monolithic catalysts
decreased the sulphur concentrations to 0 and 2–3 ppm, respec-
tively.

Our results show that both crushed and monolithic samples of
the 1Pt(Cl)ZM-45 have rather high activity in desulphurization of
the DLCO feeds, in hydrocracking it has moderate activity, and it is
least active in hydrogenation.
Fig. 8. Density evolution ve
4. Discussion

4.1. Electronic state of Pt

HRTEM, FTIR, XPS and EXAFS data correlate well with each other.
According to TEM, the catalysts with any zeolite Si/Al ratio contain
finely dispersed platinum species with size 2–5 nm located on the
surface of the zeolite crystallites and montmorillonite. The ion-
exchanged Pt-catalysts have also the well crystallized Pt0 particles
with prismatic shape and prevalent size 10–25 nm, which are located
on the outside surface of the zeolite crystals. The main Pt-species
state observed by FTIR of adsorbed CO molecules is Pt0 (nCO = 2070–
2095 cm�1). Besides, the oxidized Pt+/Pt2+ on surface of Pt0-
nanoparticles or close to cation-exchange zeolite site (nCO = 2122–
2128 cm�1), Pt

d+ in PtO1-xClx particles (nCO = 2134–2138 cm�1),
Pt2+ (nCO = 2150–2155 cm�1) and Pt3+ (nCO = 2196 cm�1) are also
presented. The electronic properties of the surface Pt atoms depend
on their interaction with the support [57,59,61–63], and therefore on
the preparation route of the Pt catalysts and the acidic properties of
the supports.

According to the XPS and EXAFS data, the stabilization of
the oxidized Pt

d+-state, indicated by BE of Pt 4f7/2 72.5 eV and
rsus hours on stream.
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RPt–O = 1.98A, RPt–Cl = 2.1A, is promoted by Ca-montmorillonite and
hexachloroplatinum acid used as the Pt precursor. The oxidized
Pt

d+-state can correspond to oxygenated and/or chloride platinum
compounds with (Cl + O)/Pt ratio less than 2 (probably, Pt(OH)2 or
[Pt(OH)Cl] or [PtOxCly]). The other oxidized Pt

d+-state can be
assigned to metal species dispersed at atomic scale with the size
smaller than 1 nm, having the strong interaction with the support.
We do not exclude a possibility of Pt particles with size up to 1 nm
being located inside the zeolite channels. In this case they are not
visible by TEM. According to the data published in [51,52], the
maximum size of Pt particles located inside the channels of the
ZSM-5 zeolite is around 3.5 nm. The a.b. at 2090–2095 cm�1 in the
FTIR spectra of adsorbed CO molecules could indicate the
formation of small Pt particles located inside the zeolite channel
close to the acid site. This hypothesis is also confirmed by the
decrease of the acidic strength of Pt-zeolite in comparison with the
H-zeolite, observed before for Pt-mordenite [64] and Pt-ZSM-5
[61]. In our case, the decrease of the acidic strength of Pt-zeolite is
most significant when Ca-montmorillonite is added to the zeolite
supports. The interaction of the electron-deficient Pt atoms or
smaller Pt particles with one or two acidic hydroxyl groups located
inside the zeolite channels can change the electron density in the
conjugated base-acid, and therefore decrease the acid strength
[61,64]. Similar interaction of large Pt particles located usually on
outside surface should not affect the support acidity [64].

The formation of metal species dispersed at atomic scale is
possible both for the ion-exchange and the impregnation
preparation routes of Pt catalysts. The formation of such dispersed
metal species can result from the ligand-exchange of Al-OH surface
groups with hexachloroplatinic acid solution [59,67–69]. The
ligand-exchange is well known to take place upon impregnating
the alumina surfaces with hexachloroplatinic acid solution [68,69].
As a result, some of the Al-OH surface groups can be replaced by
[PtCl6]2� complexes with the formation of [(AlOH)2PtCl4] and
[(AlCl)2PtCl4] surface complexes [67,68]. Such chlorines coordi-
nating the Pt ions will prevent the Pt species from migrating during
drying and calcinations. Most likely, some traces of chlorine are
preserved on the catalyst surface after calcination and reduction
with hydrogen [69]. The formation of [PtIV(OH)xCly] and [PtIVOxCly]
was earlier found during calcinations at 300 8C and 500 8C,
respectively, for Pt/Al2O3 catalyst prepared by impregnation with
H2PtCl6 solution [74]. We assume that the Cl� ions hinder Pt+d

species from agglomeration and further reduction to Pt metal. This
assumption correlates with a narrow size distribution of TEM-
visible Pt particles for the catalyst prepared by incipient wetness
impregnation with hexachloroplatinum acid. Our assumption
agrees with previous investigations of supported Pt/Al2O3 catalysts
[72–74]. These works have pointed out that chlorine is strongly
bonded to the alumina and, then, the platinum oxide crystallites
interact with it to form oxychloroplatinum complexes such as
PtOxCly up to 500 8C [72–74].

The formation of Pt metal (with BE of Pt 4f7/2 71.1 eV and RPt–

Pt = 2.75A) and hydroxy- or oxy-complex such as Pt(OH)6
2� or PtO2

(with BE of Pt 4f7/2 75.1 eV and RPt–O = 2.00 A) is observed when H-
ZSM-5 powder or tetraammineplatinum chloride Pt(NH3)4Cl2 is
used for preparation of Pt catalysts. This assumption agrees with
the FTIR data of adsorbed CO, because the absorption band at
2090 cm�1 typical of Pt0 clusters and high frequency absorption
bands at 2122, 2150, and 2196 cm�1 corresponding to the oxidized
Pt species were observed for the ion-exchanged Pt samples.
Observation of chlorine in survey XPS spectra (Cl2p line) of these
samples, although its quantity was smaller than in impregnated
catalysts, does not exclude the doping of Pt-species by Cl-ions. The
formation of the positively charged Pt species (Pt2+, a.b. 2155 cm�1

and Pt3+, a.b. 2196 cm�1) is possible as a result of the interaction of
the [Pt(NH3)4]2+ complex with the support via ion-exchange with
the protons of bridged hydroxyls of the zeolite and montmor-
illonite. This interaction seems to be strong. So, the Pt complex
remains on the surface during the drying process. During the
calcination, the ammine groups decompose yielding Pt metal
particles coordinated with the surface oxygen on the support
[59,65–67]. Thus, calcination under mild conditions—the ambient
air and temperatures up to 250 8C—will lead to evolution of
ammonia which provides reducing media and formation of finely
dispersed Pt0 particles [65,66].

On the other hand, the formation of the large Pt metal particles
is possible when the electrostatic interaction between the
[Pt(NH3)4]2+ complex and the support surface takes place. Above
250 8C in ambient air the NH3 ligands are quickly oxidized with the
formation of PtO particles [65,66]. When the temperature
increases further, the small and mobile PtO particles merge
leading to low metal dispersion. Besides, fast exothermic NH3

oxidation may promote the particle sintering [66] and the
formation of large Pt particles, which were observed by TEM. As
mentioned above, the catalyst prepared by ion-exchange with
[Pt(NH3)4]Cl2 contains well-crystallized Pt0 particles with pre-
valent size 10–25 nm. The large Pt0 crystallites are located on the
outside surface of the zeolite crystals.

The strong electronic interaction of Pt atoms or small Pt
particles located inside the zeolite channels close to the zeolite
proton sites changes significantly the electron density of both Pt
and the zeolite, influencing the catalytic activity. The Pt-zeolite
exhibits high catalytic activity in hydrogenation [27,36,59] and
hydrogenolysis [10,27,78–80].

4.2. Catalytic activity

HDS reactions are generally performed at temperatures
between 320 and 450 8C in the presence of hydrogen. Under these
conditions, decomposition of thiophene usually leads to the
formation of butadiene, n-butenes, and butane [71,72]. At 300 8C
we observed also the formation of tetrahydrothiophene. The
formation of C4-hydrocarbons and tetrahydrothiophene suggests
that there are two pathways of thiophene conversion: via direct
hydrogenolysis of the C–S bond with the formation of intermediate
butadienes (direct DDS pathway) and via prehydrogenation of the
thiophene ring followed by the C–S bond breaking with formation
of intermediate tetrahydrothiophene (HYD pathway). The relative
contribution of each pathway is determined by the reaction
conditions, by the type of substrate, and by the catalyst. However,
thiophene, benzothiophene, dibenzothiophene and other reactive
substances (mercaptans, sulphides, etc.) are known to react
predominantly via the hydrogenolysis reaction pathway [10–
13,21,22]. It is only in the case of 4- and/or 6-methyldibenzothio-
pene that the conversion following the DDS reaction pathway is
significantly slowed down. So, they are removed via preliminary
hydrogenation of one aromatic ring followed by expulsion of the
sulphur atom [11–13].

As mentioned above, the selectivity to tetrahydrothiophene on
our Pt-zeolite catalysts, e.g. Pt(Cl)ZM-45, does not decrease with
time. This indicates that tetrahydrothiophene is a stable inter-
mediate and sulphur removal from the fully hydrogenated
sulphur-containing intermediate is unfavourable over the Pt-
zeolite. The thiophene hydrogenation is the main pathway for
thiopene decomposition on Pt-montmorillonite, e.g. Pt(Cl)M. It can
be assumed that the tetrahydrothiophene formation takes place on
the surface Bronsted acid site, and the zeolite channel plays an
important role in its further transformations. The large kinetic
diameter of tetrahydrothiophene and/or its strong interaction with
the Bronsted acid site prohibit later tetrahydrothiophene penetra-
tion into the zeolite channels, where it would undergo rupture of
the C–S bond. Meanwhile, a linear intermediate, such as S C CH–
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CH CH2, which is formed as a product of thiophene decomposition
via hydrogenolysis of the C–S bond, easily penetrates into zeolite
channel, where it undergoes hydrogenation to C4-products and
H2S [79].

At similar platinum loadings the activity and selectivity of Pt
catalysts in thiophene HDS substantially depend on the method
used for platinum deposition in the catalyst. At similar Pt loading
(1 wt.%) the thiophene HDS activity of our Pt-zeolite catalyst
increases with decreasing Si/Al ratio (from 45 down to 17), and
when hexachloroplatinum acid is used as the precursor. However,
the Pt-zeolite catalysts are more selective to C4-hydrocarbon
formation during thiophene removal, when tetraammineplatinum
chloride and Ca-montmorillonite are used for the catalyst
preparation.

The analysis of activity in thiophene HDS and other studied
hydrotreating reactions as a function of catalyst composition
shows their good correlation both with the support acidity and
with the electronic states of platinum and its location. The Pt-
zeolite catalyst containing the small Pt metal particles (1–5 nm)
and the positively charged metal particles exhibit higher catalytic
activity in thiophene hydrogenolysis and hydrocarbon hydro-
cracking. Our data agree with high activity in hydrogenation and
isomerization of hydrocarbon observed for the catalyst containing
well-crystallized Pt metal particles on the surface [59]. The
strength and concentration of Bronsted acid sites affect the HDS
activity of the catalysts prepared by impregnation with hexa-
chloroplatinum acid. However, the process selectivity is affected
more by location of platinum metal particles in the vicinity of BAS,
which is possible if the catalyst is synthesized by ion-exchange.

A similar tendency to the increase of thiophene HDS activity
with the decrease of the SiO2/Al2O3 ratio in HZSM-5 was earlier
observed for Pt/HZSM-5 [79]. Similar tendencies were observed for
hydrogenation and isomerization of hydrocarbons on Pt/zeolite
[59]. The high activity of Pt/HZSM-5 catalysts was explained by
possible spillover of atomic hydrogen, which hydrogenates the
zeolite surface species formed by thiophene decomposition after
decomposition of molecular hydrogen on the metal. It is known
that the BAS concentration in H-ZSM-5 decreases when the SiO2/
Al2O3 ratio decreases but their strength grows. The Bronsted acid
sites of HZSM-5 and Pt particle accounting for activation of
thiophene and hydrogen, respectively, play an important role in
the hydrodesulphurization of thiophene on Pt/HZSM-5 catalyst
[5,79].

Thus, the design of our catalyst conforms to the concept
suggested by Song [10,42]. The catalyst is bifunctional. The
activation of hydrocarbons and hydrogen takes place over the
proton sites of the support and platinum metal particles,
respectively. The catalyst has two types of pores. The channels
of the ZSM-5 zeolite with diameter 0.55 nm act as micropores
inaccessible to large organic molecules. Independent of the
method used for deposition of platinum, there are two types of
active platinum particles. The sites of the first type are platinum
metal particles with the size 2–25 nm located on the surface of the
zeolite crystallites and montmorillonite. These sites are accessible
to large organosulphur molecules and sensitive to deactivation
with sulphur. Yet, they are active in hydrogenation of aromatic
molecules. The platinum sites of the second type are located inside
the zeolite channels and inaccessible to the organic molecules.
These sites account for activation of hydrogen used for regenera-
tion of the deactivated sites of the first type. The electronic state of
Pt in the sites of the second type has not been determined
unambiguously. Probably, these are small Pt0 particles located
close to Bronsted acid sites. Such location facilitates spillover of
hydrogen from Pt to the reaction intermediate. The presence of a
larger number of Pt particles in contact with Bronsted acid sites
favours the thiophene decomposition.
5. Conclusion

The Pt-zeolites are very active catalysts for thiophene hydro-
desulphurization and benzene hydrogenation with high sulphur
tolerance. The Pt-zeolite catalyst demonstrated high efficiency in
ultra-deep desulphurization of DLCO. The good catalyst perfor-
mance can be explained by the favourable pore space architecture
and the location and the state of the Pt clusters. The catalyst has
two types of well connected pores (micro and meso, macro) and
contains two types of Pt particles—finely dispersed Pt nanopar-
ticles (2–5 nm) and well-crystallized Pt0 particles (10–25 nm)—
located on montmorillonite and zeolite surfaces. The Pt-states are
Pt0 (nCO = 2070–2095 cm�1) and oxidized Pt-species such as Pt

d+

(nCO = 2128 cm�1) and Pt2+ (nCO = 2149–2155 cm�1). The presence
of Pt metal particles dispersed at atomic scale with the size smaller
than 1 nm and located close to Bronsted acid sites in microporous
zeolite channels has also been proposed based on the FTIR data.
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Deuterium tracers were used to explore the mechanisms of dehydrogenation of six-membered 
cyclic compounds to benzene over a Te NaX zeolite catalyst. Dehydrogenation of cyclohexane to 
cyclohexene (and probably to cyclohexadiene) precedes the formation of benzene. A large primary 
kinetic isotope effect (kc,a,,/kc#%, - 2.5 at.4OD’C) indicates that cleavage of the C-H bonds in 
cyclohexane is the rate-determining reaction step. Although the presence of gaseous hydrogen is 
required to maintain catalyst activity, the dehydrogenation rates are the same in HI as they are in 
Da. Only a limited amount of exchange occurs between D, and H atoms in the hydrocarbons. The 
exchange which is observed probably arises from double bond shift that occurs in the olefins by an 
addition/abstraction mechanism on a single Te atom containing one adsorbed D atom. Cyclohex- 
ane can be formed from cyclohexene by hydrogen transfer from another cyclohexene molecule 
much more readily than it can be formed by direct saturation with gaseous H1. Both the dehydm- 
genation and isomerization sites are probably TeO surface atoms. 

INTRODUCTION which the DHC reactions occur. We pre- 
sented evidence that the reaction proceeds 

Early in the 197Os, researchers at the Mo- via successive catalytic dehydrogenation 
bil Research Labs published several papers steps to olefins, diolefins, and eventually 
dealing with a dehydrocyclization (DHC) triolefins which cyclize homogeneously in 
catalyst which has the unique feature of the gas phase. A final catalytic dehydro- 
promoting aromatics formation from n- genation step produces the aromatics. Even 
paraffins without any skeletal isomerization though cyclohexane readily forms benzene 
in the nonaromatic hydrocarbons (I -5). over this catalyst, the tracer results clearly 
Their work centered mainly on the struc- demonstrated that neither cyclohexane nor 
tural aspects of this catalyst which was pre- cyclohexene are intermediates in the DHC 
pared from a physical mixture of elemental of n-parafIins. In other words, cyclization 
tellurium and NaX zeolite. However, they occurs after extensive dehydrogenation. 
published very little information about the The purpose of this work was to investi- 
mechanisms of these interesting reactions. gate in more detail some of the mechanistic 

In a previous paper (6) we described steps of the dehydrogenation of cyclohex- 
some studies with 14C-labeled tracers that ane to benzene. Deuterium tracers served 
were designed to elucidate the pathways by as a focal point of these studies. Unlike 

acidic oxide catalysts that promote deute- 
rium exchange with hydrocarbons below 

1 Present address: Department of Chemical Engi- 
neering, Louisiana State University, Baton Rouge, 

100°C (7, S), Te/NaX does not rapidly 

La. 70803. 
scramble deuterium with hydrocarbons 

* US/USSR Exchange Fellow; present address: even at temperatures exceeding 500°C. Ex- 
Institute of Catalysis, Novosibirsk, USSR 630090. periments with deuterium tracers have al- 
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sequence of reaction steps and the rate- 
limiting process in the overall reaction. 

EXPERIMENTAL 

The catalyst used for the deuterium ex- 
change reactions was prepared by re- 
searchers at Mobil Research and Develop- 
ment Company (9). It contained 11% by 
weight elemental tellurium, the remainder 
being NaX zeolite (13X) prepared by 
Linde. These two constituents were physi- 
cally mixed for 4 hr in a ball-mill. Another 
catalyst prepared in exactly the same man- 
ner in our laboratory was used for the iso- 
tope effect experiments. Comparative tests 
demonstrated that, within an experimental 
error of ? lo%, the two preparations had 
the same activity for DHC. 

All reactions were carried out in a Pyrex 
high-vacuum recirculation batch reactor 
described previously (IO, 1Z). Catalysts 
were activated by treatment in recirculating 
hydrogen or deuterium at 500°C for at least 
3 hr. Water was continuously removed 
from the recirculating gas with a liquid ni- 
trogen trap during activation. Regeneration 
of the catalyst was not necessary between 
successive experiments. 

Reaction products were analyzed by gas 
chromatography and/or mass spectrome- 
try. Separation of the components was 
achieved by injecting a mixture into a 3-m 
Carbowax 20MKhromasorb W column 
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FIG. 1. Conversion of cyclohexane to benzene in a 
batch recirculation reactor over 100 mg of Te NaX 
zeolite at 500°C. 
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FIG. 2. Deuterium incorporation into cyclohexane 
and benzene during reaction described in Fig. 1. 

thermostated at 120°C; the helium carrier 
gas flowed through a thermal conductivity 
detector. The isolated compounds were 
transferred to a CEC 21-104 mass spec- 
trometer for deuterium analysis. All spectra 
were taken at low ionization voltages to 
minimize fragmentation, and all the data 
were corrected for naturally occurring 13C. 

RESULTS 

1. Cyclohexane Reaction in Presence of 

Figure 1 shows the conversion of cyclo- 
hexane as a function of time in the recircu- 
lation reactor. The initial mixture consisted 
of 50 Torr (1 Tot-r = 133.3 N rne2) cyclohex- 
ane and 200 Torr D,. Figure 2 shows the 
simultaneous incorporation of D atoms into 
the cyclohexane reactant and the benzene 
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FIG. 3. Hydrocarbon distribution from reaction of 
cyclohexene and DZ over 25 mg Te NaX zeolite in a 
batch recirculation reactor at WC. 
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product as a function of time. 4 represents 
the average number of deuterium atoms 
contained in each molecule (12). In every 
case the deuterium incorporation could be 
statistically accounted for by the binomial 
distribution equation (13, 17) indicating 
stepwise exchange. 

Figure 2 shows that cyclohexane has 
very little propensity for deuterium ex- 
change. This result is quite peculiar consid- 
ering that the reaction takes place at 500°C. 
The benzene product, however, contains 
an almost constant amount of deuterium 
indicating that most deuterium incorpora- 
tion occurs during the dehydrogenation re- 
actions and not after the benzene product is 
formed. Another experiment demonstrated 
that a benzene/D, mixture similar to the 
cyclohexane/De mixture showed very little 
exchange under the same conditions. Fur- 
thermore, a CsDs: CsHG = 1: 1 mixture re- 
acting in DZ showed almost no H/D mixing 
among the benzene molecules (10). 

2. Cyclohexene Reaction in Presence of 
DZ 

Figure 3 shows the hydrocarbon distribu- 
tion for the cyclohexene reaction in the re- 
circulation reactor as a function of time at 
440°C. The initial mixture consisted of 50 
Torr cyclohexene and 300 Torr D,. The de- 
hydrogenation of cyclohexene to benzene 

1 
50 loo 

J 
IS0 200 250 

TIME (mlnr.) 

FIG. 5. First-order rate plot for the reaction of per- 
deuterated cyclohexane (C.DII) and nondeuterated cy- 
clohexane (&HI,) over 2.0 g Te NaX zeolite in a 
recirculation reactor at 400°C. X is the fractional con- 
version of cyclohexane. 

as well as the hydrogenation of cyclohex- 
ene to cyclohexane occurred simulta- 
neously. 

Figure 4 shows the deuterium incorpora- 
tion into the various species. In this case 
the fraction of the molecules’ H atoms that 
have been replaced by D atoms is plotted as 
a function of time. Fraction exchange is 
defined as 4/n, where n is the number of (H 
+ D) atoms in the molecule. The very low 
level of D incorporation (compared with 
that in Fig. 2) is due to the lower tempera- 
ture in the cyclohexene experiment, 440 vs 
500°C. The temperature had to be reduced 
considerably to decrease the rate of cyclo- 
hexene reaction below the point where mix- 
ing in the recirculation reactor could have 
influenced the results. 

CYCLOHEXENlf 
I 

.I.’ 
BENz+& 1 

/’ l 
/’ 

/’ 

Oo 

./‘- 
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Data presented to this point clearly indi- 
cate that rapid scrambling of D, with H 
atoms in the hydrocarbons does not occur. 
One might then expect that the cleavage of 
C-H bonds may be the rate-determining 
step in the dehydrogenation reaction. This 
thesis was tested by comparing the reactivi- 
ties of perdeuterated cyclohexane, d12 with 
undeuterated cyclohexane, d,, in the pres- 
ence of Hz and/or D,. 

FIG. 4. Deuterium incorporation into hydrocarbons In one set of experiments, the rate of 
during reaction of cyclohexene and De described in cyclohexane dehydrogenation was inde- 
Fig. 3. pendent of whether the gaseous hydrogen 

3. Cyclohexane Isotope Effect 
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was H, or D,. This demonstrated that there 
is no isotope effect associated with activa- 
tion of the hydrogen molecules. 

On the other hand, the reaction rate was 
strongly dependent on the presence of D 
atoms in the cyclohexane. Figure 5 shows 
the first-order rate plots obtained for the 
reactions of C,H,, and CsDr2 cyclohexane. 
In each case the reactant mixture contained 
40 Torr of cyclohexane and 300 Tot-r of Dz. 
Identical curves were observed when the 
DZ was replaced with an equivalent pres- 

sure of HZ. Note that the &HI2 reacted 
almost 2.5 times as fast as did the C,D,, at 
400°C. Several experiments were carried 
out over a limited temperature range near 
400°C and the resulting linear Arrhenius 
plots indicated apparent activation energies 
of 40.1 kcal/mole for the &HI2 reaction 
and 42.9 kcal/mole for CgDIZ. 

DISCUSSION 

To explain all these observations, let us 
assume the following set of reactions. 

CH + CH’ + Hz, where CH = cyclohexane, (1) 
2CH’ z$ CH” + CH, 
CH’ = CH” + HI, 
CHY’+Bz+ Hz, 

The first reaction must be rate limiting 
and irreversible to account for the large 
C8H12/C6D12 isotope effect (Fig. 5) and the 
absence of significant D incorporation into 
the unreacted CH (Fig. 2). This step likely 
involves the simultaneous removal of two 
H atoms, since the observed isotope effect 
is larger than one would reasonably expect 
for a single C-H cleavage at this high tem- 
perature of 400°C (14). The two atoms may 
become attached to a single Tea atom, viz., 

H H 
2)-C’- 

H + ‘H 
* H;’ ...H - 

YCZC,‘-- 
H 
--\c=c/L 

..,, ,.H H+H 
Te ‘Td ‘T,’ 

with the olefin and HZ being desorbed into 
the gas phase to regenerate the site. Sup- 
ported tellurium has been shown to adsorb 
up to 2 H/Te (4, 15). In a similar way, steps 
(3) and (4) produce cyclohexadiene and 
finally benzene. Both steps are relatively 
facile with the ease of reaction increasing in 
the order (3) < (4). The last step occurs so 
rapidly that no cyclohexadiene was ob- 
served among the products in any of these 
experiments. It must also be essentially ir- 
reversible since almost no D is scrambled 
into the benzene when a benzene/D, mix- 

CH’ = cyclohexene, 
CH” = cyclohexadiene, 
Bz = benzene. 

(2) 
(3) 
(4) 

ture is recirculated over the catalyst at 
500°C (10). 

The hydrogen transfer reaction step (2) 
must be invoked to account for the forma- 
tion of both cyclohexane and cyclohex- 
adiene (which is manifested among the 
products as benzene due to the very rapid 
step (4)) which are formed from cyclohex- 
ene (Fig. 4). The tracer results shown in 
Fig. 4 rule out the possibility that a 
significant fraction of the cyclohexane is 
formed by the reversal of step (1). Had this 
occurred, the excess gaseous D, would 
have led to the formation of cyclohexane 
CBH,oD,, which would have had a “frac- 
tional exchange” value of 0.167; the ob- 
served value in Fig. 5 is less than 0.01. 

As also seen in Fig. 4, there is consider- 
able D incorporation into unreacted cyclo- 
hexene when it is circulated over the cata- 
lyst in presence of Dz. This exchange may 
well occur through an olefin isomerization 
(double bond shift around the ring) mecha- 
nism on a Te site that contains one D atom, 
viz., 
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Only molecules capable of both accepting 
and donating hydrogen atoms from a differ- 
ent C atom can undergo exchange by such a 
push-pull mechanism (16). Thus, cyclo- 
hexane (which has no unsaturated bonds to 
accept an H atom) and benzene (which can- 
not donate an atom from the third C re- 
moved) will not be expected to undergo 
exchange. This is consistent with the obser- 
vations. Compared with the dehydrogena- 
tion, this exchange reaction should be rela- 
tively fast since only a single C-H bond is 
broken rather than the two required for 
dehydrogenation. 

Additional information about the nature 
of the active sites for these reactions is 
described in the second paper in this series 
(15). 
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An unusual dehydrocyclization catalyst can be prepared from an intimate mixture of NaX zeolite 
and tellurium metal. Careful X-ray diffraction studies by researchers at Mobil Research and Dcvel- 
opment Company indicated that the active site was a Te2- species nestled in the supercage of the 
zeolite and coordinated to sodium ions in the zeolite. Our ESCA spectra, however, point toward 
elemental Tea as the active sites, and sodium NMR data confirm that the Te is coordinated to 
sodium ions in the host oxide. These sites are capable of accommodating up to 2H/Te in an 
activated adsorption process. A dehydrogenation mechanism consistent with the observed kinetics 
involves the simultaneous removal of two hydrogen atoms by these Tea sites in a rate limiting step. 

INTRODUCTION 

Maile and Weisz (I) first reported the dis- 
covery of an unusual dehydrocyclization 
(DHC) catalyst which was prepared from 
an intimate mixture of elemental tellurium 
and sodium-X zeolite. Activation was 
achieved by treatment in hydrogen at a 
temperature of about 500°C. A subsequent 
study by Lang et al. (2) described optimal 
preparation techniques for the system, and 
they suggested that tellurium was coordi- 
nated to the sodium cations in the zeolite 
support. 

Mikovsky et al. (3) and Olson et al. (4) 
later published interrelated papers contain- 
ing information about the structure of the 
active sites. From a careful X-ray crystallo- 
graphic study, they concluded that there 
are’two types of Te sites. The first site is a 
Te2- species coordinated to Na+ ions 
within the sodalite cage, and the second site 
is Te2- coordinated to Site II and Site III 

* Present address: Department of Chemical Engi- 
neering, Louisiana State University, Baton Rouge, 
La. 70803. 

2 US/USSR Exchange Fellow. Present address: In- 
stitute of Catalysis, Novosibirsk, U.S.S.R. 63CKI90. 

3 To whom correspondence should be addressed. 

sodium atoms in the supercage of the zeo- 
lite. The second type of site was considered 
to be the one responsible for aromatization 
activity since it is the only site accessible to 
reactant molecules. The main argument 
supporting the assignment of a negative va- 
lence Te2- species as the active site was the 
X-ray crystallographic work. The inter- 
atomic distance between the Te species and 
the Na+ ions is approximately the same as 
the sum of the Pauling radii for Te2- and 
Na+. However, the low occupancy of tellu- 
rium in the zeolite (about 4.5% by weight) 
made the detection of this site difficult, and 
the assignment of a negative oxidation state 
for Te is not absolutely conclusive. 

If a Te2- species does exist, then hydro- 
gen, which is necessary for activation of the 
catalyst, must be responsible for its reduc- 
tion from the original elemental state. The 
question that remains is what happens to 
the H+ ions produced in the reduction step, 
and do they have any catalytic effect? In 
addressing these issues, Mikovsky ef al. (3) 
and Olson et al. (4) studied Te retention 
and selectivities of Te/NaX and Te/KX, hy- 
drogen sorption, and diffuse-reflectance 
spectroscopy of the Te/NaX catalyst. Some 
of their results are summarized as follows. 

(1) Catalysts with very low Te contents 
369 

0021-9517/83 $3.00 
Copyri@t 0 1983 by Academic ROSS, Inc. 

AU rights of reproduction in any fom reserved. 



370 PRICE, ISMAGILOV, AND HIGHTOWER 

(0.2-0.4% Te on NaX) show much more 
cracking activity than the support alone, 
but these materials have little DHC activ- 
ity. Addition of small amounts of Te to KX 
causes a marked increase in DHC but no 
increase in cracking activity (2). 

(2) All the tellurium can be eluted from 
the catalyst at high temperature in an inert 
atmosphere. However, an atmosphere of 
hydrogen gas will cause the catalyst to sta- 
bilize at a loading of about 3.5% by weight 
on the NaX support at 538°C. No more Te 
is eluted so long as the HZ atmosphere is 
present. 

(3) Diffuse-reflectance spectra showed a 
band at 3650 cm-’ which was assigned to 
H+ ions on the zeolite. 

(4) Approximately one hydrogen mole- 
cule is sorbed per Te atom. 

From the results, it was concluded that 
H+ ions were indeed on the surface and 
were responsible for the cracking activity 
of the low concentration samples. The au- 
thors attributed the high cracking activity 
of these catalysts to an initial deposition of 
the Te in the sodalite cage which would not 
be accessible to the reactants. The mobile 
H+ ions, produced in the reduction of the 
Te, would then be available far cracking 
Further Te loading would populate the su- 
percage sites and cause a shift in selectivity 
to DHC. The explanation for the high aro- 
matization activity of Te/KX even at low 
Te levels was that Te is not able to get into 
the sodalite cages of the KX zeolite due to 
the large size of the K+ ions. Thus, essen- 
tially all the Te sites would be in the super- 
cage locations and active for aromati- 
zation. 

We (5, 6) have recently reported infor- 
mation about the pathways, mechanisms, 
and rate limiting steps involved in the DHC 
reactions. The purpose of this paper is to 
describe some experiments designed to 
provide additional information about the 
nature of the active sites. Evidence we 
have accumulated in some cases supports 
and in other cases contradicts the conchr- 
sions of the Mobil investigators. 

EXPERIMENTAL METHODS AND RESULTS 

Catalysts 

The sodium based catalyst used in this 
study was kindly donated by R. J. Mi- 
kovsky of the Mobil Research and Devel- 
opment Laboratories. As mentioned in the 
previous paper (6), it contained 11% ele- 
mental Te by weight and 89% NaX (13X) 
zeolite. The two constituents were dry ball 
milled for 4 hr before being activated in 
flowing hydrogen at 500°C. 

A LiX zeolite was prepared in a manner 
similar to the procedure described for the 
preparation of the KX zeolite (3), except 
that both LiCl and LiNOS were used as the 
exchange agents. This 1 I% Te on LiX zeo- 
lite catalyst was inactive for the aromatiza- 
tion of cyclohexane even though we were 
easily able to prepare active Te/NaX zeo- 
lites by this method (7). After treatment 
with hydrogen, the Te/LiX catalyst did not 
show the characteristic brownish color re- 
ported by the Mobil researchers (4) and ob- 
served in our laboratory for the Te/NaX 
catalyst. 

Hydrogen Isobar 

A conventional Pyrex volumetric adsorp- 
tion apparatus was used to measure a hy- 
drogen adsorption isobar. A l-g sample of 
Te/NaX was evacuated overnight at 200°C 
to remove moisture. Evacuation at higher 
temperatures caused loss of Te as evi- 
denced by the formation of a metallic mir- 
ror in the cool section of the sample tube 
above the heater. After evacuation, the 
sample tube was isolated and cooled to 
100°C. One atmosphere of hydrogen was 
admitted to the system and allowed to 
equilibrate with the catalyst. The volume of 
the system was adjusted periodically during 
a 15-min adsorption period to keep the 
pressure constant at 1 atm. The amount of 
hydrogen adsorbed was determined, and 
the sample was heated to 200°C for another 
adsorption measurement. This process was 
repeated at 100°C temperature increments 
to 500°C. Corrections were made for the 
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expansion of the gas phase due to increas- 6 
ing temperature; a blank run with the sup- 
port alone showed no hydrogen adsorption. 
Figure 1 shows the results of the experi- 3 
ment. i 

During the course of this experiment, a I 4 
:: 

small amount of Te was seen plated out in 
the cool section above the heater. If we as- 9 
sume that the catalyst contained 3.5% Te P 

0 

by weight after HZ treatment (this is the 
“stable” Te after high temperature reduc- 
tion (3, 4)), the maximum adsorption in the 
isobar corresponds closely to two H atoms 
per Te atom. If none of the Te had been lost 
during the Hz treatment, the maximum 
would correspond to about 0.6 H/Te. The 

E2 
a 

I” 

O loo 200 300 400 sot 

TEMPERATURE PC) 

amount adsorbed declines after the maxi- FIG. 1. Hydrogen isobar at 1 atm pressure, 1 g Te/ 
mum is reached, which is typical of an acti- NaX zeolite. 

vated chemisorption process. 

ESCA 
To determine the valence state of Te in 

the catalyst, ESCA spectra were taken at 
the Shell Development Westhollow Re- 
search Center. The catalyst samples were 
prepared in a U-tube Pyrex reactor con- 
nected to a four-way stopcock via O-ring 
ball and socket joints. The sample could be 
pretreated in the reactor and then isolated 
by closing the stopcock. One sample of 
NaX support alone and one sample of the 

Te/NaX were prepared by treating each in 
flowing hydrogen for 12 hr at 500°C. The 
samples were cooled under flowing hydro- 
gen and isolated. They were opened in a 
nitrogen glovebox and transferred directly 
into the ESCA spectrometer without being 
exposed to air. The spectrometer was a 
Varian IEE instrument equipped with a 
high intensity aluminum X-ray anode oper- 
ated at 10 kV and 100 mA. The analyzer 
pressure was between 2 x lo+ and 5 x 

TABLE 1 

ESCA Data 

Species NaX Alone 

Binding” Relative no. 
energy W) of atoms 

Te/NaX 

Binding Relative no. 
energy (eV) of atoms 

Te(3d) - 
Te(3d) - 
Na(ls) 1072.55 
Al(&) 119.15 
W2d 102.3 
ow 531.4 
N&d 574.0 
064 552.8 

- 
- 

29.4 
17.3 
23.4 
94.0 

573.6 
576.6 

1072.40 
119.20 
102.3 
531.5 
574.2 
552.8 

0.42 (Tea) 
0.35 (Te+‘)” 

17.5 
13.6 
18.9 
87 

a Binding energies corrected to C(h) = 284.6 eV. 
b Te4+ dropped to zero after 30 min of irradiation. 
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lO-‘j Torr. Table 1 shows the results for 
NaX alone and for TeNaX. 

No Te2- was observed and, surprisingly, 
Te4+ was observed along with TeO. The 
Te4+ peak disappeared after about 30 min of 
irradiation in the spectrometer; this was 
possibly due to reduction caused by the 
photoelectrons. No corresponding growth 
in the Tea peak was observed. There was 
also a slight shift in the Na+ lines when 
comparing the NaX with the Te/NaX. Since 
the shift was only slightly larger than the 
expected experimental error, the shift may 
not be significant. 

Sodium NMR 

Samples for sodium NMR spectroscopy 
were prepared in a similar fashion to those 
described above except that after the sam- 
ples were cooled, the hydrogen was evacu- 
ated to 10 Torr (1 Torr = 133.3 N m2) and 
the sample tube sealed. Three samples 
were analyzed at the Exxon Corporate Re- 
search Labs in Linden, N.J. The first was 
tellurium on NaX zeolite activated in hy- 
drogen (Te/NaX/H& the second was the 
same material activated in deuterium (Te/ 
NaX/D2), and the last was the NaX zeolite 
support alone. A Varian model WL- 112 
wide-line NMR instrument with a 12” Var- 
ian magnet was used for these measure- 
ments. A General Radio frequency synthe- 
sizer operated from 3 to 35 MHz, and the 
magnetic field was oscillated sinusoidally at 
35 Hz. The samples were transferred from 
the sealed tubes into other tubes in a helium 
drybox. The results are shown in Fig. 2. 

The spectrum of the NaX support is quite 
different from the other two spectra. The 
main line is much broader and shifted very 
significantly to the left with respect to the 
other spectra. This indicates that the Te in- 
deed has an effect on the sodium in the 
NaX sieves. Note that the spectrum of the 
Te/NaX/Dz is very similar to the Te/NaX/ 
H2 spectrum. The major difference is that 
the Te/NaX/H2 spectrum has several small 
satellite peaks on both sides of the main 
peak; these peaks are absent from the spec- 

pe4EquSr 
200 
17845 gwse * 

4 min. 
20,000 hertz 

I 
* 

FIG. 2. Derivative NMR spectra for sodium at ambi- 
ent conditions. 

trum of the material activated in D2. The 
satellite peaks could be due to the spin- 
spin splitting of the sodium lines by the hy- 
drogen nuclei, which would indicate that 
hydrogen may be an integral part of the Te- 
Na coordination complex which provides 
the active sites. 

DISCUSSION 

From these results, we propose that the 
active site is an elemental Tea atom coordi- 
nated to sodium ions in the zeolite. This site 
is capable of adsorbing two hydrogen atoms 
per Te atom. Our results do not point to any 
particular position for the Te to occupy, nor 
do they give an indication of the nature of 
the Te-Na stoichiometry. 

The ESCA results are mostly responsible 
for leading us to speculate about the Tea 
species. The Te4+ observed was probably 
due to a surface contamination by oxygen 
even though care was taken to avoid cata- 
lyst exposure to 02. We must admit the 
possibility that Te2- was oxidized to Tea 
and Te4+ by contamination, but we feel that 
a color change of the catalyst would have 
been noticed if a serious contamination had 
occurred. No change from the usual brown 
color was noted after the ESCA spectra 
were taken, while activated catalysts gener- 
ally turn white after several hours of expo- 
sure to the atmosphere. 

The sodium NMR spectra show clearly 
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that Te addition to the zeolite significantly 
alters the chemical environment of the so- 
dium ions. Although the complete interpre- 
tation of the NMR spectra would require 
considerable systematic work (S), informa- 
tion about the actual position of the Na+ 
ions that are coordinated with the Te atoms 
may be contained in such an analysis. Mi- 
kovski et al. (3) and Olson et al. (4) present 
strong evidence that Site II and Site III so- 
dium ions are responsible for the coordina- 
tion of the Te. 

An elemental Te site which chemisorbs 
two hydrogen atoms also explains the hy- 
drogen isobar in that chemisorption pro- 
cesses are frequently activated and revers- 
ible. Our stoichiometric value of two 
hydrogen atoms per tellurium atom agrees 
well with the results of Olson et al. (4). 

Chemisorption of hydrogen on the Te/Na 
coordination complex can also explain the 
possibility that spin-spin splitting is ob- 
served in the Te/NaX/H* sample. For spin- 
spin splitting to occur, the hydrogen would 
have to be relatively near the sodium ions. 
If H+ ions were formed and associated with 
the zeolite, as the Mobil workers propose, 
these ions would not necessarily be coupled 
to the sodium ions. In such a case the Te/ 
NaX/I& NMR spectrum should be identical 
to the Te/NaXQ spectrum; it was not. 

One might also ask why hydrogen is re- 
quired to maintain the stability of the Te 
site after the initial activation (reduction) 
step. The Te2- species proposed earlier (3, 
4) could undergo Te elution by helium only 
if Te2- were able to lose two electrons to 
establish electrical neutrality. In light of the 
Te2- site proposed, these observations 
could be explained by assuming that the ac- 
tivation process simply reverses itself, viz., 

H2 + Tea a 2H+ + TeT2. 

Our proposed site would be capable of sim- 
ply desorbing hydrogen, and the Te could 
then be eluted in the elemental state in a 
helium atmosphere. Chemisorbed hydro- 
gen might cause a partial negative charge 

on the Te atoms, and this induced charge 
could help attract the Te to the positive 
Nat. Thus, the Te would remain in place so 
long as the hydrogen atmosphere was in 
place. 

One interesting point resulted from the 
work with the inactive Te LiX zeolite cata- 
lyst: apparently the Li is missing some 
property common to both Na and K which 
is required for the production of active de- 
hydrogenation sites. Size of the ions is one 
obvious possibility. It is also possible that 
the Te-alkali metal coordination may in- 
volve p electrons of the alkali metal. Li, in 
contrast with Na and K, contains no p elec- 
trons and cannot participate in a coordina- 
tion of this type. 

Another piece of evidence supporting 
this Te-Na-H2 complex is its prediction of 
a rather simple dehydrogenation mecha- 
nism. The mechanism can be written as fol- 
lows. 

H Ii H\ 
H 

‘c-c’ 

H/ + 
-A 

cd 
‘H 

Te 7) e Te •t H2 

This mechanism is also consistent with the 
lack of intermolecular hydrogen atom 
scrambling (6) and the conclusion that the 
catalyst serves mainly as a dehydrogena- 
tion promoter (5) with cyclization of n-par- 
affms occurring homogeneously through 
hexatriene intermediates. The rate limiting 
step is cleavage of the C-H bonds (6). The 
active Te sites are actually coordinated 
with Na+. 
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Linear nanoscale clusters of CuO in Cu-ZSM-5 catalysts
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Abstract

The electron states of copper have been studied by ESR and UV-Vis as a function of the method used for preparation of Cu-

ZSM-5 (ion-exchange, wet impregnation, and deposition), synthesis conditions (pH of copper solution, copper precursor,

temperature, etc.) and copper loading.

For calcined Cu-ZSM-5 samples treated under vacuum at 400 8C, axial ESR spectra of O� ion radicals (g? ¼ 2:05,

gk ¼ 2:02), which are presumably assigned to linear –O�–Cuþ–O�–Cuþ–O�-chains in zeolite channels, are observed. The

same samples treated under vacuum at 150–400 8C, exhibit UV-Vis absorption bands at the unexpected region of 18,000–

23,000 cm�1. They are assigned to the ligand–metal charge transfer bands in –O2�–Cu2þ–O2�–Cu2þ–O2�-like chains in

the zeolite channels. Along with these states, isolated octahedral Cu2þ ions with different extents of tetragonal distortion

(absorption band (a.b.) 12,500–14,000 cm�1) and clustered copper oxide species (charge transfer band (CTB) 27,000–

32,000 cm�1) are also observed.

# 2003 Elsevier B.V. All rights reserved.

Keywords: Cu-ZSM-5; Copper-exchanged zeolite; NO SCR by hydrocarbon; Copper electron state

1. Introduction

Reduction of NOx is of importance and interest in

air pollution control especially in the exhaust gas

purification of stationary and mobile sources (e.g.

automobile engines, coal-fired power plants and other

industrial processes). From this viewpoint, it is clear

why copper-exchanged zeolites, especially Cu-ZSM-

5, became the subject of intense study since the

discovery of their high catalytic performance in direct

NO decomposition by Iwamoto et al. in 1986 [1]. Soon

after that, Iwamoto and Hamada [2] and Held et al. [3]

disclosed that Cu-ZSM-5 catalysts were highly active

to selective catalytic reduction of NO with hydrocar-

bons, including propane. It is shown in a number of

papers that the catalytic activity of Cu-ZSM-5

expressed as NO conversion increases with the level

of Cu-exchange to reach a maximum at the Cu/Al ratio

close to 100% [4,5]. At the further increase in Cu/Al

ratio (as high as 450% [4,6]) the NO conversion keeps

constant.

The interest in Cu-ZSM-5 catalysts, which are

highly active to different NO removal processes, gives

an impetus to studies of the electron states of copper in

the catalyst (oxidation state and coordination) and

their influence on the catalytic properties. At present

many efforts of a number of scientific groups have

been directed to elucidation of the main reasons of the

peculiarity on the Cu-ZSM-5 in comparison with other

copper containing systems or ZSM-5 exchanged with
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other transition metal ions. Cu-exchanged ZSM-5 cat-

alysts have been extensively studied by ESR, XPS,

EXAFS, IR and fluorescence techniques [7–11]. How-

ever, coordination, location, and aggregation degree of

copper in zeolite ZSM-5 is still not well understood.

The present work deals with ESR and UV-Vis

studies of electron states of copper depending on

the method used for preparation of Cu-ZSM-5 (ion-

exchange, wet impregnation and deposition), synth-

esis conditions (pH of copper salt solution, copper salt

precursor, temperature, etc.), and copper loading.

2. Experimental

Cu-ZSM-5 samples were prepared from the H-

ZSM-5 zeolite by ion-exchange with an aqueous

(pH � 6) and ammonia (pH � 10) solution of copper

acetate (copper ammoniate) at room temperature [6]

or with copper nitrate solution at 25, 60 and 80 8C by

analogy with [12]. H-ZSM-5 zeolite with the atomic

ratio Si/Al ¼ 34 was used to prepare catalysts. The

samples after ion-exchange were filtered off, washed

with distilled water, dried at 110 8C, and calcined at

500 8C. For comparison the samples have been pre-

pared by incipient wetness impregnation of H-ZSM-5

by aqueous solution of copper acetate with subsequent

drying and calcination at 500 8C.

The copper content of the samples was determined

by atomic absorption spectroscopy using an AAS-1

spectrophotometer. The exchange level in the zeolite

was characterised by the calculated 2� 100%� Cu/

Al (at.) value as in [13]. Cu-ZSM-5 samples contain-

ing 0.3–2.45 wt.% copper (with an exchange level of

30–184%) were studied.

For vacuum heat treatment, weighed portions of Cu-

ZSM-5 samples were placed in a quartz dish (0.5 g) or

in glass tubes (30–35 mg) and evacuated at 25, 150,

300 and 400 8C for a specified period of time (1 or

4 h). Sometimes the samples were evacuated for 20 h.

ESR spectra were recorded on a Bruker spectro-

meter (l ¼ 3 cm) at 77 and 300 K. DPPH was used as

the reference for determining ESR parameters. UV-

Vis DRS spectra were taken at room temperature on a

‘‘Shimadzu’’ UV-2501 PC spectrophotometer

equipped with a diffuse reflectance accessory (ISR-

240 A). The spectra were recorded against a BaSO4

reflectance standard in the range of 900–190 nm.

Computer processing of the spectra consisted of the

following steps: (1) baseline subtraction; (2) conver-

sion to wavenumber; and (3) calculation of the

Kubelka–Munk function, F(R).

3. Results and discussion

Fig. 1 shows typical ESR spectra of Cu-exchanged

ZSM-5 samples calcined in air at 500 8C. At 77 K, the

spectra are axial anisotropic lines with resolved HFS

in parallel orientation and parameters gk ¼ 2:38,

g? ¼ 2:08, Ak ¼ 137 G (Fig. 2, curve 1). Similar

ESR spectra were observed also for Cu-ZSM-5 pre-

pared by incipient wetness impregnation and by

deposition methods. The ESR parameters correspond

to stabilisation of the Cu2þ ions in an octahedral

oxygen array with weak tetragonal distortion (octahe-

dron prolongation) and dx2�y2 ground state of the Cu2þ

ions. The room-temperature ESR spectra are broa-

dened anisotropic lines without pronounced resolution

of g? and gk, which is a manifestation of water

mobility at 300 K resulting in averaging of ESR

parameters [14,15]. Besides the fundamental absorp-

tion egle of the zeolite matrix (35,000–37,000 cm�1),

Cu-exchanged ZSM-5 catalysts were characterised by

absorption band (a.b.) at 12,500 cm�1 (Fig. 2, curve 1)

in UV-Vis spectra that corresponds to a d–d transition

energy between T2g–Eg in [Cu(H2O)6]2þ hexaaquo-

complex. The 12,500 cm�1 a.b. intensity slightly

increases with copper loading growth from 0.3 to

2.4 wt.% (exchange level 23–184%). Meanwhile,

the integral spectral intensity of the ESR signal of

isolated Cu2þ ions increases in proportion to the

copper loading when the amount of copper grows

from 0.3 to 1.5 wt.% (exchange level 23–114%) and

does not change much at higher loadings. However,

the overall intensity of the spectra of isolated Cu2þ

ions does not exceed 10–30% of the copper content in

the sample. These data agree well with literature ESR

and UV-Vis spectra of Cu2þ ions in hydrated zeolites

[7–9,11,15,16], including ZSM-5. Note that the ESR

spectrum of associates giving rise to a temperature-

independent singlet signal inherent, for example, in

copper associates in Cu–Y samples [15] or Cu–mor-

denite [7], is not typical for Cu-ZSM-5. It is likely that

all discrete Cu2þ ions giving rise to axial spectra are

stabilised at the outer surface of the zeolite [7,8,15].
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Cu-ZSM-5 catalysts prepared by incipient wetness

impregnation or deposition are characterised by a.b. at

13,000–13,400 cm�1. This band is assigned to octa-

hedral Cu2þ ions with higher degree of tetragonal

distortion and is typical for metal-oxide structures

[14]. In a number of cases, for Cu-exchanged ZSM-

5 prepared by ion-exchange with ammonia copper

acetate solution and containing >2 wt.% of copper,

we observed a ligand–metal charge transfer band (CTB)

at 27,000 cm�1 that is usually typical for dimer copper

oxide clusters [14] and is observed for Cu–Y [15].

The ESR spectra and UV-Vis of Cu-ZSM-5 samples

treated under vacuum at 150–400 8C were found to be

strongly dependent on preparation method used and its

main conditions (pH of copper salt solution, copper

salt precursor, temperature, etc.).

Analogous behaviour at vacuum treatment was

observed for Cu-ZSM-5 samples prepared by ion-

exchange with acetate or nitrate solution at room

temperature. For these samples treated in vacuum at

400 8C, axial ESR spectra of O� ion radicals with

g? ¼ 2:05 and gk ¼ 2:02 (Fig. 1, curve 2b), which are

presumably assigned to linear –O�–Cuþ–O�–Cuþ–

O�-chains in zeolite channels [17], are observed

against the background of the ESR signal of isolated

octahedral Cu2þ ions with different extents of tetra-

gonal distortion (Fig. 1, curve 2a). UV-Vis spectra of

these samples show a shift of a.b. 12,500 cm�1 to

13,700 or 14,500 cm�1 when the vacuum treatment

temperature is increased from 25 to 400 8C (Fig. 2,

curve 2). Parameters of the ESR (Fig. 1, curve 2a) and

UV-Vis spectra (Fig. 2, curves 3 and 4) of Cu2þ ions

remaining after vacuum treatment correspond to octa-

hedral coordination with strong tetragonal distortion,

which becomes very strong for some Cu2þ ions

(gk ¼ 2:28, Ak ¼ 170 G and D(T2g–Eg) ¼ 14,500

cm�1). Note, that at high copper loading (about

A  = 170 Oe

g  = 2.28

g  = 2.33

2a

2

1
100 Oe

H0

DPPH

A  = 137 Oe

g  = 2.38

A  = 142 Oe
2b

g⊥ =2.05

g  = 2.02

DPPH

Fig. 1. Representative ESR spectra at 77 K of Cu-ZSM-5 samples initial (1) and after vacuum treatment at 400 8C/3 h (2). ESR spectrum of

isolated Cu2þ ions is presented in curve 2a; ESR spectrum of anion O� is presented in curve 2b.
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Fig. 2. UV-Vis spectra of Cu-exchanged ZMS-5, initial (1), after

vacuum treatment at 400 8C for 1 h (2); 4 h (3); and 20 h (4).
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1 wt.% or higher) and regardless of copper solution

pH, a part of the copper in Cu-ZSM-5 vacuum treated

at 400 8C was stabilised in square-plane clustered

copper oxide species with CTB at 30,000–32,000

cm�1. Besides, a new a.b. at 15,000–17,000 cm�1

was observed for these samples (with �1 wt.% Cu).

The a.b. at 15,000–17,000 cm�1 can be assigned to

Cu2þ	 	 	Cuþ intervalence transition (IVT), similar to

IVT (17,000 cm�1 [18]) observed in high-temperature

oxide Cu–Zn–Al-catalysts [18]. When the time of

vacuum treatment at 400 8C was prolonged to 4–

20 h, new a.b. were observed at 18,700 and at

22,500 cm�1 (Fig. 2, curves 3 and 4) in addition to

the broad a.b. of d–d transition (12,500–14,500 cm�1).

For samples with the same copper content prepared

with ammonia (pH � 10) or aqueous (pH � 6) copper

acetate solution, the intensities of the a.b. 18,700 and

22,500 cm�1 were higher for the former.

Using high temperature for synthesis of Cu-

exchanged ZSM-5 is known to result in higher copper

loading compared to room temperature [12]. For

example, in our work the copper loading increases

from 0.3 to 0.45 and 0.55 wt.% with temperature rise

from 25 to 60 and 80 8C, respectively. These three

samples have similar ESR and UV-Vis spectra (gk ¼
2:38, Ak ¼ 137 G, g? ¼ 2:07, a.b. 12,500 cm�1).

However, Cu-ZMS-5 samples prepared at high ion-

exchange temperature are characterised by a.b. at

19,400 and 21,800 cm�1 after vacuum treatment at

150 8C (Fig. 3, curve 2). Its intensity increases after

vacuum treatment at 300 8C and goes down after

400 8C treatment. These a.b. are not present in the

UV-Vis spectra of samples prepared at room tempera-

ture of ion-exchange. Note that the ligand–metal CTB

at 30,000–31,000 cm�1 is absent in the UV-Vis spectra

of all samples prepared using nitrate solution.

Absorption bands in the range of 18,000–

23,000 cm�1 are more intense for samples prepared

by ion-exchange with copper nitrate at 80 8C without

washing after ion-exchange. In this case, for samples

with 0.65 wt.% Cu a.b. were observed at 16,600;

20,900 and 22,900 cm�1 after vacuum treatment at

150 8C, and at 20,900 cm�1 after vacuum treatment at

300 8C (Fig. 3, curve 3). When vacuum treatment

temperature was increased to 400 8C, continuous

absorption at 15,000–17,000 cm�1 and weak absorp-

tion at 30,000 cm�1 were observed in the UV-Vis

spectra. Similar changes were observed by UV-Vis

(Fig. 3, curve 4) when a more concentrated copper

nitrate solution was used for synthesis, except for

higher intensity of absorption at 32,000 cm�1 attrib-

uted to a ligand–metal CTB in square-plane clustered

copper oxide species similar to highly dispersed CuO.

The Cu-ZSM-5 samples prepared by incipient wet-

ness impregnation or by deposition of copper hydro-

xide on zeolite surface are of importance for

understanding of the nature of adsorption bands at

19,400–21,800 cm�1. Note that for impregnated sam-

ples we observed a change in the UV-Vis spectra

(Fig. 3, curve 5) similar to those observed for the

above-mentioned samples prepared by ion-exchange

at 80 8C using copper nitrate solution without wash-

ing. UV-Vis spectra of samples prepared by deposition

of copper hydroxide on zeolite surface and vacuum

treated at 400 8C were characterised by IVT

Cu2þ	 	 	Cuþ (a.b. 15,500–16,000 cm�1) and ligand–

metal CTB in clustered copper oxide species

(32,000 cm�1). The a.b. in the range of 18,000–

23,000 cm�1 was not observed at this vacuum treat-

ment temperature (Fig. 3, curve 6). This can be

explained by the formation of large polynuclear

oxo/hydroxocomplexes Cun(OH)y(H2O) on a zeolite
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Fig. 3. UV-Vis spectra of Cu-exchanged ZMS-5 vacuum treated at

150 8C for 1h depending on the catalyst preparation method (a)

ion-exchange with copper acetate solution (copper content—

1.0 wt.%); (2) ion-exchange with copper nitrate solution at 80 8C
(copper content—0.54 wt.%); (3) ion-exchange with copper nitrate

solution at 80 8C without washing (copper content—0.65 wt.%);

(4) ion-exchange with copper nitrate solution at 80 8C without

washing (copper content—1.54 wt.%); (5) wetness impregnation

with copper acetate solution (copper content—1.0 wt.%); and (6)

deposition of copper hydroxide on H-ZSM-5 (copper content—

1.0 wt.%).
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surface and a minor amount of copper structures

stabilised in zeolite channels during the sample pre-

paration, which transform during vacuum heat treat-

ment into very small CuO particles and isolated Cu2þ

ions, respectively. Note that this sample has the most

distinct axial ESR spectrum of O� ion radicals among

studied samples.

The a.b. observed by UV-Vis in the ranges of

12,000–13,400 cm�1 and 30,000–32,000 cm�1 are

well known to be due to d–d transition of isolated

Cu2þ ions (D(T2g–Eg)) and a ligand–metal CTB in

square-plane clustered copper oxide species, respec-

tively, [14]. Meanwhile, our ascription of the a.b.

18,000–23,000 cm�1 to ligand–metal CTB in a linear

copper cluster with low coordination number of 2

(e.g., –O2�–Cu2þ–O2�–Cu2þ–O2�-like chains in the

zeolite channels) [19] requires a special explanation.

In the first place, our analysis of various UV-Vis

spectra of copper complexes with coordination num-

ber �4 [14] has shown that a d–d transition energy in

copper oxide complexes with oxygen-bearing ligands

cannot even reach 15,000 cm�1. On the other hand, a

shift of ligand–metal CTB in clustered copper oxide

species from 27,000 cm�1 (observed for copper oxide

dimer [14]) to 18,000–23,000 cm�1 is unlikely since

this shift calls for high covalence of the bond with an

oxygen-bearing ligand that is unusual for oxide struc-

tures.

ADF quantum chemical calculations [17,19] argue

for the probable occurrence of charge transfer bands at

18,000–23,000 cm�1 for copper with coordination

number equal to 2, such as linear Cu2þ–O2�–Cu2þ–

O2�-chains, and, in principle, for the possibility of

intrachain (physical) reduction Cu2þO2� ! CuþO�.

The probable nature of the ligand–metal CTB at

18,000–23,000 cm�1 correlates with similar features

of the UV-Vis spectra of linear molecule CuCl2 [20]

having the d–d transition at 5000 and 9000 cm�1 and

ligand–metal CTB at 19,000 cm�1.

The formation of the chains is caused by copper salt

hydrolysis during synthesis of Cu-ZSM-5 followed by

stabilisation of polynuclear [Cu2þO2�] species in the

zeolite channels. The copper salt hydrolysis favours a

high temperature of ion-exchange or high pH value of

copper salt solution (in our case, ammonia copper

acetate solution). In these cases, copper is introduced

in the zeolite as an oxo/hydroxo bi- or polynuclear

copper complex. Besides, when ammonia copper

acetate solution is used for ion-exchange, the copper

hydrolysis can take place during the sample washing

with the formation of various oxo/hydroxo copper

complexes. It is generally accepted that oxo/hydroxo

copper complexes situated in zeolite channels and on

the surface are decomposed to CuO particles at calci-

nation. However, it is highly unlikely that these oxo/

hydroxo bi- or polynuclear copper complexes are

precursors of new hydrated linear copper–oxygen

structures stabilised in zeolite channels by water

molecules, which give the a.b. in the range 18,000–

23,000 cm�1 at vacuum treatment.

4. Conclusions

The studies of the copper electron states in Cu-

ZSM-5 allowed us to discover for the first time a

copper state with absorption bands at the unexpected

region of 18,000–23,000 cm�1 in the samples treated

under vacuum at 150–400 8C. Along with this state,

isolated Cu2þ ions (a.b. 12,500–14,000 cm�1) and

clustered copper oxide species (CTB 27,000–

32,000 cm�1) are observed. The discovered absorp-

tion bands (18,000–23,000 cm�1) are assigned to the

ligand–metal CTB in –O2�–Cu2þ–O2�–Cu2þ–O2�-

like chains in the zeolite channels. The ratio of copper

states in Cu-ZSM-catalysts depends both on the pre-

paration procedure and conditions (pH, concentration

of copper salt solution and temperature) and on con-

ditions of the thermal post-treatment under vacuum

(temperature and time).

The electronic structure of this linear structure was

found, by quantum chemical calculations, to be

unique. The approaching of oxygen p-orbitals to d-

orbitals of Cu2þ ion lead to both an internal reduction

(Cuþ2–Cuþ transition without external action) and a

state with an unexpected ligand–metal CTB energy.

Probably, the chain structures are easy to reduce (they

are even capable of self-reduction) and along with

Cu2þ	 	 	Cuþ sites (a.b. 15,000–17,000 cm�1) may

play an important role in selective reduction of nitro-

gen oxides.
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Abstract

The effect of ion exchange conditions, such as Si/Al ratio, precursor copper salt, pH and concentration of the solution, on the catalytic activity in

SCR of NO by propane and on the electronic state of copper ions in Cu-ZSM-5 has been studied. The NO conversion in NO SCR by C3H8 has been

found to reach a maximum value at Cu/Al ratio about 0.37–0.4 and remain constant at higher Cu/Al.

ESR and UV–vis DR spectroscopy have been used to elucidate stabilization conditions of copper ions in Cu-ZSM-5 zeolites as isolated Cu2+

ions, chain copper oxide structures and square-plain oxide clusters. The ability of copper ions for reduction and reoxidation in the chain structures

may be responsible for the catalytic activity of Cu-ZSM-5. These transformations of copper ions are accompanied by the observation of

intervalence transitions Cu2+–Cu+ and CTLM of the chain structures in the UV–vis spectra.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The high catalytic activity of metal-substituted zeolites in

selective catalytic reduction (SCR) of NO by hydrocarbons has

been established in publications by Iwamoto [1] and Held [2].

Due to significant practical importance, a great number of

papers devoted to the study of the unique catalytic properties of

metal-substituted zeolites and the nature of their active sites

have been published thereafter.

At present, it is well known that among metal-substituted

zeolites copper-substituted zeolites (Cu-ZSM-5) are the most

effective in SCR of NO by C2–C4 hydrocarbons in the presence

of excess oxygen. The catalytic activity depends on the reaction

temperature [3–5], the hydrocarbon used for reduction [1,3],

NO/CxHy ratio [4,6], oxygen [4,6–8] or water [3] concentration

in the feed, and, especially, on the Cu/Al ratio [1,3,5,9].

Overexchanged Cu-ZSM-5 (Cu/Al > 0.5) catalysts exhibit

superior catalytic activity and stability both in direct

decomposition of NO [1,10] and in selective catalytic reduction

of NO by hydrocarbons [1,3–5,11,12]. Based on the literature

data, the following conclusion can be made. The catalytic
* Corresponding author. Tel.: +7 3832 341219; fax: +7 3832 397352.

E-mail address: zri@catalysis.nsk.su (Z.R. Ismagilov).
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activity of Cu-ZSM-5 in NO SCR by hydrocarbons (propane, in

particular) increases with the growth of the Cu exchange level

and reaches a maximum at Cu/Al ratio close to �100%

[3,4,11]. Further increase of the Cu/Al ratio up to 450%

[3,5] does not affect the NO conversion [3,5,11]. However, the

practical use of this conclusion remains unproven because

many authors report very different conditions (atomic Si/Al

ratio [12], precursor copper salt [11], pH of ion exchange

solution [5,12], and temperature [12]) for Cu-ZSM-5 prepara-

tion.

Various spectroscopic and physicochemical methods are

widely used for elucidation of the nature of copper active states

in Cu-ZSM-5 catalysts [5,7,11,13–24]. Copper dimers [Cu–O–

Cu]2+ [10,13,24–28] or bis-[Cu–m–(O)2–Cu]2+ [29–34] have

been proposed to be active sites in NO decomposition. There

are even more debates on the type of active sites of Cu-ZSM-5

catalysts in NO SCR by hydrocarbons. Isolated Cu2+ [11,35–

37] and Cu+ [1,37,38] ions, oxide CuO- and Cu2O-like clusters

[6,39,40], as well as copper dimer [Cu–O–Cu]2+ [22] have been

suggested to act as active sites in NO SCR by hydrocarbons.

According to the electron spin resonance (ESR) data, copper

cations in Cu-ZSM-5 catalysts calcined in air are believed to be

isolated Cu2+ ions in two types of distorted octahedral

coordination: square pyramidal and square-plane [4,14–19].

Isolated Cu2+ ions in square pyramidal coordination pre-
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dominate in Cu-ZSM-5 zeolites with low exchange level

[14,18,19], while those in square-plane coordination are

dominant in catalysts with high Si/Al ratio and/or high copper

content [14,18,19].

The formation of copper dimers with extralattice oxygen

(ELO) bridges [Cu–O–Cu]2+ located at cation-exchange posi-

tions of ZSM-5 framework is most likely for overexchanged

zeolites [10,13,20,22–24]. Such copper dimers have been

proposed on the basis of mass spectrometric analysis of the

amount of oxygen removed during thermal treatment in He

[21,41]. The low temperature peaks observed during thermal

reduction of Cu-ZSM-5 by H2 or CO have been also accounted

for presence of oxocations [24,41]. In a number of papers the

authors using UV–vis diffuse reflectance (UV–vis DR) spectro-

scopy associate strong absorption bands at 22 700 cm�1

[27,37,42] and eventually at 31 200 cm�1 [37] with the presence

of copper dimers bridged by a single oxygen atom. An ESR

signal attributed to [Cu–O–Cu]2+ oxocations is observed in Cu–

Y [43] and Cu–MOR [14,44], but not in Cu-ZSM-5 [14,17].

The O2-bridged Cu pairs, [CuO2Cu], have been originally

proposed in a theoretical DFT contribution [45], which showed

high stability of such oxocations. The bis-(m-oxo)dicopper

core, [Cu2(m–O)2]2+, is assumed to be characterised by an

intense absorption band at 22 700 cm�1 and a relatively weaker

band at 30 000 cm�1 in the UV–vis DR spectra [31–34], while

no corresponding ESR signal is detected [31,33].

Recently, we have shown that in addition to isolated Cu2+

ions and oxide clusters, calcined Cu-ZSM-5 catalysts contain

chain-like � � �O2�� � �Cu2+� � �O2�� � �Cu2+� � �O2�� � � structures

located inside the zeolite channels [46–48]. These chains are

stabilized by water molecules coordinated in the equatorial

(xy) plane around the copper ions (z-axis is along the chains).

Due to a strong exchange interaction between Cu2+ ions, these

chains cannot be observed in the ESR spectra of calcined Cu-

ZSM-5 samples. However, they are precursors of chain-like

structures observed by ESR [46] and UV–vis DR [47,48]

spectroscopy after heat treatment under vacuum at 150–

400 8C. The dehydration leads to stabilization of chain-like

� � �O2�� � �Cu2+� � �O2�� � �Cu2+� � �O2�� � � structures with coor-

dination number (c.n.) = 2 inside the zeolite channels. The

chain-like structure with c.n. = 2 have characteristic charge

transfer ligand-to-metal (CTLM) transitions that are red

shifted relative to CTLM transitions typical for copper-oxide

clusters (18 000–23 000 and 28 000–30 000 cm�1, respec-

tively) [47,48]. Quantum chemical analysis of such chains

proves the appearance of CTLM transitions in the low

frequency region [47]. Recently, similar linear bi- and

polynuclear oxo/hydroxocomplexes have been proposed for

stabilization of iron inside the channels of Fe-ZSM-5 on the

basis of Mössbauer spectra [49].

The redox properties of Cu-ZSM-5, in particular the

capability for reduction of Cu2+ to Cu+ in the absence of

nitrogen oxide, remain an open question. Using ESR, XANES

and photoluminescent measurements, it has been shown that

paramagnetic Cu2+ cations (spin S = 1/2, d9-ion) are reduced to

diamagnetic Cu+ cations (S = 0, d10-ion) during heat treatment

above 400 8C under vacuum [13,18,20,21,23] or in helium flow
[24]. A similar effect is also observed in CO [23] and NO [22]

atmosphere at lower temperatures. On the other hand, high

stability of isolated Cu2+ ions in Cu-ZSM-5 zeolites to

reduction during vacuum heat treatment has been noticed in a

number of papers [11,14,36,50]. Although both types of copper

cations (Cu2+ and Cu+) are present in active catalysts, the

literature lacks direct evidence for participation of these sites

either in NO decomposition or NO SCR by hydrocarbons.

Summarizing a number of experimental studies, the

presence of isolated Cu2+ ions stabilized by oxide ligands in

cation-exchanged sites of the zeolite matrix has been definitely

proven. These Cu2+ ions are not reduced under mild conditions

(especially at low temperatures) due to the ionic nature of the

Cu–O bond typical for these species. Although the structure of

copper oxocations with extralattice oxygen is not clear, they

possess redox properties and account for the catalytic activity of

Cu-ZSM-5 catalysts. Probably, these structures have a high

covalence of the bond between Cu2+ ions and ELO and a low

distance between two Cu2+ ions facilitating the electron transfer

during reduction.

The Cu-ZSM-5 activity depends on the microstructure and

the copper content, which are determined by ion exchange

conditions. The literature data show essential differences

between the main states of copper ions and their ratio even at

similar ion exchange levels because different methods are used

for copper incorporation into the zeolites. There has been no

systematic study of the effects of preparation and thermal

treatment conditions on the peculiarities of copper stabiliza-

tion in Cu-ZSM-5, which are important for understanding the

nature of the active sites and optimization of the catalyst

composition.

The present work summarizes the results of the investigation

of the Cu-ZSM-5 catalytic activity in SCR NO by propane

depending on the ion exchange conditions (pH of copper

solution, copper precursor, Si/Al ratio, temperature etc.) and

copper loading (0.3–2.7 wt.%). ESR and UV–vis DR spectro-

scopy have been used to elucidate the stabilization conditions

of copper ions in Cu-ZSM-5 zeolites as isolated Cu2+ ions,

chain-like copper oxide structures and square-plain oxide

clusters. Most interesting among the above states of copper ions

are the chain structures Cu2+–O2�–Cu2+–O2� due to the

easiness of copper reduction and reoxidation and their ability to

stabilize bonded states of copper ions with mixed valence

Cu2+� � �Cu+.

2. Experimental

2.1. Parent zeolite

Three types of H-ZSM-5 zeolites with Si/Al atomic ratio 17,

30 and 45 were used. The physicochemical properties of these

parent samples had been studied earlier [5] and are presented in

Table 1. The chemical composition of the parents was

determined by X-ray fluorescence spectroscopy using a

VRA-20R analyzer. The good crystallinity and purity of the

parent samples was confirmed by collecting X-ray diffraction

(XRD) patterns using an HZG-4C diffractometer with Cu Ka
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Table 1

Physicochemical properties of parent zeolites

No. Parent Chemical composition (wt.%) Si/Al SBET (m2/g) Sextern (m2/g) VS (cm3/g) Vmicro (cm3/g)

Al Si K Na Mg Ca Fe

1 H-ZSM-5-17 2.16 39.60 0.02 0.05 0.02 0.04 0.09 17 385 104 0.200 0.122

2 H-ZSM-5-30 1.43 42.89 0.01 0.06 0.03 0.04 0.65 30 450 166 0.255 0.125

3 H-ZSM-5-45 0.97 43.35 0.01 0.00 0.03 0.06 0.60 45 346 127 0.239 0.095
radiation. The morphology of the parent samples was

characterized using scanning electron microscopy with an

REM-100U electron microscope. According to the scanning

electron microscopy data, the zeolite samples consist of regular

coffin-shaped crystals without amorphous phase. The presence

of extralattice Al3+ ions was confirmed by 27Al NMR using a

Bruker MSL-400 spectrometer with a magnetic field strength of

9.4 T. The extralattice Al3+ content was about 10% of the total

aluminum content for the sample with Si/Al = 17, and no

extralattice Al3+ was detected in the other samples. N2

adsorption–desorption isotherms were measured at 77 K using

an ASAP-2400 analyzer. The specific surface areas (SBET) of

the zeolite samples were determined from the linear part of

BET plot, while the micropore volume (Vmicro) and the external

crystallite surface area were determined by t-method from

desorption isotherms. The pore structure parameters are typical

for H-ZSM-5 structure.

2.2. Preparation of Cu-ZSM-5 samples

The first series of catalysts were prepared by ion exchange

of the H-ZSM-5 samples with aqueous (pH �6) and ammonia

(pH �10) solutions of copper acetate at room temperature

according to [5]. The copper salt concentration in the ion-

exchange solution was varied from 0.4 to 8 mg Cu/ml.

The slurry concentration (the ratio of solution volume to

zeolite mass, S/Z) was 10, 30 and 50. After 48 h of ion exchange

the zeolite samples were filtered and washed with distilled

water. All the samples were dried at 110 8C and calcined in air

at 500 8C. Such samples will be hereafter denoted as ‘‘calcined

samples’’.

The second series of catalysts were prepared by ion

exchange of the H-ZSM-5 samples with aqueous solutions of

copper nitrate (pH �4), copper sulphate (pH �4) and copper

chloride (pH �4) at room temperature. The copper salt

concentration in the ion-exchange solution was 8 mg Cu/ml,

the slurry concentration was 10. Other preparation conditions

were identical to those described above.

The third series of catalyst were prepared by ion-exchange

of the H-ZSM-5-30 samples with aqueous copper acetate

solutions acidified by acetic anhydride, nitric, sulphuric or

hydrochloric acid up to pH 4.6. The concentration of copper

acetate in the ion-exchange solution was 4 mg Cu/ml, the slurry

concentration was 10. Other preparation conditions were

identical to those described above.

Alternatively, Cu-ZSM-5 samples were prepared by ion

exchange of the H-ZSM-5 samples with an aqueous solution of

copper nitrate (pH�4, 8 mg Cu/ml) at 80 8C according to [12].
The samples were washed after the ion exchange and were

subjected to thermal treatment at similar conditions.

The copper contents of Cu-ZSM-5 samples were determined

by inductively coupled plasma (ICP) method. The copper content

in the samples was varied from 0.3 to 2.7 wt.%. The zeolite exch-

ange level (Cu/Al, in %) was calculated as 2 � 100% � Cu/Alat

from the chemical analysis data [13]. This formula is based on

assumption that stoichiometric ion-exchange is reached when

one Cu2+ ion compensates the exchange of two framework

aluminum atoms. In this case, the maximum value of the

exchange level is 100% (or Cu/Alat = 0.5). The samples are

denoted as n% Cu-ZSM-5-X–Y where n% is copper content (%),

X is the atomic Si/Al ratio, and Y is the exchange level (%).

For heat treatment under vacuum, a Cu-ZSM-5 sample was

placed into a quartz glass cell (�0.5 g) or quartz glass ampoule

(�30–35 mg), heated at 500 8C in air, cooled to room

temperature and evacuated at 25, 150, 300 and 400 8C for 1

or 4 h. In selected experiments the samples were evacuated for

longer periods of time up to 20 h. These samples will be

denoted as ‘‘evacuated samples’’.

2.3. ESR and UV–vis DR measurements

The ‘‘calcined’’ and ‘‘evacuated’’ samples were studied by

ESR and UV–vis DR spectroscopy.

The ESR spectra were recoded using a Bruker spectrometer

(l = 3 cm) at 77 and 300 K in quartz glass ampoules with an

internal diameter of 3 mm. The parameters of the ESR spectra

were determined by comparison with the spectrum of a DPPH

standard (g = 2.0037 � 0.0002).

The UV–vis DR spectra were obtained at room temperature

using a ‘‘Shimadzu’’ UV-2501 PC spectrophotometer equipped

with a diffuse reflectance accessory (ISR-240 A). The spectra

were recorded against a BaSO4 reflectance standard in the range

of 900–190 nm. The UV–vis DR spectra are shown as the

Kubelka–Munk representation, F(R).

2.4. Catalytic experiments

The activity of the Cu-ZSM-5 catalysts was tested in NO

reduction with propane. The space velocity of gas flow was

42 000 h�1, the temperature range was 200–500 8C, the gas

mixture had the following composition: NO 300 ppm, C3H8

0.15 vol.%, O2 3.5 vol.%, N2 balance. The activity of the

catalysts was characterized by the NO conversion (X0, %) at a

preset temperature. The catalytic activities normalized per 1 g

Cu (W, mol/gCu min) at 350 8C were estimated for comparison

of the catalysts.
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Fig. 1. Exchange level in Cu-ZSM-5 vs. copper concentration in ion-exchange

solution depending on precursor copper salt (A, copper acetate, pH �6; B,

ammonia copper acetate, pH �10) and Si/Al ratio (&, 17; *, 30; ^, 45).
To understand the iron influence on the catalytic properties

of Cu-ZSM-5 catalysts, the parent zeolite samples containing

iron as an impurity were studied in NO SCR by propane. NO

conversion on the parent zeolites with Si/Al ratios equal to 17,

30 and 45 was found to be 5–7% at 300–500 8C [5].

3. Results and discussion

3.1. Influence of ion-exchange conditions on copper

content and Cu/Al ratio in Cu-ZSM-5

According to the literature data, the parameter determining

the catalytic activity of Cu-ZSM-5 catalysts and their stability

to deactivation by oxygen, water vapour and sulphur

compounds is the Cu/Al ratio. It can be varied in a wide range

(up to 450%) depending on the preparation conditions. The

effects of ion exchange conditions: zeolite Si/Al ratio, copper

salt precursor, concentration and pH of copper acetate solution,

S/Z ratio, and ion exchange temperature on the Cu/Al ratio in

Cu-ZSM-5 and their catalytic activity in SCR of NO by propane

have been studied.

At selected ion exchange conditions, an increase of the S/Z

ratio from 10 to 50 had been earlier found to have a negligible

effect on the Cu/Al ratio in Cu-ZSM-5 [5]. When the aqueous

copper acetate solutions with concentration in the range of

0.4–8 mgCu/ml and pH �6 were used for Cu-ZSM-5

preparation, the maximum achievable level of Cu exchange

with H-ZSM-5 was 75–100%. In this case, the exchange level is

determined mainly by the copper concentration in the solution

and by the zeolite Si/Al ratio (Fig. 1A). At identical Si/Al ratios,

the copper content in Cu-ZSM-5 samples and, hence, the Cu/Al

ratio decreased with dilution of the copper acetate solutions

(from 8 to 0.4 mgCu/ml). At identical solution concentration, a

trend for an increase of the Cu/Al ratio with the Si/Al ratio

increase has been observed.

At the same copper salt concentration range in the ion-

exchange solution (0.4–8 mgCu/ml), the use of ammonia

copper acetate solution (pH�10) allowed for broader variation

of the Cu/Al ratio and a higher achievable level of Cu exchange

with H-ZSM-5 (up to 300%). The exchange level increased

with the copper concentration in solution and the zeolite Si/Al

ratio (Fig. 1B). This increase was more pronounced compared

to the aqueous solution. The achievable level of Cu exchange

with H-ZSM-5 was 90–108, 64–135 and 114–309%, for the

samples with Si/Al = 17, 30 and 45, respectively.

The copper content and Cu/Al ratio for the second series of

Cu-ZSM-5 samples prepared by the ion-exchange of H-ZSM-5

with aqueous solutions of different copper precursors are

summarized in Table 2. The copper salt precursor has been

shown to affect the copper content in Cu-ZSM-5 samples. At

the same concentration of the aqueous copper salt solution, the

copper content and, consequently, the Cu/Al ratio in Cu-ZSM-5

samples prepared from copper acetate was noticeably higher

(�2–3 times) than in the samples prepared from copper nitrate,

sulphate, or chloride (N1 and 3–5; N7 and 9–11, Table 2).

Similar to the samples prepared using copper acetate, the Cu/Al

ratio in the Cu-ZSM-5-30 samples had been earlier shown to
increase with the copper nitrate concentration in the solution

[51]. However, when aqueous copper acetate solution was used

for ion-exchange with H-ZSM-5-30, the Cu/Al ratio close to the

one theoretically possible for ionic exchange (Cu/Al = 75–

100%) was achieved at solution concentration in the range of 4–

8 mg Cu/ml. When aqueous copper nitrate solutions were used,

the Cu/Al value in Cu-ZSM-5-30 samples did not exceed 50%

even for more concentrated solutions (16–24 mg Cu/ml) [51].

To achieve a higher Cu/Al ratio in the samples prepared from

copper nitrate it was necessary to repeat the ion-exchange

procedure 2 or 3 times. Certain increase of the copper content

(from 0.36 to 0.54 wt.%, N9 and N13, Table 2) in Cu-ZSM-5

samples was observed when elevated temperature (80 8C) were

used the ion-exchange.

The aqueous solutions of copper nitrate, sulphate, and

chloride have low pH (�4). This can be the cause of the low

copper content in the samples prepared using these solutions.

To check the effect of the solution pH, the third series of

catalyst was prepared by ion-exchange of H-ZSM-5-30 with

aqueous copper acetate solution acidified by acetic anhydride,

nitric, sulphuric or hydrochloric acid to pH 4.6. One can see

(Table 2) that, regardless of the acidic anion, these samples

(N15–18) are characterised by the Cu/Al ratio 61–66%,which is



S.A. Yashnik et al. / Catalysis Today 110 (2005) 310–322314

Table 2

The ion-exchange conditions and data of elemental analysis and catalytic activity of Cu-ZSM-5 samples

No. Parent of H-ZSM-5 Properties of ion-exchange solution Properties of Cu-ZSM-5

samples

Catalytic activity in DeNOx-C3H8

Copper

precursor

Concentration

(mg Cu/ml)

pH Copper content

(wt.%)

Exchange

level (%)

NO conversion

(%) at

W (10�4 mol

NO/gCu min,

at 350 8C)
350 8C 400 8C

1 H-ZSM-5-17 Cu(CH3COO)2 8 5.7 1.88 74 69 78 3.9

2 H-ZSM-5-17 Ac(NH4OH) 8 10.4 2.75 108 58 85 2.0

3 H-ZSM-5-17 Cu(NO3)2 8 4.1 0.99 38 47 55 4.0

4 H-ZSM-5-17 CuSO4 8 4.0 1.24 48 34 39 2.2

5 H-ZSM-5-17 CuCl2 8 4.1 1.03 40 53 66 4.1

6 H-ZSM-5-17 Cu(CH3COO)2 2 5.8 1.24 48 60 75 4.8

7 H-ZSM-5-30 Cu(CH3COO)2 8 5.7 1.26 75 70 85 5.9

8 H-ZSM-5-30 Ac(NH4OH) 8 10.4 2.27 135 65 90 2.9

9 H-ZSM-5-30 Cu(NO3)2 8 4.3 0.36 21 24 47 5.8

10 H-ZSM-5-30 CuSO4 8 4.0 0.45 26 24 30 3.4

11 H-ZSM-5-30 CuCl2 8 4.1 0.57 34 33 40 4.3

12 H-ZSM-5-30 Cu(CH3COO)2 1 5.9 0.33 20 34 49 6.8

13a H-ZSM-5-30 Cu(NO3)2 8 4.3 0.54 32 48 60 3.8

14 H-ZSM-5-30 Cu(CH3COO)2 4 5.8 1.10 65 71 87 6.3

15 H-ZSM-5-30 Ac(CH3COOH) 4 4.6 1.12 66 70 85 6.6

16 H-ZSM-5-30 Ac(HNO3) 4 4.6 1.03 61 53 66 4.3

17 H-ZSM-5-30 Ac(H2SO4) 4 4.5 1.00 59 37 49 2.8

18 H-ZSM-5-30 Ac(HCl) 4 4.6 1.04 61 40 49 3.0

19 H-ZSM-5-45 Cu(CH3COO)2 8 5.7 1.16 102 70 90 7.9

20 H-ZSM-5-45 Ac(NH4OH) 8 10.4 2.94 258 71 89 3.2

Ac(NH4OH), ammonia copper acetate solution; Ac(CH3COOH), copper acetate solution acidified by acetic anhydride; Ac(HNO3), copper acetate solution acidified

by nitric acid; Ac(H2SO4), copper acetate solution acidified by sulfuric acid; Ac(HCl), copper acetate solution acidified by hydrochloric acid.
a Samples prepared by ion-exchange at 80 8C.
close to the ones obtained for samples prepared from copper

acetate solution with pH �5.8 (N14).

The lower exchange level obtained after the ion-exchange of

H-ZSM-5 with the copper nitrate, sulphate or chloride solutions

compared to the copper acetate solution demonstrates that the

precursor copper salt predetermines the state of copper ions in the

solution and affects the ion-exchange process. The ratio of

hydrated Cu2+ cations to partially hydrolyzed copper complexes

is known to be changed with the hydrolysis degree depending on

temperature, pH and concentration of the solution [52,53]. The

composition of the formed copper hydroxocomplexes is also

determined by the concentration and pH of the copper salt

solution [52,53]. The formation of binuclear hydrolysis products

[Cu2(OH)2
2+]aq in solutions with concentration of 10�3–0.1 M

was observed to start at pH�5 [52], their concentration reaching

10–40% [52]. Meanwhile, in low-concentrated solutions (10�4

to 10�5 M) at pH �8, hydrolysis yields [Cu(OH)]+
aq [52].

Copper acetate solutions in the chosen concentration range

(0.025–0.125 M) are characterized by pH �5.75–6.2, slightly

decreasing (to 5.0–5.15) after the ion exchange. The comparison

of the experimentally observed pH values of the initial copper

acetate solution and the mother liquor solution with the published

data [52] shows that the participation of binuclear hydroxo-

complexes [Cu2(OH)2
2+]aq in the ion exchange is possible.

Copper nitrate, sulphate and chloride solutions in the same range

of concentration have pH�4–4.3. So, copper ions take part in the

ion-exchange as hydrated mononuclear ions [Cu(H2O)6]2+ and

[Cu(OH)(H2O)5]+.
Ion exchange values exceeding the theoretically possible

one (samples N2, 8, 20, Table 2) are clearly observed when Cu-

ZSM-5 samples are prepared from ammonia copper acetate

solutions (pH �10). This tendency is noted to grow when both

the Si/Al ratio and the copper acetate concentration in solution

increase. Mono-, and bi-nuclear copper cations of various

compositions (for example, [Cu2(OH)2
+]aq), as well as

[Cu3(OH)4]2+ cations produced in low-concentrated solutions

(<10�3 M, [53]), can participate in the ion exchange in this

case. Furthermore, the ion exchange between H-ZSM-5 and

ammonia copper solution can be hindered by sedimentation of

amorphous copper hydroxide after the pH decrease to �8–9

[54] during the ion exchange and washing.

These reasons can increase the calculated ion exchange level

and lead to stabilization of some copper ions in positions

different from the zeolite cation-exchange sites.

3.2. Effect of ion-exchange conditions on the catalytic

activity of Cu-ZSM-5

The catalytic activities of Cu-ZSM-5 samples of three series

with Si/Al = 17, 30 and 45 have been studied. The NO

conversion in NO SCR by C3H8 was found to reach a maximum

value at the exchange level of about 75–100% (Fig. 2)

independent of the way this exchange level was reached: either

by varying the copper content (Fig. 2A and B) or the Si/Al ratio

(Fig. 2B). Besides, for catalysts characterised by identical Si/Al

ratios and copper contents, the NO conversion was independent
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Fig. 2. NO conversion (A, B) and catalytic activity (C) of Cu-ZSM-5 with different copper contents versus temperature (A) and Cu/Al ratio (B, C). The samples were

prepared by ion exchange of copper acetate solution with pH�4.6 ( ),�6 (*, &, ~),�10 (*, &, ~) with H-ZSM-5 zeolites characterized by Si/Al ratio equal to

17 (*, *), 30 ( , &, , &) and 45 (~, ~). The samples ( ) were prepared by ion exchange procedure at pH �6 repeated thrice.
of the copper acetate solution pH (Fig. 2B) used for the ion-

exchange. For example, the 1.1%Cu-ZSM-5-30-75 samples

prepared from copper acetate solution with pH 4.2–4.6, 5.75

and 10.4 (adjusted by acetic anhydride or using aqueous and

ammonia solutions, respectively) showed 70% of NO conver-

sion at 350 8C and 85% of NO conversion at 400 8C. The NO

conversion remained constant at higher Cu/Al (up to 309%).

The absolute values of the maximum NO conversion were

found to depend on the reaction temperature, reaching 22–30 at

300 8C, 65–77% at 350 8C, and 85–97% at 400–500 8C
(Fig. 2A).

The catalytic activity of Cu-ZSM-5 samples in NO SCR by

C3H8 has been shown to depend on the precursor copper salt

used for the preparation. At the same Cu/Al ratio in Cu-ZSM-5

samples, the activity of the samples prepared from copper

acetate was higher than for the samples prepared from copper

nitrate, sulphate, and chloride (N6 and 3–5; N12 and 9–11,

Table 2). For example, the NO conversion at 350 8C on

1.24%Cu-ZSM-5-17-48 samples prepared using copper acetate

(N6, Table 2) and copper sulphate (N4, Table 2) was 60 and

34%, respectively. Similar results were also observed for

samples with Si/Al = 30. 0.33%Cu-ZSM-5-30-20 sample

prepared from copper acetate solution was more active

(XNO = 34% at 350 8C) than 0.45%Cu-ZSM-5-30-26 sample

prepared from copper sulphate solution (XNO = 24% at 350 8C).

The influence of the precursor copper salt on the catalytic

activity in NO SCR by C3H8 is also confirmed by the

experimental data for samples prepared from copper acetate

solution acidified by various additives to pH�4.6. When acetic

anhydride was used for lowering pH of the copper acetate

solution (N15, Table 2), the activity did not change compared to

Cu-ZSM-5 sample prepared at pH �5.8 (N14, Table 2). The

lowering of the copper acetate solution pH (N14, Table 2) by

adding nitric, sulphuric or hydrochloric acids (N16–18,

Table 2) led to a decrease of the Cu-ZSM-5 activity, whereas
the copper content and Cu/Al ratio in Cu-ZSM-5 samples were

not changed.

The dependence of the NO conversion on the Cu-exchange

level presented in Fig. 2B agrees with the experimental data

reported in numerous papers [3,4,8,11,55,56]. Thus, the

catalytic activity of Cu-ZSM-5 in NO SCR by C3H8 was

shown to increase with the growth of the exchange level from

50 to 100% and remain unchanged with the further growth (up

to 450%) [3]. The NO SCR by C3H8 and NO SCR by C3H6

activities of Cu-ZSM-5 catalysts with the exchange level in the

range of 90–150% were nearly the same [4].

The use of aqueous copper acetate solution with pH �6 has

been found to be preferable because it allows for preparation of

Cu-ZSM-5 with Cu/Al�100% at lower concentration (4–8 mg/

ml) than aqueous solutions of other copper salts (nitrate,

sulphate or chloride). In this case, the higher maximum values

of the catalytic activity in NO SCR by C3H8 are obtained

irrespective of the Si/Al ratio. Moreover, the use of an aqueous

copper acetate solution is preferred from the practical

viewpoints because this solution is not toxic and has nearly

neutral pH �6 in a wide concentration range.

3.3. ESR and UV–vis DR spectra of Cu-ZSM-5 catalysts

calcined at 500 8C

ESR and UV–vis DR spectroscopy have been used to

establish the basic conditions for stabilization of the three states

of copper in Cu-ZSM-5 samples: isolated Cu2+ ions, O-bridged

copper pairs and square-plain oxide clusters.

We have previously shown for a series of Cu-ZSM-5

samples with Si/Al = 30 that these samples calcined in air at

500 8C contain isolated Cu2+ ions, irrespective of the pre-

paration method [48] and copper concentration [46]. All Cu-

ZSM-5 samples exhibit an axial ESR spectrum of Cu2+ ions at

77 K with resolved hyperfine structure (HFS) with gk = 2.39,
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g? = 2.08, and Ak = 130 G (Fig. 3A, curve 2). The UV–vis DR

spectra of these catalysts are characterized by an absorption

band (a.b.) at 12 500 cm�1 (Fig. 3B, curve 2). The analysis of

the parameters of ESR and UV–vis DR spectra indicates that

these spectra are typical for isolated Cu2+ ions with dx2�y2 -

ground state stabilized in octahedral crystal fields with small

tetragonal distortion, which are created by oxide ligands. In this

case, the band at 12 500 cm�1 is close by energy to d–d

transitions between T2g and Eg terms in [Cu(H2O)6]2+

hexaaquacomplexes [57]. These results are in a good agreement

with the abundant literature data on the ESR and UV–vis DR

spectra of Cu2+ ions in various hydrated zeolites [14,44,58],

including ZSM-5 zeolites [11,14,16,18,24].

The copper content in Cu-ZSM-5 samples found by the

chemical analyses was 0.3–1.5 wt.%. Meanwhile, the copper

concentrations derived from the ESR data did not exceed 50–

60% of the actual concentration. The fraction of ESR-

detectable copper decreased with increasing copper loading

and it did not exceed 10–30% at higher loadings. At the same

time, the intensity of a.b. at 12 500 cm�1 slightly grew with an
Fig. 3. ESR spectra (77 K, A) and UV–vis DR spectra (B) of calcined Cu-ZSM-

5 catalysts 1.1%Cu-ZSM-5-17–45 (curve 1), 1.2%Cu-ZSM-5-30-71 (curve 2)

and 1%Cu-ZSM-5-45-88 (curve 3) prepared by ion exchange with aqueous

copper acetate solution (pH �6).
increase of the copper content from 0.3 to 2.5 wt.% (exchange

levels 18 and 147%, respectively) [47].

The ESR and UV–vis DR spectra of three calcined Cu-SZM-

5 samples characterized by similar copper contents (1–

1.2 wt.%) and different Si/Al ratios are presented in Fig. 3.

One can be see that their ESR parameters and absorption bands

in the visible region (12 500 cm�1) are nearly identical.

Besides, calcined Cu-ZSM-5 samples exhibit the zeolite matrix

fundamental absorption edge around 35 000–37 500 cm�1 in

the UV–vis DR spectra (Fig. 3B). It is attributed to the gap

typical for dielectric metal-oxide structures. An absorption

band at 25 000 cm�1 (Fig. 3B, curve 3) in the UV–vis spectra of

1%Cu-ZSM-5-45–88 is attributed to CTLM of iron oxide

clusters in H-ZSM-5-45. CTLM bands of copper oxide clusters

(axial or square-plane dimer) can be observed in the same

region (around 27 000–30 000 cm�1 [57]). This CTLM band

can hardly be seen in the UV–vis DR spectra of calcined Cu-

ZSM-5 samples, although its appearance as a shoulder on the

fundamental absorption edge can result in an apparent low-

frequency shift of the latter (Fig. 3B, curve 2 and 3). This shift is

more pronounced for Cu-ZSM-5 samples prepared from

ammonia copper acetate with a high copper content

(>2 wt.%) and a high Si/Al ratio.

The correlation between the ESR and UV–vis data for these

samples has shown that the higher is the Si/Al ratio, the lower is

the content of isolated Cu2+ ions (gk = 2.39, g? = 2.08,

Ak = 135 Oe) and the higher is the content of copper ions

stabilized in square-plain oxide clusters (CTLM band at

30 000–32 000 cm�1). This is an expected result because an

increase of the zeolite Si/Al ratio leads to a decrease of the

number of ion exchange sites, and, consequently, the

concentration of isolated Cu2+ ions. The same dependencies

were also observed for the samples with a high copper content

(2.4–2.7 wt.% Cu) prepared from ammonia copper acetate

solutions. However, in this case the fraction of ESR-detectable

copper was lower than the one for samples prepared from

aqueous copper acetate solutions and containing 1–1.2 wt.%

Cu. This conclusion agrees well with the data obtained by

chemical analysis, indicating that the higher is the Si/Al ratio,

the less Cu2+ ions are washed out by re-exchange of Cu-ZSM-5

samples with ammonia chloride solution (Table 3). Isolated

Cu2+ ions are known to be washed out from calcined samples

under re-exchange conditions.

As we discussed earlier [5], the presence of copper oxide

clusters in Cu-ZSM-5 was confirmed by FTIR of adsorbed CO

and XPS. The absorption band observed in the FTIR spectra of

Cu-ZSM-5 at 2192 cm�1 can be attributed to complexes of CO

with isolated or weakly associated Cu2+ ions in CuO clusters

[5]. An additional adsorption band at 2137 cm�1 was observed

in the samples prepared from ammonia copper acetate solution

(at pH �10) and attributed to CO adsorbed on Cu2+ cations

located on the surface of copper oxide clusters. The

concentration of these copper states grows with the increase

of the copper content in the samples. Besides, the copper

content observed by FTIR and its total content do not match.

This is an evidence of the presence of copper oxide clusters in

all the samples. A comparison of bulk and surface Cu/Si ratios
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Table 3

Copper content in Cu-ZSM-5 before and after re-exchange with ammonia chloride solution (1 M solution, 25 8C, 2 h)

No. Samples pH Copper content (wt.%) and Cu/Al (Cu0–Cu1)/Cu0 (%) Catalytic activity in DeNOx-C3H8 at 350 8C

Initial Re-exchanged Initial Re-exchanged

Cu0

(wt.%)

Cu/Al

(%)

Cu1

(wt.%)

Cu/Al

(%)

X(NO)

(%)

W (10�4 mol

NO/gCu min)

X(NO)

(%)

W (10�4 mol

NO/gCu min)

1 1.88%Cu-ZSM-5-17-80 6 1.88 80 0.14 6 92.5 69 3.9 7 –

2 1.24%Cu-ZSM-5-30-74 6 1.24 74 0.08 4 93.5 71 6.1 12 –

3 0.93%Cu-ZSM-5-45-82 6 0.93 82 0.07 6 92.5 65 7.3 17 –

4 2.74%Cu-ZSM-5-17-106 10 2.74 106 0.52 20 80 58 2.0 15 1.9

5 2.27%Cu-ZSM-5-30-135 10 2.27 135 0.99 58 56 65 2.9 20 2.4

6 3.12%Cu-ZSM-5-45-274 10 3.12 274 1.93 170 38 70 3.1 30 3.4
calculated according to the chemical analysis and XPS for Cu-

ZSM-5-45 series [5] led us to a conclusion that the states of

copper in the samples prepared from aqueous copper acetate

solution at pH �6 (Cu/Si is equal to 0.013 and 0.014,

correspondingly, for 1.26%Cu-ZSM-5-45-110) are relatively

uniform. Bulk and surface Cu/Si ratios differ significantly when

solutions with pH �10 are used (0.022 and 0.13, correspond-

ingly, for 2.19%Cu-ZSM-5-45-192). This fact evidences that

copper concentrates on the catalyst surface, probably, due to the

formation of copper oxide clusters.

The study of Cu-ZSM-5 samples over a wide range of Cu/Al

ratios varied by ion-exchange conditions has shown that two

copper states, isolated Cu2+ ions (gk = 2.38, Ak = 135 Oe and

g? = 2.07, a.b. 12 500 cm�1) and copper oxide clusters (CTLM

30 000–32 000 cm�1) – are observed by the ESR and UV–vis

spectroscopy. Part of copper ions are undetectable by ESR and

not washed out from Cu-ZSM-5 by re-exchange with ammonia

chloride. So far, their structure was not clear. The influence of

the vacuum heat pretreatment of Cu-ZSM-5 on the copper

states has been studied to give a clear picture.

3.4. ESR and UV–vis DR spectra of Cu-ZSM-5 catalysts

evacuated at 25–400 8C

Heat treatment of calcined Cu-ZSM-5 samples under

vacuum is well known to result in a significant decrease in

the intensity of its ESR spectrum [11,14,16,19,21,46]. The

spectra observed at 77 K after such treatment (Fig. 4) are due to

a superposition of two anisotropic spectra of Cu2+ ions with

different parameters (type B: gk = 2.33, g? = 2.07, Ak = 145 G;

type C: gk = 2.27–2.28, g? = 2.06, Ak = 165 G) and an ESR

spectrum with gk = 2.02 and g? = 2.05 [46].

Significant changes were observed after the vacuum heat

treatment in the UV–vis DR spectra of Cu-ZSM-5 as well [47].

First, the shift of the absorption band corresponding to d–d

transitions of isolated Cu2+ ions from 12 500 to 13 400 cm�1

(type B) or 14 500 (type C) cm�1 was shown for all Cu-ZSM-5

samples independent of the ion-exchange conditions. Second,

the appearance of intense absorption at 15 000–17 000 and

30 000–32 000 cm�1 (Fig. 5, [47]) and several distinct bands in

the region of 18 000–23 000 cm�1 (Fig. 6, [47,48]) was

observed. Their appearance depended on the ion-exchange
conditions used for Cu-ZSM-5 preparation and heat vacuum

treatment.

The shift of the absorption band in the d–d transition region

from 12 500 to 13 400 cm�1 was earlier reported for evacuated

Cu-ZSM-5 zeolites as a result of dehydration at 100 8C [21].

However, in contrast to our data, in that paper the disappearance

of the d–d transition band was observed after evacuation at

400 8C. The disappearance of the band assigned to d–d

transitions in isolated Cu2+ ions was explained by their

reduction to Cu+ [21]. Note that, most likely, isolated Cu2+ ions

are reduced only under severe conditions, for example, in the

hydrogen [23] or ammonia atmosphere [59]. The ESR (Fig. 4)

and UV–vis spectra (Fig. 5) of Cu2+ ions remaining after the

vacuum heat treatment correspond to the octahedral coordina-

tion of copper with strong tetragonal distortion. The level of the

tetragonal distortion is very high for some ions (C: gk = 2.27–

2.28, Ak = 165 G, D(T2g � Eg) = 14 500 cm�1). That is why it

should be described by other methods.

The stabilization of some copper ions as square-plane

copper-oxide clusters was also observed after heat vacuum

treatment of Cu-ZSM-5 at 400 8C. This complex is character-

ized by a CTLM band around 30 000–32 000 cm�1 in the UV–

vis spectra (Fig. 5, curve 5). Their formation is promoted by the

use of ammonia copper acetate solutions (pH�10) and high Si/

Al ratio (Si/Al � 30). However, it is observed even for samples

with Cu/Al close to the one theoretically possible for ion-

exchange (�100%). For example, 1.88%Cu-ZSM-5-17-74

samples evacuated at 400 8C for 4 and 16 h exhibit the CTLM

band at 30 000 and 32 000 cm�1 in UV–vis spectra,

respectively (Fig. 7, curves 1 and 2). The shift of the CTLM

band of square-plane copper-oxide clusters suggests that its

position in the UV–vis spectra depends on the cluster size. The

larger is the cluster (up to the formation of a fine CuO

crystallite), the more shifted is this CTLM band (Fig. 7, curves

2 and 3). The CTLM band of square-plane clusters can hardly

be seen in the UV–vis spectra of evacuated samples with high

Cu/Al due to its superposition with the fundamental absorption

edge of the zeolite matrix (35 000–37 000 cm�1).

Combined analysis of the ESR and UV–vis DR spectra led

us to a conclusion [46,47] that before the vacuum heat treatment

copper in Cu-ZSM-5 zeolites exists not only as isolated Cu2+

ions but also as � � �O2�� � �Cu2+� � �O2�� � �Cu2+� � �O2�� � � chains

stabilized inside the zeolite channels by water molecules. In
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Fig. 4. Typical ESR spectra (77 K) of calcined Cu-ZSM-5 catalysts after vacuum heat treatment at 400 8C for 3 h. (A) 1.26%Cu-ZSM-5-30-75 (sample 7, Table 2),

(B) 2.75%Cu-ZSM-5-17-108 (sample 2, Table 2).
this case, the ESR spectrum may not be observed due to a strong

exchange interaction between the Cu2+ ions in these chains.

Note that the probability of the strong exchange interaction

between the copper ions in the chain is especially high for d2
z

ground state of the copper ions. Stabilization of the latter can be

facilitated by the arrangement of the copper ions into chains.

Heat treatment under vacuum results in the removal of water

molecules coordinated to the copper ions in the chain-like

structures. This increases the covalence of the copper–oxygen

bonds in the chains, which can lead to localization of the

unpaired electron on the oxygen atom. Such changes in the

electronic structure of copper are observed in the UV–vis DR

spectra as a CTLM transition at 18 000–23 000 cm�1 [47,48]

(Fig. 6). In addition, the heat treatment under vacuum leads to
Fig. 5. UV–vis DR spectra of 2.27%Cu-ZSM-5-30-135 (sample 8, Table 2)

after different vacuum heat treatments. (1) Initial sample; (2) after treatment at

25 8C for 1 h; (3) after treatment at 150 8C for 1 h; (4) after treatment at 300 8C
for 1 h; (5) after treatment at 400 8C for 4 h.
partial ‘‘internal’’ reduction [60] of the copper ions in the chains

with the formation of � � �O�� � �Cu+� � �O�� � �Cu+� � �O�� � �
chains. It appears that they are observed in the ESR spectra

as O� anion radicals with gk = 2.02 and g? = 2.05 [46,48]

together with the signals of isolated Cu2+ ions (Fig. 4).

The chain structures are formed due to participation of

polynuclear copper complexes of variable composition

produced upon hydrolysis of the copper salt during the ion

exchange with the proton of H-ZSM-5 zeolite, or due to

hydrolysis of [Cu(H2O)6]2+ ions localized in the cation

exchange positions of the zeolite during the ion exchange

and catalyst washing stages. The stabilization of chain-like

copper-oxide structures is possible due to ordered ZSM-5

channels and their size (�0.54 nm � 0.56 nm).
Fig. 6. UV–vis DR spectra of 1.54%Cu-ZSM-5-30-91 prepared by ion change

in aqueous solution of copper nitrate at 80 8C without washing after different

vacuum heat treatments. (1) Initial sample; (2) after treatment at 150 8C for 1 h;

(3) after treatment at 300 8C for 1 h.
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Fig. 7. UV–vis DR spectra of 1.88%Cu-ZSM-5-17-74 (sample 1, Table 2)

evacuated at 400 8C for 4 h (curve 1) and for 16 h (curve 2) and 1.2%Cu-ZSM-

5-45–102 (sample 19, Table 2) evacuated at 400 8C for 4 h (curve 3).
3.5. Identification of chain-like copper-oxide structures

3.5.1. A.b. at 18 000–23 000 cm�1 in UV–vis spectra

While the nature of bands in the d–d transition region [57]

and the UV region at 30 000–32 000 cm�1 is well known [57],

the bands at 18 000–23 000 cm�1 need to be assigned. The

absorption bands at 18 000–23 000 cm�1 are observed only

when Cu-ZSM-5-30 catalysts are prepared under conditions

that facilitate hydrolysis, namely, by ion-exchange with copper

acetate solution at pH �6 or with copper nitrate solution at

elevated temperatures [48]. The analysis of d–d transitions for

various copper compounds with coordination number �4

[57,61] proves that for oxide ligands the energy of these

transitions can never reach even 15 000 cm�1. On the other

hand, the shift of the CTLM transitions of copper oxide

structures with c.n. �4 (e.g. the band at 30 000–32 000 cm�1

[57]) into this region does not seem to be likely either because it

requires high covalence of the copper–ligand bond. Most likely,

these are CTLM transitions in low-coordinated linear copper

clusters with c.n. = 2.

This assignment is in a good agreement with the parameters

of the electronic spectra of linear CuCl2 molecules [62]. For the

latter, the d–d transitions are observed in the low-frequency

region (n1 = 5000 and n2 = 9000 cm�1), while CTLM is a wide

band around 19 000 cm�1 [62].

This assignment is proven by quantum chemical calculations

performed at the unrestricted DFT level [47]. The calculations

of the low-energy electronic transitions for Cu(OH)2 molecule

have shown [47] that the charge transfer takes place at 16 000–

20 000 cm�1, irrespective of the molecule symmetry (D1 and

C2h). The criteria for assigning the transitions to d–d or CTLM

are changes in the charge (qCu) and spin-density (rCu)

distribution. The d–d transitions are accompanied by a

noticeable increase in the positive charge and spin-density

on the copper atom (qCu = 0.99, rCu = 0.9 [47]). The charge

transfer results in the opposite change, so that the spin density

nearly disappears (qCu = 0.54, rCu = �0.01, nearly pure ‘‘Cu+

state’’ [47]).
3.5.2. ESR spectrum with parameters gk = 2.02 and

g? = 2.05

The ESR spectrum discerned in the spectra of evacuated Cu-

ZSM-5 samples is characterized by axial anisotropy (g? = 2.05,

gk = 2.02), and the lack of HFS caused by copper isotopes 63Cu

and 65Cu [46]. The spectrum width is temperature-independent

(77 and 300 K). This spectrum, while ill-defined, was earlier

reported in [11,14,16] and assigned to g? of two remaining

isolated Cu2+ ions with gk = 2.30 (square pyramidal) and

gk = .27 (square-plane) [14,16].

The lack of HFS from copper isotopes and deviation of gk
and g? from the values typical for d2

z -ground state of isolated

Cu2+ ions (gk � ge, g? � 2.15 � 2.2) preclude assignment of

the ESR spectrum with g? = 2.05 and gk = 2.02 to isolated Cu2+

ions stabilized in the octahedral coordination with tetragonal

contraction. The lack of HFS from copper isotopes also

excludes its assignment to extra additional adsorption of

Cu2+ ions.

The ESR spectrum with g? = 2.05 and gk = 2.02 has been

supposed to arise from the formation of hole centers of O�

anions stabilized as s-form at Cu+ ions (p5 and d10 electronic

configuration, respectively). If an O� radical anion is stabilized

on a cation in s-form, it is well known that the unpaired electron

is localized in the pz-orbital directed to the cation. As a result,

the observed ESR spectrum has axial g-factor anisotropy with

gk close to ge and no relaxation effects due to degeneracy of the

p-orbitals. The g? value therein depends on the charge of the

stabilizing cation and changes from 2.07 (Z = +1) to 2.02

(Z = +5/+6). A deviation of gk value, which is equal to 2.02 in

the ESR spectrum of evacuated Cu-ZSM-5, from ge

(ge = 2.0023) is caused by the contribution of the copper

spin-orbit coupling constant (lCu). This is possible due to the

transfer of the unpaired electron from O� to Cu+ upon the

formation of a covalent bond between O� and Cu+ in [Cu+O�]

complex. In this case, copper acts as a ligand with respect to

paramagnetic O� ion, and the contribution of lCu to gk value

will be significant, especially for O� radical anions in s-form.

The absence of the copper HFS, which would be observed as

coupling of the unpaired electron of the O� radical anion with

the nuclear magnetic moments of copper isotopes (I = 3/2),

is an evidence of a strong exchange interaction between

O� radical anions in the chain.

This assignment is proven by quantum chemical calcula-

tions performed at the unrestricted DFT (density functional

theory) level within the ADF package using LDA functional

[47]. The calculations have shown that the energies of

the oxygen p-orbitals and the copper d-orbitals are close in

the structures with low coordination number of copper and

oxygen with the formal oxidation states [Cu2+O2�],

e.g., in CuO and Cu(OH)2 molecules. As a result,

pd-mixing of the oxygen and copper orbitals facilitating

internal self-reduction is possible [60]. For example, DFT

calculations of CuO and Cu(OH)2 molecules have shown the

ground state to have the electronic structures corresponding

to Cu+. These states are lower in energy than the state

corresponding to Cu2+ by 1.1 and 1.5 eV, respectively. If

CuO or Cu(OH)2 molecule interacts with two water
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molecules at a Cu–OH2 distance of 2.05 Å, the ground state

of both systems is the one corresponding to Cu2+ [46]. In

other words, internal self-reduction and self-reoxidation:

Cu2+ + O2� , Cu+ + O�, is inherent for CuO molecules

during dehydration and hydration.

3.5.3. A.b. at 15 000–17 000 cm�1 in the UV–vis spectra

There are two distinguishing features in the UV–vis DR

spectra of evacuated Cu-ZSM-5 samples prepared from

ammonia copper acetate solution with high copper contents

(>2 wt.%). First, an absorption band at 15 000–17 000 cm�1

was observed in the spectra of Cu-ZSM-5-30 and Cu-ZSM-5-

45 evacuated at 300 and 400 8C (Fig. 5, curves 4 and 5), while a

wide absorption band at 22 500 cm�1 was observed in the

spectrum of Cu-ZSM-5-17. Second, the band at 22 500 cm�1

was very weak in the spectra of all Cu-ZSM-5 evacuated at

400 8C for 20 h.

The nature of the bands at 15 000–17 000 and 22 500 cm�1

was still not clear. In order to ascertain it, it is important to note

that these bands are characterized by very high extinction. We

suppose that the bands at 15 000–17 000 and 22 500 cm�1

should be assigned to Cu2+� � �Cu+ intervalence transitions.

Based on physical principles [57], the energies of intervalence

transitions and, consequently, their positions in the UV–vis DR

spectra are determined by the difference of the energies of

ground (g) and excited (e) states (EIV = We � Wg [57]), for

example, a pair Cu2+ � � � Cu+$ Cu+ � � � Cu2+. Therefore, these

transitions can be observed anywhere from the IR to the UV

region of the spectrum. This assignment is in a good agreement

with the band at 17 000 cm�1 observed earlier in the UV–vis

DR spectra of high-temperature Cu–Zn–Al oxide catalysts for

methanol synthesis [63]. From physical considerations,

Cu2+ � � � Cu+ intervalence transitions can characterize mixed-

valence Cu2+–Cu+ pairs in close proximity, e.g. ELO-bridged

dimers (Cu+–O–Cu2+) [27] or partially reduced copper-oxide

clusters Cu+/(Cu2+O) [64]. The former have been proposed to

be characterized by CTLM at 22 700 cm�1 in the UV–vis

spectra of Cu-ZSM-5 observed after exposure to oxygen at

500 8C [27]. The existence of the latter is assumed from the

FTIR spectra of adsorbed CO as an absorption band at

2137 cm�1 [64]. There are two possible reasons for observation

of Cu2+ � � � Cu+ intervalence transitions in the UV–vis spectra

of Cu-ZSM-5 samples.

First, such pairs of Cu2+ and Cu+ ions located close to each

other are likely to result from partial reduction of copper cations

in � � �O2�� � �Cu2+� � �O2�� � �Cu2+� � �O2�� � � chains. This sugges-

tion is supported by analogy with reduction of strong magnetic

associates Cu2+–O–Cu2+ in Cu–Y zeolites after vacuum heat

treatment [65] and in Cu–Zn–Al oxide catalyst after heating in

hydrogen at 350 8C or calcination in air at high temperature

[65].

Second, ammonia molecules remaining in the coordination

sphere of Cu2+ ions even after calcination of Cu-ZSM-5

catalysts facilitate the reduction of Cu2+ ions to Cu+ during the

vacuum heat treatment. Such reduction can also result in the

appearance of a Cu2+ � � � Cu+ intervalence transition for

adjacent copper ions. Similar reduction of Cu2+ ions to Cu+
has been earlier observed during calcination of CuY zeolites

with preadsorbed NH3 [59] and with NH3 introduced during

preparation at pH �10 [65].

The above assumptions appear to explain the main features of

the ESR and UV–vis spectra of evacuated Cu-ZSM-5 samples.

These features can be used for identification of chain-like copper-

oxide structures with different electronic state of copper ions.

Oxidized structures, � � �O2�� � �Cu2+� � �O2�� � �Cu2+� � �O2�� � �, in

which some Cu2+ ions are stabilized in d2
z -ground state, are

formed during dehydration and characterized by a CTLM band at

18 000–23 000 cm�1. Reduced structures, � � �O�� � �Cu+� � �
O�� � �Cu+� � �O�� � �, resulting from self-reduction are observed

by the ESR spectra with parameters corresponding to O� radical

anions (gk = 2.02 and g? = 2.05). Structures with mixed-valence

copper ions, Cu2+ and Cu+, are observed in the UV–vis DR

spectra as Cu2+� � �Cu+ intervalence transition bands around

15 000–17 000 and 22 500 cm�1. Thus, –(Cu–O–Cu)– frag-

ments with ELO are proven to be present in Cu-ZSM-5.

However, the ESR and UV–vis DR studies do not give

information on the exact number of copper ions in the chain-

like copper-oxide structures. Similar to water solutions, the

number of Cu ions is supposed not to exceed 3–4.

3.6. Comparison of the electronic state of Cu2+ ions and

catalytic activity of Cu-ZSM-5

For each series of the catalysts, the specific catalytic activity

remains constant at Cu/Al �75–80% and goes down when the

exchange level is increased beyond this value. When catalysts

with the same Cu/Al ratio and different Si/Al ratios are

compared, the specific catalytic activity goes down with the

zeolite Si/Al ratio decrease (Fig. 2C). The features of the

catalytic activity of Cu-ZSM-5 samples with different Cu/Al

ratios indicate that part of copper ions are inactive in NO SCR

by C3H8.

Using ESR and UV–vis DR, it has been found that in the

samples with Cu/Al <50% most copper ions are located

in cation-exchange positions of the zeolite in the form of

isolated Cu2+ ions (gk = 2.38, Ak = 130 G, g? = 2.08;

D(T2g � Eg) = 12 500 cm�1). Their formation is promoted by

the use of aqueous copper nitrate solutions (0.0125–0.4 M),

ammonia copper acetate solutions (�0.0125 M) and zeolites

with low Si/Al ratio (�17). Isolated Cu2+ ions are stable with

respect to reduction in vacuum.

Square-plain copper oxide clusters (CTB L!M 30 000–

32 000 cm�1) localized on the zeolite surface have been found

to predominate in the samples with Cu/Al �140%. Their

formation is promoted by the use of ammonia copper acetate

solutions (pH�10) and zeolites with high silicate modulus (Si/

Al �30). They are formed due to decomposition of copper

polyoxoaminocomplexes and Cu(OH)2 resulting from hydro-

lysis of copper tetraammoniate during the ion exchange.

The maximum concentration of chain-like copper-oxide

structures stabilized in the ZSM-5 channels is, most likely,

observed in the samples with Cu/Al ratio between 75 and 100%.

They are formed most efficiently when copper acetate solutions

with pH �5.5 are used for the synthesis. After dehydration
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during the thermal treatment they can be stabilized in the

oxidized (–Cu2+–O2�–Cu2+–O2�, CTB L!M 18 000–

23 000 cm�1), reduced (–Cu+–O�–Cu+–O�, gk = 2.02,

g? = 2.05) or mixed valence states (–Cu2+–O2�–Cu+–O�,

IVT Cu2+! Cu+ 15 000–17 000 cm�1). The above signals can

be used for identification of the chain structures.

Comparison of the data on the specific catalytic activity of

Cu-ZSM-5 samples (Fig. 2C) and the copper electronic states

indicates that the catalytic activity decreases when most

copper is stabilized in the square-plain copper oxide clusters

(Cu/Al > 140%). The assumption of the low catalytic activity

of the square-plain clusters is also confirmed by the data on the

activity of Cu-ZSM-5 samples with Cu/Al > 200% with part of

copper, most likely, isolated Cu2+ ions and chain structures,

washed out by the ion exchange using an ammonium chloride

solution. After removal of this part of copper from the catalyst,

the NO conversion decreases, especially at temperatures below

400 8C (Table 3). The specific catalytic activities of re-

exchanged Cu-ZSM-5 samples prepared from ammonia

copper acetate solution are close to those of the initial samples

with Cu/Al > 200% (N4-6, Table 3), but lower than the

activities of the initial samples with similar copper contents

prepared from aqueous and ammonia copper acetate solutions

(N14, Table 2).

Therefore, the activity increase can be correlated with the

growth in the number of isolated Cu2+ ions and/or chain copper

oxide structures in the Cu-ZSM-5 samples. The ability of

copper ions for reduction and reoxidation in the chain structures

allows us to conclude that their participation in the catalytic NO

SCR by C3H8 is more preferable.

4. Conclusions

The effect of ion exchange conditions, such as the Si/Al

ratio, precursor copper salt, pH and concentration of solution,

on the catalytic activity of Cu-ZSM-5 in SCR NO by propane

and on the electronic states of copper ions has been studied. The

use of aqueous copper acetate solution with pH �6 has been

found to be preferable because this solution allows for

preparation of Cu-ZSM-5 catalysts with Cu/Al �100% using

lower concentration (4–8 mg/ml) than the aqueous solutions of

other copper salts (nitrate, sulfate or chloride). In this case, the

NO conversion in NO SCR by C3H8 has been found to reach a

maximum value at Cu/Al ratio about 75–100% and remain

constant at higher Cu/Al, irrespective of the Si/Al ratio.

Lowering of the copper acetate solution pH by adding nitric,

sulphuric or hydrochloric acid leads to a decrease of the Cu-

ZSM-5 activity, whereas the copper content and the Cu/Al ratio

in the Cu-ZSM-5 samples are not changed.

In addition to isolated Cu2+ ions in distorted octahedral

coordination (ESR: gk = 2.39, g? = 2.08, Ak = 130 G; UV–vis

DR: D(T2g � Eg) = 12 500 cm�1) and square-plain copper

oxide clusters (30 000–32 000 cm�1), Cu-ZSM-5 catalysts

calcined in air at 500 8C have been assumed to contain

� � �O2�� � �Cu2+� � �O2�� � �Cu2+� � �O2�� � � chain-like structures

stabilized inside the zeolite channels. These chain-like

copper-oxide structures can be identified by a distinctive
CTLM band at 18 000–23 000 cm�1 in the UV–vis DR spectra.

The maximum concentration of the chain-like copper-oxide

structures is likely to be found in the samples with the Cu/Al

ratios between 75 and 100%.

The chain structures are easily reduced and reoxidized. They

are even capable of self-reduction. These transformations of

copper ions are accompanied by the appearance of an ESR

signal with parameters corresponding to O� radical anions

(gk = 2.02 and g? = 2.05) and Cu2+–Cu+ intervalence transi-

tions (15 000–17 000 cm�1) in the UV–vis DR spectra. These

species may be responsible for the catalytic activity of Cu-

ZSM-5 catalysts.
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Abstract
The character of carbonaceous deposits formed during methane dehydroaromatization reaction in the

presence of Mo/ZSM-5 catalysts was studied by differential thermal analysis. The dependence of the con-
centration and condensation degree (C/H ratio) of the carbonaceous deposits on the catalyst synthesis con-
ditions (Mo content = 1-10%, Si/Al ratio in the initial H-ZSM-5 = 17-45) and reaction conditions (feed flow
rate = 405-1620 h-1, methane concentration = 90-98%, reaction temperature = 720-780°C) was investigated.
The oxidative treatment conditions of carbonized Mo/ZSM-5 catalysts providing stable operation of the
catalysts under multiple reaction-oxidative treatment cycles were selected.

Introduction

Methane is the main component of natural gas,
which is considered to be an alternative source for
synthesis of valuable products of petrochemistry and
organic synthesis [1-3]. Today methane is mostly us-
ed as a fuel. Chemical industry uses only 2.5-5% of
obtained natural gas [4,5]. Wider use of methane is
impeded by its high chemical and thermal stability.

The problem of processing natural gas into orga-
nic compounds is usually solved by vapor [6,7], car-
bon-dioxide [6,7] or oxidative [8] conversion of me-
thane to synthesis gas (CO and H2 mixture) followed
by synthesis of a mixture of alkanes, olefins and al-
cohols by Fischer-Tropsch method [1,9]. One of the
advantages of this method for utilization of natural
gas is the possibility to obtain sulfur-free diesel fuel.

The examples of single-stage methane conversion
to organic compounds are oxidative dimerization of
methane to ethylene or ethane [10,11] and selective
oxidation to methanol [12]. However, in the presen-
ce of oxygen the obtained hydrocarbons are easily
oxidized to carbon dioxide and water leading to a
significant decrease of the reaction selectivity at high
methane conversion. This causes higher production
cost of hydrocarbon fuel prepared from methane in
comparison with analogs made of oil.

Lately researchers have paid attention to the
search of new methods for utilization of natural gas.
One of them is methane dehydroaromatization that
is a catalytic method for selective methane conversi-
on directly to aromatic hydrocarbons without parti-
cipation of oxygen. In 1993 Chinese scientists sug-
gested an efficient Mo-containing catalyst based on
ZSM-5 zeolite [13].

Earlier we have showed [14] that the maximum
values of methane conversion (14%) and benzene
selectivity (70%) in methane dehydroaromatization
over Mo/ZSM-5 catalysts are obtained at 2-5% Mo,
and they grow when Si/Al ratio goes down from 45
to 17. Under reaction conditions 2-15 nm β-Mo2C
nanoparticles are formed on the zeolite surface, and
~ 1 nm Mo-containing clusters are formed in the zeo-
lite channels. Carbonaceous deposits in the form of
2 nm thick graphite layers on the surface of molyb-
denum carbide and loose disordered carbon layer up
to 3 nm thick on the zeolite surface are formed dur-
ing reaction.

According to the literature data [15], molybde-
num carbide formed at the initial reaction stages plays
an important role in methane activation. However,
one of the problems of Mo/ZSM-5 catalysts is their
deactivation due to the formation of carbonaceous
deposits. This problem can be solved by oxidative
regeneration of carbonized catalysts.

In the given work we studied by differential ther-
mal analysis the character of the carbonaceous depo-
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sits depending on the conditions of catalyst synthe-
sis and methane dehydroaromatization. These data
made it possible to determine the conditions of oxi-
dative regeneration of Mo/ZSM-5 catalysts.

Experimental

Samples of H-ZSM-5 zeolite with atomic Si/Al
ratios 17, 30 and 45 were used for synthesis of Mo/
ZSM-5 catalysts. The samples of Mo/ZSM-5 cata-
lysts with 1, 2, 5 and 10 wt.% Mo were prepared by
incipient wetness impregnation of the zeolite with
ammonium paramolybdate (NH4)6Mo7O24⋅4H2O so-
lutions of desired concentration and definite pH value
[16]. The obtained samples were dried under IR lamp
and calcined in a muffle furnace at 500°C for 4 hrs.

The chemical composition of the initial zeolite
and molybdenum concentration in the studied cata-
lysts were determined by emission spectroscopy with
inductively bound plasma. Differential thermal analy-
sis (DTA) and differential thermogravimetric analy-
sis (DTG) of Mo/ZSM-5 catalysts were carried out
using a Q-1500 D derivatograph (Hungary) in the
temperature range of 20-600°C in air at 10 °C/min
heating rate using 100 mg samples.

The catalytic activity of Mo/ZSM-5 catalysts in
methane dehydroaromatization reaction was studied
at atmospheric pressure in a flow system with a quartz
reactor (inner diameter 9 mm) loaded with the cata-
lyst sample (m = 0.6 g, V ~ 1 cm3, 0.25-0.5 mm frac-
tion). Before reaction the catalyst was heated in argon
flow to 720°C with 10 °C/min heating rate and kept
at this temperature during 60 min. Then, the reaction
mixture containing 90 vol.% CH4 and 10 vol.% Ar
was introduced with 13.5 ml/min flow rate. To take
into account the change of the methane flow due to
reaction, argon was used as an internal standard [17].

Reaction products were studied using a Crystal
2000m gas chromatograph equipped with a flame
ionization detector (FID) and a thermal conductivity
detector (TCD) working simultaneously. Organic re-
action products (С6Н6, С7Н8 and С10Н8) were sepa-
rated and analyzed using a steel packed column with
1.5 m length and 3 mm diameter filled with a poly-
mer sorbent DC 550 15% Chromaton N (FID detec-
tor, He carrier gas, 30 ml/min flow rate, temperature
165°C). For naphthalene analysis it was collected in
an ice trap (~ 0°C) and dissolved in C2H5OH. Separa-
tion and analysis of CO2, C2H4 and C2H6 was carried
out using a steel packed column with 1.5 m length
and 3 mm diameter filled with SKT charcoal (TCD

detector, He carrier gas, 30 ml/min flow rate, tempe-
rature 165°C). Separation and analysis of CH4, H2,
Ar and air was carried out using a steel packed co-
lumn with 2 m length and 4 mm diameter filled with
NaX zeolite sorbent (TCD detector, He carrier gas,
30 ml/min flow rate, temperature 165°C).

The activity of Mo/ZSM-5 catalysts was charac-
terized by total methane conversion and methane con-
version to benzene vol.%. The benzene selectivity
was calculated as the ratio of methane conversion to
benzene to total methane conversion.

Results and Discussion

When Mo/ZSM-5 catalysts contact with air at
elevated temperatures oxygen may react both with
carbon from molybdenum carbide and with carbona-
ceous deposits СхHу that can be formed during reac-
tion. In the first case, according to the reaction stoi-
chiometry Mo2C(204 g/mol) + 4O2 = 2MoO3(288 g/mol) + CO2

the sample weight should increase. If all molybde-
num were in the form of molybdenum carbide after
reaction, the maximum (calculated) weight increase
due to the formation of molybdenum oxide by oxi-
dation would be 1.0 and 4.3 wt.% for samples with
molybdenum concentrations 2 and 10%, respectively.

Figure 1 (a, b) presents typical TG, DTG and DTA
profiles of Mo/ZSM-5 catalysts after methane dehy-
droaromatization under standard conditions (810 h-1,
90% CH4 + 10% Ar, 720°C). The samples under stu-
dy are characterized by an endothermal process at
80-110°C accompanied by 1-5% weight loss due to
desorption of adsorbed water vapor [18]. At higher
temperatures (T = 250-600°C) an exothermal pro-
cess is observed, which is, most likely, related to
oxidation of carbon-containing components of the
sample (CxHy and/or molybdenum carbide). Mean-
while, the temperature of the exothermal effect maxi-
mum on the DTA curve (ТDTA) and the character of
weight change (+∆m or -∆m) depends on the Mo
concentration and reaction conditions (Table 1).

The data presented in Table 1 show that the weight
loss observed for the catalyst with 2% Mo grows from
1.2 to 7% when the reaction time increases from 0.5
to 20 hrs. This indicates that the concentration of the
carbonaceous deposits increases with time on stream.
In the meantime, the peak on the DTG curve (TDTG)
and the maximum of the exothermal effect related to
burning of the carbonaceous deposits shift to higher
temperatures (from 455 to 545°C for TDTG and from
455 to 535°C for TDTA). This shift may be caused by
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increased condensation degree of the carbonaceous
deposits (increase of the C/H ratio) [19]. Note that
for 2% Mo/ZSM-5 samples after 0.5-6 hrs on stream
no weight gain that might indicate the formation of
molybdenum carbide is observed. When the reaction
is increased to 20 hrs, the sample gains 0.3 wt.% at

410-440°C. Then, 7% weight loss with TDTA = 535°C
is observed during further temperature growth. One
may suppose that for samples after 0.5-6 hrs on stream
the oxidation of molybdenum carbide takes place si-
multaneously with the burning of the carbonaceous
deposits, so that the weight gain due to molybdenum

a b

Fig. 1. TG, DTG and DTA profiles of 2% Mo/ZSM-5 (a) and 10% Mo/ZSM-5 (b) catalysts with Si/Al = 17 after 6 hrs on
stream. Reaction conditions: 810 h-1, 90% CH4 + 10% Ar, 720°C.

Table 1
Thermogravimetric analysis data for Mo/ZSM-5 catalysts after methane dehydroaromatization reaction.

Reaction conditions: 810 h-1, 90% CH4 + 10% Ar, 720°C

Mo conten ,t w %.t Reactio tn i h,em Samp el weight ch na (eg ∆ ,)m w %.t T GTD C°, T ATD C°,

1 6 − 5.3 525 025

2

5.0 − 2.1 554 554

1 − 5.1 *054 *054

6 − 3 094 084

02
3.0+ *044

535
− 7 545

5

6
5.0+ *524

544
− 2 064

02

5.0+ 534

− 4 084 584

− 2 025 535

01

5.0 3.1+ 573 573

1 6.1+ 593 593

6
8.0+ 024

034
− 1 064

* − There is no pronounced maximum (minimum) on the DTG (DTA) profile. The reported temperature corresponds to the change of
the sample weight.
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carbide oxidation is leveled. Increase in reaction time
leads to the growth of the condensation degree of the
carbonaceous deposits. This results in the increase
in their burn-off temperature and, consequently, tem-
perature separation of the oxidation of molybdenum
carbide and carbonaceous deposits.

When the molybdenum concentration is increased
to 5%, the sample weight loss reflecting the concen-
tration of formed carbonaceous deposits is, on the
contrary, somewhat lower than over 2% Mo/ZSM-5
catalyst at the same time on stream (Table 1). Be-
sides, combustion of the carbonaceous deposits from
the sample kept in the reactor for extended time (20
hrs) is characterized by two peaks in the DTG and
DTA profiles. Both correspond to weight loss. This
may indicate either the presence of two different ty-
pes of carbonaceous deposits in the studied sample
[19] or different localization of carbonaceous depos-
its of one type [20]. For instance, according to the
literature data [20], burning of the carbonaceous de-
posits formed next to metal-containing particles takes
place at lower temperatures in comparison with the
carbonaceous deposits located on the surface of the
support. The weight gain by ~ 0.5% observed for
this sample that corresponds to the oxidation of car-
bidized molybdenum forms is observed already af-
ter 6 hrs on stream and remains the same for the
sample after 20 hrs on stream.

For the sample with 10% Mo the weight gain due
to oxidation of molybdenum carbide is expressed bet-
ter (+∆m = 0.8-1.6%) and is observed already after
0.5 h on stream. Moreover, no weight loss is observed
during analysis of the samples after 0.5 and 1 h on
stream. Apparently, the concentration of the carbon-
aceous deposits is low in this case, and the weight
loss due to their combustion is leveled by oxidation
of molybdenum carbide. When the reaction time is
increased to 6 hrs, both the concentration and con-
densation degree of the carbonaceous deposits grow,
and their TDTG increases. As a result, oxidation reac-
tions of both types take place in a narrow tempera-
ture interval with the predomination of molybdenum
carbide oxidation at 420°C and burning of the car-
bonaceous deposits at 460°C (Fig. 1b).

When the Si/Al ratio is increased from 17 to 45,
the shape of the DTA and DTG profiles of catalysts
with 1-2% Mo after 6 hrs on stream does not change.
Somewhat different profiles are observed for samples
with 5 and 10% Mo. The thermal analysis data for
10% Mo/ZSM-5 catalysts with Si/Al = 45 are pre-
sented in Fig. 2 as a typical example. Two maxima

corresponding to the exothermal burning effects are
observed on the DTA curve: ТDTA = 425°C corre-
sponds to an increase in the sample weight, whereas
TDTA = 505°C corresponds to its decrease. Similar
results were also obtained for sample with 5% Mo
and Si/Al = 45 as well as samples with 5 and 10%
Mo and Si/Al = 30. Hence, oxidation of molybde-
num carbide in these samples takes place at ~ 420-
430°C similar to catalysts with 5 and 10% Mo and
Si/Al = 17 (Table 1). However, combustion of the
carbonaceous deposits occurs at a higher temperatu-
re (TDTG = 515°C versus 460°C). Apparently, carbona-
ceous deposits formed over Mo/ZSM-5 catalysts with
Si/Al = 30 and 45 have higher condensation degrees.

Fig. 2. TG, DTG and DTA profiles of 10% Mo/ZSM-5
catalysts with Si/Al = 45 after 6 hrs on stream. Reaction
conditions: 810 h-1, 90% CH4 + 10% Ar, 720°C.

0 100 200 300 400 500 600 700 800

+ 1.5 mg

- 5.7 mg

- 0.5 mg

415oC

515oC

505oC

425oC

DTA

DTG

TG

Temperature, oC

Figure 3 presents TDTG values of Mo/ZSM-5 cata-
lysts with 1-10% Mo and different Si/Al ratios after
6 hrs on stream. For samples with Si/Al = 17 TDTG

shifts to lower temperatures with an increase of Mo
concentration from 1 to 5-10%. The observed depen-
dence may be due to the catalytic combustion of car-
bonaceous deposits in the presence of a metal [20]
that becomes more significant when molybdenum
concentration increases, or due to lower condensa-
tion of carbonaceous deposits over samples with high-
er Mo concentrations [19]. For Mo/ZSM-5 catalysts
with Si/Al = 30 and 45, the burn-off temperature of
the carbonaceous deposits decreases first when Mo
concentration grows from 1% to 2%. However, fur-
ther increase of the molybdenum concentration to 5-
10% leads to its sharp growth. Apparently, in this
case methane dehydroaromatization reaction is ac-
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companied by the formation of carbonaceous deposits
with higher C/H ratio. Besides, the total weight loss
of the samples during analysis increases with the Si/
Al growth. For example, for 1% Mo/ZSM-5 catalysts
after 6 hrs on stream −∆m is 3.5, 4.8 and 6.2% for
samples with Si/Al = 17, 30 and 45, correspondingly.

in this case (Fig. 4) may be due to increased conden-
sation degree of the carbonaceous deposits [19].

Fig. 3. The effect of Mo content and Si/Al ratio in Mo/
ZSM-5 catalysts on the position of the burn-off maximum
of the carbonaceous deposits (TDTG) after 6 hrs on stream.
Reaction conditions: 810 h-1, 90% CH4 + 10% Ar, 720°C.

The effect of methane dehydroaromatization con-
ditions (reaction temperature, feed flow rate and com-
position) was studied for 2% Mo/ZSM-5 catalysts.
The reaction temperature increases from 720 to
780°C, that leads to a significant TDTA growth indi-
cating an increased condensation degree of the car-
bonaceous deposits. A considerable (more than 3-
fold) growth of the concentration of the carbonaceous
deposits is observed only when the reaction tempera-
ture is increased to 780°C (Fig. 4).

When the feed flow rate is increased from 405 to
1620 h-1, the concentration of the carbonaceous depo-
sits and the temperature of their combustion exother-
mal effect grow (Fig. 4). In this respect, an increase
of methane flow rate is similar in its effect to longer
reaction time (Table 1). An increase in either of these
factor leads to higher load on the catalyst, which re-
sults in accumulation of more carbonaceous depo-
sits with higher condensation degree.

If the methane concentration in the feed is incre-
ased from 90 to 98%, the DTA and DTG profiles of
2% Mo/ZSM-5 catalysts with Si/Al = 17 after 6 hrs
on stream are not changed. The weight loss corre-
sponding to the concentration of carbonaceous depo-
sits is not changed either. Some TDTA growth observed

420

440

460

480

500

520

540

560 10

3.0

3.0

3.0

3.0
3.0

3.0

5.5

98
%

90
%

C

16
20

 h
-1

81
0 

h-1

40
5 

h-1

V 

78
0o C

76
0o C

72
0o C

 T

 

T D
TA

Fig. 4. The effect of reaction temperature (T), feed flow
rate (V) and methane concentration (C) on the position of
the burn-off exothermal effect maximum (TDTA) and con-
centration of carbonaceous deposits (−∆m) in 2% Mo/
ZSM-5 catalyst with Si/Al = 17 after 6 hrs on stream.

Thus, according to the thermogravimetric analy-
sis data, the contact of Mo/ZSM-5 catalysts with me-
thane leads to the formation of molybdenum carbide
and carbonaceous deposits. For studied Mo/ZSM-5
catalysts, the condensation degree and concentration
of the carbonaceous deposits increase during reacti-
on. Oxidation of molybdenum carbide with oxygen
takes in the temperature range of 420-440°C that
matches the combustion temperature range of the
carbonaceous deposits formed after 6 hrs on stream
(420-500°C). This impedes estimation of the amounts
of molybdenum carbide and carbonaceous deposits
formed in the course of reaction. A reaction time in-
crease leads to the growth of the condensation de-
gree of the carbonaceous deposits and, consequently,
their burning temperature. This makes it possible to
estimate quantitatively the amounts of molybdenum
carbide and carbonaceous deposits from the thermal
analysis data.

Based on the obtained data, oxidative regenerati-
on of 2% Mo/ZSM-5 catalysts after ~ 6 and ~ 20 hrs
on stream was carried out at 520 and 600°C, respec-
tively. Figures 5 and 6 present the data on the cata-
lytic activity of 2% Mo/ZSM-5 catalysts in different
reaction-oxidative regeneration modes. One can see
that after 6 hrs on stream the catalytic activity re-
mains practically constant after 5 reaction-oxidative
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regeneration cycles (Fig. 5). Meanwhile, an increase
in the reaction time to ~ 20 hrs (Fig. 6) leads to faster
catalyst deactivation in the third cycle: methane con-
version to benzene goes down to 2% in ~ 15 hrs,
whereas after the first reaction cycle such decrease
occurs only after ~ 20 hrs on stream.

Fig. 6. Catalytic activity of 2% Mo/ZSM-5 with Si/Al =
17 in cycles: reaction (20 hrs)/oxidative treatment (600°C,
2 hrs). Reaction conditions: 810 h-1, 90% CH4 + 10% Ar,
720°C.
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Fig. 5. Catalytic activity of 2% Mo/ZSM-5 with Si/Al =
17 in cycles: reaction (6 hrs)/oxidative treatment (520°C,
2 hrs). Reaction conditions: 810 h-1, 90% CH4 + 10% Ar,
720°C.
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Conclusions

The concentration and condensation degree (C/
H ratio) of the carbonaceous deposits increase with
an increase of either of the following parameters:

• methane concentration in the feed;
• feed flow rate;
• temperature;
• methane dehydroaromatization reaction time.

The concentration of the carbonaceous deposits
grows with an increase of the Si/Al ratio in the initial
H-ZSM-5 zeolite. The combustion temperature of the
carbonaceous deposits decreases with a molybdenum
concentration increase for Mo/ZSM-5 catalysts with
Si/Al = 17. Consequently, the temperature required
for oxidative regeneration of carbonized Mo/ZSM-5
catalysts is determined by conditions of their synthe-
sis and methane dehydroaromatization reaction. The
stability of Mo/ZSM-5 catalysts in reaction-oxidati-
ve regeneration cycles is better when time on stream
is shorter.
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Study of Methane Dehydroaromatization on Impregnated Mo/ZSM-5 Catalysts
and Characterization of Nanostructured Molybdenum Phases and Carbonaceous
Deposits
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Methane dehydroaromatization was studied over a series of impregnated Mo/ZSM-5 catalysts with different
molybdenum contents and Si/Al atomic ratios in the parent H-ZSM-5 zeolites. The maximum catalytic activity
(∼14% CH4 conversion) and benzene formation selectivity (∼70%) were observed for the samples with 2%-
5% molybdenum. The activity and selectivity are improved when the Si/Al ratio is decreased from 45 to 17.
After pretreatment in argon and reaction at 720°C, the catalysts have been characterized by textural methods,
X-ray diffractometry (XRD), differential thermal analysis (DTA), high-resolution transmission electron
microscopy (HRTEM), and energy-dispersive X-ray spectroscopy (EDX). As determined by HRTEM, after
the pretreatment, the MoOx phase is highly dispersed on the external surface of the zeolite. During the reaction,
molybdenum carbide nanoparticles 2-15 nm in size are formed on the external surface, and the molybdenum-
containing clusters are deposited in the zeolite channels. The carbonaceous deposits (CDs) are formed as
graphite layers on the surface of Mo2C nanoparticles that were>2 nm in size, and as friable layers with a
disordered structure on the external surface of the zeolite. According to EDX, XRD, and DTA studies, the
content of the CD and the extent of their condensation (the C/H ratio) increase with the time-on-stream. For
all the studied molybdenum contents (1%-10%) and time-on-stream values (0.5-6 h), the CDs formed on
the catalysts with Si/Al) 17 are characterized by one maximum of the exothermic burn-out effect in DTA,
whereas on the catalysts with Si/Al) 30 and 45, they are characterized by two such maxima. A correlation
between the catalyst activity, the selectivity versus nanostructure, and the location of the molybdenum phases
and CDs is discussed.

1. Introduction

Methane dehydroaromatization (DHA) over Mo/ZSM-5 cata-
lysts is a promising process for the production of valuable
aromatic compounds and hydrogen from the natural gas. Starting
with the first publication that reported the activity of Mo/ZSM-5
catalysts in the DHA of CH4,1 this reaction remains the focus
of attention for researchers.2-5 Relatively good reaction char-
acteristics,∼12% CH4 conversion with∼80% selectivity of
benzene formation, have already been achieved.4 Note that,
according to the thermodynamic calculations,5,6 the equilibrium
CH4 conversion to benzene under non-oxidative conditions at
700 °C is ∼12%.

Molybdenum carbide (Mo2C), which has an important role
in CH4 activation, has been observed to form during the initial
induction period.7,8 However, the types of stabilization of
molybdenum species and their distribution in the H-ZSM-5
zeolite matrix are still under debate. Iglesia and co-workers9-12

have studied Mo/ZSM-5 catalysts, prepared by solid-state
reaction between MoO3 and H-ZSM-5 zeolite, via D2 isotopic
exchange, extended X-ray absorption fine structure (EXAFS)
analysis, and X-ray absorption near-edge spectroscopy (XANES).
D2 isotopic exchange, EXAFS, and XANES has shown that the
Mo species migrated inside the zeolite. It also has been shown
that the Mo species migrated inside the zeolite channels and

replaced one H+ per Mo to form [Mo2O5]2+ dimers on the
cation-exchanged sites during the treatment of the mixture of
MoO3 and H-ZSM-5 (Mo/Al< 0.4) in 20% O2/He at 700°C.
The [Mo2O5]2+ dimers were reduced and carburized to form
the Mo2C clusters (0.6-1 nm) with the concurrent regeneration
of the Brönsted acid sites under reaction conditions (90% CH4/
10% argon, 680°C). It was noted11 that the formed clusters
provide C-H bond activation, and they are resistant to the
agglomeration during the DHA of CH4 for 10 h. The study of
impregnated Mo/ZSM-5, using X-ray absorption fine structure
(XAFS) analysis, thermogravimetry (TG), differential thermal
analysis (DTA), magic-angle sample spinning (MASS), and
Fourier transform infrared (FTIR) analysis also showed the
formation of Mo2C clusters.13 Using the Monte Carlo simulation
method,14 it was suggested that the tetrahedrally coordinated
Mo, as MoO2(OH)2, could be a possible precursor of molyb-
denum-containing clusters inside the ZSM-5 channels.

In other work,15 the 2%-8% Mo/ZSM-5 catalysts were
synthesized by solid-state reaction of the mixture of MoO3 and
H-ZSM-5 under a N2 atmosphere at 500°C and characterized
by powder X-ray diffractometry (XRD) analysis. The Mo
species in the 8% Mo/ZSM-5 catalyst existed in two states: (i)
[Mo5O12]6+ units inside the channels of ZSM-5, which are
partially reduced by methane to [Mo5OxCy]n+ species, and (ii)
the molybdenum oxide crystallites (<3 nm in size) that are
distributed on the external surface of the ZSM-5 crystals, which
were reduced by methane to Mo2C species with time-on-stream.

* To whom correspondence should be addressed. Tel.:+ 7 383
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The authors suggested that the [Mo5OxCy]n+ units inside the
channels of ZSM-5 were not easy to sublimate and aggregate,
and thus the long catalytic activity was maintained.15 A similar
conclusion was made based on the results of electron spin
resonance (ESR) and1H magic angle spinning nuclear magnetic
resonance (MAS NMR) studies of 2%-6% Mo/ZSM-5 catalysts
prepared via incipient wetness impregnation.16,17It was proposed
that the fraction of Mo species in the form of [Mo5O12]6+ units
increases as the molybdenum content increases from 2 wt % to
8 wt %.15

In contrast to the previous works,10,11,15-17 the authors of other
publications supposed that the molybdenum carbide outside the
zeolite crystals is responsible for the CH4 conversion.18,19 The
correlation between the type of molybdenum phase and the
activity of Mo/ZSM-5 catalyst was established.

The main problem for DHA of CH4 on Mo/ZSM-5 catalysts
is the formation of carbonaceous deposits (CDs), which block
the active surface of the catalysts and lead to their fast
deactivation.20,21Nevertheless, it is possible that, for the target
reaction to occur, besides the formation of Mo2C, the catalyst
surface must be partially modified with a CD in particular.5

The X-ray photoelectron spectroscopy (XPS) results indicated
the presence of three different types of carbon on the Mo/ZSM-5
catalyst:5 (i) carbidic carbon from Mo2C (C1s, 282.7 eV), (ii)
hydrogen-poor (sp-type) pregraphitic carbon (C1s, 283.5 eV),
and (iii) graphitic carbon (C1s, 284.6 eV). The authors proposed
that sp-type carbon was mainly present on the outer surface of
the zeolite, whereas graphitic carbon was predominantly present
in the zeolite channel system. Note that only the content of sp-
type carbon increased during the reaction.

Other classifications of the carbonaceous species formed on
the Mo/ZSM-5 catalyst in the reaction are presented in the
literature. According to several works,16,22,23one type of CD is
located on the Mo species (molybdenum-associated coke) and
has a lower burn-out temperature, whereas the other (aromatic-
type coke) is located on acid sites and has a higher burn-out
temperature.

Modifications of Mo/ZSM-5 catalysts by the introduction of
copper24 or dealumination of the parent zeolite25 have been
shown to result in a decrease of the burn-out temperatures of
the CD. The type and localization of CD on a 4% Mo/ZSM-5
catalyst that was prepared by mixing the zeolite with a nanosized
molybdenum powder have been studied by transmission electron
microscopy (TEM) and ESR, as a function of the time-on-
stream.26

Thus, the different methods of the Mo/ZSM-5 catalyst
preparation may have a considerable effect on the state and
distribution of Mo in ZSM-5 zeolite. Data on the nature of CD
are very ambiguous too. This relates to both their localization
(Brönsted and Mo sites16,22,27,28or Brönsted sites only29) and
oxidative burn-out properties (the presence of one29 or more16,28,30

types of CDs with different burn-out temperatures).
Obviously, to improve the catalyst activity and stability, it is

necessary to perform the systematic study of the physicochem-
ical and catalytic properties of Mo/ZSM-5 catalysts and the
conditions of formation of active sites. This is the goal of present
work on the DHA of methane and the nature of molybdenum-
containing phases and CD over the series of impregnated Mo/
ZSM-5 catalysts, depending on their preparation conditions and
DHA reaction conditions, using a group of methods: textural
methods, XRD, DTA, high-resolution transmission electron
microscopy (HRTEM) and energy-dispersive X-ray spectro-
scopy (EDX).

2. Experimental Section

2.1. Catalyst Preparation.The H-ZSM-5 zeolites with Si/
Al atomic ratios of 17, 30, and 45 were used to prepare the
Mo/ZSM-5 catalysts. Their main characteristics are presented
in Table 1. Zeolites with Si/Al) 17 were used in all the
experiments where the atomic Si/Al ratio is not mentioned
specifically. Samples of Mo/ZSM-5 with the desired molybde-
num contents (1%-10%) were prepared via incipient wetness
impregnation of zeolites with ammonium heptamolybdate
((NH4)6Mo7O24‚4H2O, “chemically pure” grade) solutions of
different concentrations. The prepared samples were dried and
calcined at 500°C for 4 h.

2.2. Catalytic Activity Measurements.The catalytic activity
of Mo/ZSM-5 catalysts in DHA of CH4 was measured at
atmospheric pressure in a flow setup with a quartz reactor (9-
mm inner diameter (i.d.)). The catalyst loading was 0.6 g (∼1
cm3), and the 0.25-0.5 mm fraction was used. Before reaction,
the catalyst was heated in argon at a flow rate of 30 mL/min to
720 °C, using a heating rate of 10°C/min, and maintained at
this temperature for 60 min. The feed then was switched to the
initial reaction mixture, which consisted of 90 vol % CH4 and
10 vol % argon, at a flow rate of 13.5 mL/min. Argon was
used as an internal standard, to account for the changes in the
feed flow rate that were due to reaction.31

The analysis of reaction mixtures was performed using the
online automatic gas chromatography (GC) system Kristall 2000
m (Russia). The effluent gas from reactor outlet was passed
through the sampling loops of six-port and four-port GC valves
working in sequence, from which the samples were periodically
injected into the GC columns for separation and analysis with
an appropriate GC detector (flame ionization detection (FID),
thermal conductivity detection (TCD)).

The main aromatic reaction products (C6H6, C7H8) were
separated using a stainless-steel packed column (length, 1.5 m;
inner diameter (id), 3 mm; column temperature, 165°C) filled
with a polymer sorbent Chromaton N saturated by 15% liquid
phase Dow Corning 550 (R) and analyzed via FID. Before the
effluent from the reactor was fed into the sampling valves, C10H8

was condensed quantitatively from the gas phase to the liquid
phase and collected in the cold trap at ice temperature (∼0 °C).
The samples of C10H8 then were dissolved in the calibrated
amount of C2H5OH and introduced into the aforementioned
column using the vaporizer of the GC apparatus and analyzed
via the FID equipment, which was operating with helium as a
carrier gas (flow rate) 30 mL/min).

CO2, C2H4, and C2H6 were separated using a stainless-steel
packed column (length, 1.5 m; inner diameter (id), 3 mm;
column temperature, 165°C) filled with a SKT charcoal and
analyzed by the TCD system, which was operating with helium
as a carrier gas (flow rate) 30 mL/min).

CH4, CO, hydrogen gas (H2), argon, and air were separated
using a stainless-steel packed column (2 m length, 4 mm id,
column at room temperature) that was filled with NaX zeolite
and analyzed by the TCD system, which was operating with
helium as a carrier gas (flow rate) 30 mL/min).

The catalytic activity was characterized by the total CH4

conversion (expressed in terms of volume percent) and selectiv-
ity of C6H6 formation (expressed as a percentage).

Table 1. Characteristics of Parent H-ZSM-5 Zeolites

Chemical Composition (wt%)

Si Al Fe Ca Mg Na K
Si/Al
ratio

surface area,
SBET (m2/g)

38.2 2.16 0.09 0.04 0.02 0.05<0.001 17 366
34.7 1.20 0.55 0.05 0.03 0.03<0.002 30 380
36.9 0.79 0.50 0.05 0.02 0.08 0.03 45 320
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2.3. Catalyst Characterization. 2.3.1. Chemical Composi-
tion. The chemical composition of the parent zeolites and the
molybdenum content in the prepared catalysts were determined
by means of inductively coupled plasma-atomic emission
spectroscopy (ICP-AES).

2.3.2. Textural Characteristics. Textural characteristics
(such as surface area and porosity) of the parent zeolites and
Mo/ZSM-5 catalysts were studied on a Micromeritics ASAP
2400 instrument, using nitrogen adsorption at 77 K. The specific
surface area values were calculated by the BET method.

2.3.3. Powder X-ray Difractometry.Powder XRD patterns
were obtained using a model HZG-4C diffractometer (Freiberger
Praezisionemechanik GmbH) with Cu KR radiation, over a 2θ
range of 5°-50°.

2.3.4. Differential Thermal Analysis.DTA was performed
using a model Q-1500 D instrument (MOM, Hungary) in the
temperature range of 20-800 °C in air, with a heating rate of
10 °C/min and an initial sample weight of 100 mg. In addition,
TG data were obtained.

2.3.5. High-Resolution Transmission Electron Microscopy.
HRTEM images were obtained using a JEOL Model JEM-2010
electron microscope with an accelerating voltage of 200 kV and
a lattice resolution of 0.14 nm. The samples were deposited on
perforated carbon supports that were attached to the copper
grids. The local elemental analysis of the samples was performed
via an EDX method, using an EDAX spectrometer that was
equipped with a Si (Li) detector (which had an energy resolution
of no less than 130 eV).

3. Results and Discussion

3.1. Catalytic Activity of Mo/ZSM-5 Catalysts. 3.1.1.
Selection of Reaction Conditions.The conditions of Mo/
ZSM-5 catalysts pretreatment and DHA of CH4 have a
significant influence on the characteristics of this reaction. For
instance, it has been noted that pretreatment in O2 leads to
increased CH4 conversion, in comparison with pretreatment in
helium.32 An increase of the reaction temperature has been
shown to result in an enhancement of both CH4 conversion and
C6H6 formation selectivity.33 However, taking into account the
data reported in other work,34 apparently, this is typical only
for the initial reaction period. After that, high reaction temper-
atures lead to fast deactivation of the catalysts. It has also been
shown that CH4 conversion and selectivity to aromatic products
decrease when the flow rate of reaction mixture is increased.4,35

The diversity of reported DHA reaction conditions indicates
that conditions that have been determined to be optimal for the
certain catalyst formulations are not universal, although the
general tendencies are preserved. Therefore, to determine the
optimal reaction conditions, we have initially studied the
influence of feed compositions used for the catalyst pretreatment
and reaction, temperatures, and reaction flow rate on the
performance of Mo/ZSM-5 catalysts. Results obtained for the
catalyst that contains 2% molybdenum are presented below.

A comparison of two pretreatment proceduress(1) temper-
ature increase in the O2 flow (30 mL/min), at a rate of 10°C/
min to 720°C, holding for 30 min, followed by switching the
feed to argon and holding for 30 min, and (2) temperature
increase in the argon flow (30 mL/min), at a rate of 10°C/min
to 720°C, and holding for 60 minsshowed close similarity in
the subsequent reaction performance.

Figure 1 illustrates the effect of the reaction feed composition
on the total CH4 conversion, showing the methane conversion
to benzene (Figure 1a) and the C6H6 formation selectivity
(Figure 1b). One can see that, for both CH4 concentrations in

the feed (90-98 vol %), the total CH4 conversion first increases
with reaction time, and then gradually decreases. Meanwhile,
the methane conversion to benzene increases with the time-on-
stream and remains steady for both feed compositions (see
Figure 1a). The C6H6 formation selectivity is higher when the
CH4 concentration in the feed is 90 vol % (see Figure 1b).
Similar results were observed for the reaction with 90% of CH4

in the feed at 760°C. Further increase of temperature to 780
°C leads to the significant increase of CH4 conversion to benzene
(up to 14%) during the first 100 min of reaction time, but also
to a sharp decrease in activity after 150 min.

An increase in the space velocity, from 405 h-1 to 810 h-1,
has been shown to have no significant effect on the activity of
Mo/ZSM-5 catalysts (see Figure 2). However, a further increase
in the space velocity to 1620 h-1 results in a decrease in the
methane conversion to benzene.

Thus, the following experimental conditions were chosen
based on the initial data for DHA of CH4: catalyst pretreatment
in an argon flow; reaction feed composition, 90 vol % CH4 and
10 vol % argon; temperature, 720°C; and gas hourly space
velocity (GHSV), 810 h-1 (13.5 mL/min). Also note that the
use of 10 vol % argon rather than 2 vol % argon as an internal
standard improves the precision of the quantitative analysis of
reaction products.

3.1.2. Effect of Preparation Conditions on the Catalytic
Activity of Mo/ZSM-5 Catalysts. The data on the effect of
molybdenum content in Mo/ZSM-5 catalysts on the total CH4

conversion (Figure 3a) and the methane conversion to benzene
(Figure 3b) indicate that, for all samples, the total CH4

Figure 1. (a) Activity and (b) benzene selectivity of 2% Mo/ZSM-5
catalysts in methane dehydroaromatization (DHA) for different feed
compositions.
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conversion decreases with the time-on-stream. Meanwhile, the
methane conversion to benzene initially grows and reaches a
maximum value after 75-100 min on stream (Figure 3b), then
exhibits a plateau, followed by a slow decrease.

According to the data presented in Figure 3a, the total
methane conversion is increased when the molybdenum content
is increased from 1% to 2%. In the meantime, the methane
conversion to benzene is improved when the molybdenum
content is increased from 1% to 2%-5% (see Figure 3b).
Further increases (up to 10%) results in a decrease in both the

total CH4 conversion and the C6H6 formation selectivity. For
example, after 2 h onstream, the total CH4 conversion over the
sample with 2% molybdenum is 14%, with the C6H6 formation
selectivity being 70%, whereas over the sample with 10%
molybdenum, these values are 7% and 48%, respectively.

Figure 4 presents the product composition after 120 min on
stream. H2 and traces of CO, C2H4, C2H6, C7H8, and C10H8 are
formed, in addition to C6H6. The concentrations of CO and
C10H8 decrease during the reaction, whereas the concentrations
of other products are practically constant.

Figure 5 presents the dependence of the total CH4 conversion
(the CH4 conversion to C6H6 (Figure 5a) and the benzene

Figure 2. Activity of 2% Mo/ZSM-5 catalysts in methane DHA for
different feed flow rates.

Figure 3. (a) Total methane conversion and (b) methane conversion to
benzene of Mo/ZSM-5 catalysts with Si/Al) 17 and different molybdenum
contents in a methane DHA reaction.

Figure 4. Product composition after 120 min of a methane DHA reaction
on 2% Mo/ZSM-5 catalyst. Methane concentration is 78.7 vol %.

Figure 5. (a) Activity and (b) benzene selectivity of 2% Mo/ZSM-5
catalysts in a methane DHA reaction at different Si/Al atomic ratios in the
parent H-ZSM-5 zeolite.
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selectivity (Figure 5b)) on the Si/Al atomic ratio in the parent
H-ZSM-5 zeolite for 2% Mo/ZSM-5 catalysts. One can see that
a decrease in the Si/Al ratio leads to an increase in the CH4

conversion to C6H6 and an increase in the C6H6 formation
selectivity. This effect may be explained by the different strength
and concentration of Bro¨nsted acid sites in these zeolites.31 In
the meantime, the qualitative character of changes in the activity
and selectivity of catalysts during the reaction is similar for the
all Si/Al ratios: the activity remains steady or slightly decreases,
whereas the selectivity increases and remains steady.

3.2. Texture and Phase Composition of Mo/ZSM-5 Cata-
lysts. For all the molybdenum contents in studied Mo/ZSM-5
catalysts, their specific surface area and total pore volume
become lower after 6 h onstream (see Table 2). This effect is
most pronounced for the sample with the highest molybdenum
content (10%).

Meanwhile, the volume of micropores for the sample with
2% molybdenum decreases by∼30%. An increase of the
molybdenum content to 10% leads to a more significant decrease
of the micropore volume, by∼75% (see Table 2). This may be
due to the accumulation of CDs during reaction, which leads
to blockage of the zeolite micropores.

According to the XRD data, the H-ZSM-5 zeolite phase is
the predominant crystal phase for all studied Mo/ZSM-5
catalysts both before and after reaction. For the catalyst samples
before reaction, the intensity of the principal diffraction peak,
corresponding to MoO3, at 2θ ) 26°-27°, increases as the
molybdenum content increases. The presence of an additional
X-ray amorphous phase has been shown for the samples after
reaction, and it increases as the molybdenum content increases.
This phase is observed in the form of a halo, with a maximum
in the 2θ range of 25°-26°. In accordance with the literature,36

we assign this to the formation of the CD in the course of the
reaction.

Note that, after the treatment of H-ZSM-5 zeolite under
standard reaction conditions for 6 h, no changes in texture or
phase composition were observed.

3.3. Investigation of Mo/ZSM-5 Catalysts by Thermal
Analysis. The DTA and TG curves for Mo/ZSM-5 catalysts,
which correspond to different time-on-stream values (810 h-1,
98% CH4, 720°C), and the total weight changes are presented
in Figure 6. The samples under study are characterized by an
endothermal process at 70-110 °C, which is accompanied by
a weight loss of 1%-5% that is due to the desorption of water
vapor. When these samples come into contact with air at high
temperature, oxygen can react both with the carbon in molyb-
denum carbide and with the CD that can be formed during the
reaction. In the first case, according to the reaction stoichiometry
Mo2C(204 g/mol) + 4O2 ) 2MoO3(288 g/mol) + CO2, the sample
weight should increase. If all the molybdenum were present in
the form of molybdenum carbide after the reaction, the
maximum (calculated) weight increase due to the formation of
molybdenum oxide by oxidation would be 1.0 and 4.3 wt %

for samples with molybdenum concentrations 2% and 10%,
respectively.

For the catalyst with 2% molybdenum, the weight loss
changes from 1 wt % to 3 wt % when the reaction time is
increased from 0.5 h to 6 h (Figure 6a), indicating that the
concentration of the CD grows with the time-on-stream. At the
same time, the temperature of the weight loss (minimum on
DTG curve) shifts from 450°C to 500°C. This shift might be
due to a higher condensation degree of the CD (increased C/H
ratio).37 Moreover, for this catalyst, after 6 h on stream, the
weight loss was accompanied by a pronounced exothermic effect
from the burnout of the CD, with a maximum being observed
at 500°C (TDTA) (see Figure 6a). According to the TGA data,
an increase in the sample weight, which might indicate the
presence of molybdenum carbide, is not observed in either case.
One may suppose that molybdenum carbide is either not present
in this sample, or its oxidation occurs simultaneously with the
burnout of the CD, so that the weight growth that is due to the
oxidation of molybdenum carbide is masked.

For the 10% molybdenum catalyst after 0.5 h in reaction,
the observedTDTA value is lower, in comparison with that of
the 2% molybdenum catalyst (see Figure 6b). This effect may

Table 2. Surface Area and Pore Volume of Mo/ZSM-5 Catalysts
beforea and after 6 h of Methane DHA Reaction at 720°C

Pore Volume (cm3/g)

SBET (m2/g) Total Micropores

molybdenum
content (wt %)

before
reaction

after
reaction

before
reaction

after
reaction

before
reaction

after
reaction

0 366 358 0.211 0.211 0.160 0.155
2 333 271 0.190 0.176 0.153 0.101

10 267 88 0.164 0.093 0.091 0.023

a Samples before reaction were calcined in air at 500°C.

Figure 6. Differential thermal analysis (DTA) and thermogravimetry (TG)
profiles of Mo/ZSM-5 catalysts with (a) 2% molybdenum and (b) 10%
molybdenum after 0.5 and 6 h onstream in a methane DHA reaction: curve
1, DTA trace, after 0.5 h on stream; curve 2, DTA trace, after 6 h onstream;
curve 3, TG trace, after 0.5 h on stream; and curve 4, TG trace, after 6 h
on stream.
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be due to the lower degree of condensation of the CD.37

Meanwhile, in this case, the shift of theTDTA value, from 290
°C to 445°C with an increase in reaction time from 0.5 h to 6
h, is more pronounced, in comparison with Figure 6a. In
addition, unlike the sample with 2% molybdenum, the sample
with 10% molybdenum shows a weight growth, according to
the TGA data. The sample taken after 0.5 h on stream first looses
1.5 wt % at 290°C and then slowly gains 2.5 wt %. In contrast,
the sample after 6 h on stream shows a weight gain of 2%,
followed by a weight loss of 1% at 445°C.

Thus, an easily burned-out (weakly condensed) CD (with a
TDTA value below the molybdenum carbide oxidation temper-

ature) seems to be formed in the sample with 10% molybdenum
after 0.5 h on stream. After 6 h on stream, the degree of
condensation of the CD, and itsTDTA value, each increase. As
a result, both oxidation processes occur in a narrow temperature
range with a slight prevalence of molybdenum carbide oxidation
(weight growth) initially and burning of the CDs (weight loss)
at the end.

Figure 7 presents DTA and TG curves of 2% Mo/ZSM-5
samples with different atomic Si/Al ratios after 6 h onstream
(810 h-1, 100% CH4, 720°C). For 2% Mo/ZSM-5 samples with
Si/Al ) 30 and 45, there are two exothermic effects for the CD
burnout (see Figure 7). This may indicate that two types of CDs
are formed. The total weight loss becomes slightly more
pronounced in this case. Note that no high-temperature exo-
thermic maximum that corresponds to the CD burnout is
observed for the sample with 2% molybdenum and Si/Al)
17.

3.4. HRTEM Study of Mo/ZSM-5 Catalysts.According to
the HRTEM data, molybdenum oxide is located on the external
surface of the 2% Mo/ZSM-5 catalyst after a standard pretreat-
ment in argon at 720°C, in the form of clusters 1-5 nm in
size (Figure 8). In addition, the more-dispersed clusters of
molybdenum oxide, with particle sizes of<1 nm, are present.
They are not observed in the HRTEM images but are detected
using EDX analysis.

Figures 9a and 9b show the HRTEM images of the 2% Mo/
ZSM-5 catalyst after 6 h onstream in methane DHA. On the
external surface of the zeolite, one can see the nanoparticles,
which measure 2-15 nm in size (see Figures 9a and 9b). These
particles were shown (Figure 9b) to consist of crystalline
molybdenum carbide with lattice spacings ofd002 ) 0.235 and
d400 ) 0.26 nm (according to the Fourier pattern in the inset of
Figure 9b), corresponding to theâ-Mo2C phase.

The particle size distribution ofâ-Mo2C in the sample with
2% molybdenum shows the highest fraction of small particles
that are∼2 nm in size (see Figure 10). The 10% Mo/ZSM-5

Figure 7. DTA and TG profiles of 2% Mo/ZSM-5 catalysts with different
Si/Al atomic ratios in the parent H-ZSM-5 zeolite after 6 h onstream in a
methane DHA reaction: curve 1, DTA trace, Si/Al) 17; curve 2, DTA
trace, Si/Al ) 30; curve 3, DTA trace, Si/Al) 45; curve 4, TG trace,
Si/Al ) 17; curve 3, TG trace, Si/Al) 30; and curve 4, TG trace, Si/Al)
45.

Figure 8. High-resolution transmission electron microscopy (HRTEM) micrograph of the 2% Mo/ZSM-5 catalyst after pretreatment procedure in argon at
720 °C. Surface clusters are indicated by the arrows.
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catalyst has a similar distribution, although the fraction of larger
particles is higher in this case. Note that the conditions of
HRTEM observation of particles in bulk zeolite crystals do not
allow one to detect the molybdenum-containing particles that
are<2 nm in size, because of low contrast. However, the trend
in particle size distribution (Figure 10) suggests that a significant
fraction of the Mo2C particles may be smaller in size than 2
nm. An additional indication of the possible existence of such
small Mo2C particles is given by the EDX data (Figure 11a),
when molybdenum and carbon are detected on those parts of
the zeolite surface where the Mo2C particles with sizes of 2-15

nm are not shown by HRTEM. The EDX spectrum of the Mo2C
particle that is located on the external surface of zeolite is
presented in Figure 11b.

Also, small molybdenum-containing clusters∼1 nm in size
have been observed by HRTEM in the bulk of zeolite, as shown
by the images of thin plates of 10% Mo/ZSM-5 catalyst
presented in Figures 12a and 12b. This is proved by the observed
enhancement of particle number density on a flat projection of
zeolite crystal with an increase of its thickness and by the
absence of these particles on the side projections of zeolite
crystal. ZSM-5 zeolite is known to contain interconnected

Figure 9. HRTEM micrographs of the 2% Mo/ZSM-5 catalyst after 6 h onstream in methane DHA: (a) molybdenum carbide nanoparticles 2-15 nm in
size, localized on the external surface of the zeolite; (b) molybdenum carbide nanoparticle with CDs on its surface. Lattice spacingsd002 ) 0.35 nm for
graphite layer. Inset: Fourier pattern and lattice spacingsd002 ) 0.235 andd400 ) 0.26 nm for aâ-Mo2C crystallite.
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channels of 10-membered rings parallel to the [100] face (5.1
Å × 5.5 Å) and to the [010] face (5.3 Å× 5.6 Å), and the
intersection channels have dimensions of∼9 Å.38,39Taking all
of the above into account, we can propose that the observed
molybdenum-containing clusters are located inside the zeolite
channels.

The layer of CD on the surface of Mo2C particles is∼2 nm
thick (see Figures 9b and 13). According to the HRTEM data
(Figure 9b), these deposits have a graphite structure with a lattice
spacing ofd002 ) 0.35 nm.

After 6 h onstream, the parts of the zeolite surface that are
free from Mo2C particles>2 nm in size are also covered with
a layer of CD (see Figure 13). These CDs are 2-3 nm thick
for the 2% Mo/ZSM-5 catalyst, and∼2 nm thick for the 10%
Mo/ZSM-5 catalyst. In contrast to the CD on the surface of
Mo2C particles, these CDs on the zeolite are more friable and
their structure is more defective: it consists of the curved
graphite-like layers, forming separate islands that do not provide
complete coverage of the zeolite surface.

Note that, after the treatment of parent H-ZSM-5 zeolite under
standard reaction conditions for 6 h, no CDs were observed on
its surface by HRTEM.

Thus, the results of HRTEM studies have shown that the
molybdenum in Mo/ZSM-5 catalysts before the reaction is
located mainly on the external surface of the zeolite, in the form
of highly dispersed oxide structures (see Figure 8). These results
are supported by the XPS measurements. [XPS data will be
published in the forthcoming paper.] Furthermore, according
to HRTEM, during the interaction of the Mo/ZSM-5 samples
with CH4, the Mo2C is formed on the external surface of the
zeolite (Figure 9) and the molybdenum-containing clusters
appear in the zeolite channels (Figure 12). The MoO3 is known
to sublimate at temperatures above 600°C as (MoO3)n oligomers
(wheren ) 2-5) and has a vapor pressure of 56 Pa at 700
°C.14 It is also noted14 that ammonium heptamolybdate decom-
poses in air at 330-380 °C and produces MoO2(OH)2, which
has a vapor pressure of 4.9 Pa at 700°C. Thus, the capability
of molybdenum compounds for sublimation can provide the gas-
phase diffusion of molybdenum species and their redistribution
in the zeolite matrix.

As previously mentioned (Figure 9), after 6 h of reaction,
the Mo2C particles in the Mo/ZSM-5 catalysts with molybdenum
contents of 2% and 10% are being covered by a layer of CD
with a thickness of 2-3 nm. In this case, despite the completely
carburized surface of Mo2C, the sample with 2% molybdenum
exhibits high catalytic activity, even after 6 h in reaction,
whereas for the sample with 10% molybdenum, the initially
lower activity decreases 2-fold (see Figure 3).

Based on these data, we will attempt to put forward a
hypothesis about the nature of catalytic active center for DHA
of CH4 which, according to the literature, contains Mo atoms
in the composition of MoCx9,10,13or MoCxOy.15-17 The molyb-
denum carbide, which is covered by a graphite layer 2-3 nm
thick, obviously cannot be an active center, because the Mo
atoms are not accessible to the CH4 molecules. Besides, as
shown by Xu et al.4 and Kim et al.,9 for the reaction of DHA
of CH4, the Brönsted acid centers must be in the close
surroundings of Mo atoms. In our opinion, these conditions are
satisfied by the molybdenum-containing clusters localized in
the zeolite channels.

One can assume that, in the zeolite channels with 10-
membered rings parallel to the [100] face (5.1 Å× 5.5 Å) and
to the [010] face (5.3 Å× 5.6 Å),38,39the formation of aromatics
higher than benzene (molecular size of∼4 Å40) or naphthalene
(molecular size of∼5 Å40) is obstructed, because of the steric
constraints. Indeed, ZSM-5 is an example of a medium-channel-
sized zeolite that possesses a coke-resistant texture, because its
channel intersections are comparable in size with the openings
of their apertures.41 Because of these steric constraints, it is
difficult for the coke precursors that contain three or more
aromatic rings (e.g., phenantrene with a molecular size of∼8
Å)42 to accumulate and form further higher aromatics in the
channels.

The appearance of a single maximum of the exothermic effect
during the burnout of CDs formed on the Mo/ZSM-5 (Si/Al)
17) catalysts after 6 h of reaction (Figure 6) may be associated
either with the small amount or the wide interval of burn-out
temperatures of one of the CD types: (1) with a graphite
structure or (2) with a friable distorted carbonaceous layer.
According to HRTEM, regeneration of the 2% Mo/ZSM-5
catalyst in the O2 flow at 520°C results in complete burnout of
the CD.

Conducting the reaction for longer times leads to the
formation of CDs with higher burn-out temperatures, which

Figure 10. Size distribution of Mo2C nanoparticles in the 2% Mo/ZSM-5
catalyst after 6 h onstream in methane DHA, calculated from transmission
electron microscopy (TEM) data.

Figure 11. EDX spectra of the 2% Mo/ZSM-5 catalyst after 6 h onstream
in methane DHA: (a) from part of the zeolite surface on which the Mo2C
particles 2-15 nm in size are not visible by TEM; (b) from a Mo2C particle
covered with carbon.
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apparently are caused by the increase in the amount and degree
of condensation of these CDs.

As shown previously by HRTEM (section 3.5), in the case
of the Mo/ZSM-5 catalyst with 10% molybdenum, the layer of

CD on the zeolite surface is thinner and more defective than
that in the case of a catalyst with 2% molybdenum. This
probably is what causes the lower burn-out temperature of the
CD for the catalyst with 10% molybdenum. To explain these

Figure 12. HRTEM micrographs of the 10% Mo/ZSM-5 catalyst after 6 h onstream in methane DHA: (a) molybdenum-containing clusters located inside
the zeolite plates of different thickness (the thickness of the zeolite at the top is less than that at the bottom); (b) magnificated image of a zeolite crystal
containing molybdenum clusters inside channels.

Ind. Eng. Chem. Res., Vol. 46, No. 12, 20074071



burn-out phenomena, we will recall the earlier proposed
consecutive mechanism of carbonaceous deposits formation
during the DHA of CH4. The main transformations in the course
of this process can be outlined as follows:43

The steps of methane activation that result in the formation of
CHx and C2Hy intermediates (reaction a) are occurring on the
molybdenum-containing sites, whereas the steps of intermediates
oligomerization, which results in the formation of aromatics
(reaction b), are occurring on the acid ZSM-5 sites. The
formation of CDs proceeds as the sequence of reactions of
hydrocarbon condensation, polymerization, dehydrocyclization,
and binding of cyclic structures.44 At the same time, the C/H
ratio of CD is gradually increasing, which is the result of H2

and light hydrocarbon emissions. According to the scheme
shown, the CHx are common intermediates for the goal products
and CDs. On the other hand, monoaromatics are the intermediate
compounds in the succession of reactions that also result in the
formation of CDs. Thus, the consecutive mechanism of CD
formation permits one to suppose that the 2% Mo/ZSM-5
catalyst, which is more active in the DHA of CH4, has the higher
monoaromatics concentration and, consequently, the higher rate
of polycyclic structure formation. In contrast, for the 10% Mo/
ZSM-5 catalyst, less catalytic activity leads to a lower concen-
tration and lower degree of condensation of the CD.

In addition, we must consider the changes in the concentration
of the CD formation sites. According to the literature,45,46 the
acid sites on the external zeolite surface could be the sites of
CD formation. It was shown47 that the concentration of acid
sites (including such sites on the external zeolite surface) is
decreased when the molybdenum content is increased. It means
that the acid sites concentration in the 2% Mo/ZSM-5 catalyst

is higher than that in the 10% Mo/ZSM-5 catalyst. Thus, the
lower concentration and lower degree of condensation of CD
for the 10% Mo/ZSM-5 catalyst, in comparison to those for
the 2% Mo/ZSM-5 catalyst, also could be due to the decrease
in the concentration of the CD formation sites when the
molybdenum content is increased.

4. Conclusions

Using the method of incipient wetness impregnation of zeolite
H-ZSM-5 by the ammonium heptamolybdate solutions, a series
of Mo/ZSM-5 catalysts has been synthesized, varying the
molybdenum content (1%-10%) and Si/Al ratio in the parent
zeolite (Si/Al ) 17, 30, and 45). The catalytic activity of
synthesized Mo/ZSM-5 catalysts has been studied in the reaction
of methane dehydroaromatization (DHA) upon variation of the
catalyst temperature, reaction mixture inlet composition, and
space velocity. It is shown that the total conversion of CH4 is
decreased during the reaction, while the conversion of CH4 to
C6H6 initially increases, reaches a maximum value after 75-
100 min of reaction, and then exhibits the plateau and gradually
decreases. The maximum values of the Mo/ZSM-5 catalytic
activity (14% total CH4 conversion) and C6H6 formation
selectivity (70%) are achieved at molybdenum contents of 2%-
5% and are increased when the zeolite Si/Al ratio is reduced
from 45 to 17.

As determined by differential thermal analysis (DTA), for
the 2% and 10% Mo/ZSM-5 catalysts and a reaction duration
of 0.5-6 h, carbonaceous deposits (CDs) in the catalysts with
Si/Al ) 17 are characterized by a single maximum of the
exothermic burn-out effect, whereas two maxima were observed
for the catalysts with Si/Al) 30 and 45. The concentration of
CD and the degree of condensation (C/H ratio) were observed
to increase with reaction time.

Using high-resolution transmission electron microscopy (HR-
TEM), it has been shown that, during the reaction, molybdenum
carbide (â-Mo2C) is formed on the ZSM-5 surface, and it is
characterized by the lattice parameters ofd002 ) 0.235 nmd400

) 0.26 nm and a particle size of 2-15 nm. According to the

Figure 13. HRTEM micrographs of CDs in the 2% Mo/ZSM-5 catalyst after 6 h onstream in methane DHA, showing carbon with a disordered structure
and inclusions of dispersed graphite.
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measured particle size distribution and the energy-dispersive
X-ray (EDX) spectroscopic analysis, part of the Mo2C can be
present in the most dispersed state (e2 nm). During the course
of the reaction, the CDs are formed both on the surface of Mo2C
particles (in the form of graphite layers with a lattice parameter
of d002 ) 0.35 nm and a thickness of∼2 nm) and on the zeolite
surface (in the form of a friable disordered layer with a thickness
of up to 3 nm). It was also demonstrated that, during the
reaction, molybdenum-containing clusters with sizes of∼1 nm
are forming in the ZSM-5 channels. It is proposed that these
molybdenum-containing clusters can be active centers for the
DHA of CH4.
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The various quantum chemical models of catalytic active site in Cu-ZSM-5 zeolites are analyzed. The density
functional theory (DFT) is used to calculate the electronic structure of molecular cluster (HO)3Al-O-Cu-
O-Cu modeling the catalytic active site in Cu-ZSM-5 zeolites and study the interaction and decomposition
of NO. It is assumed that the rate-determining stage of the low-temperature selective catalytic reduction of
NO is the formation of theπ-radical (N2O2)- on electron donor sites of Cu-ZSM-5 catalysts. This is in good
agreement with the high electron affinity of the molecular dimer ONNO (Ea ) -1.5 eV) and is confirmed
by the experimental data on the formation of surface anionπ-radical (N2O2)- on electron donor sites of
supported organo-zirconium surface complex. The DFT calculated electronic structure and excitation energy
spectra for the model system (HO)3Al-O-Cu-O-Cu show that it is a satisfactory model for description of
experimental UV-vis spectra of Cu-ZSM-5, containing (-O-Cu-O-Cu-) chain structures in the zeolite
channels. The calculated reaction energy profile of ONNO adsorption and decomposition on the model catalytic
active site shows the possibility of the low-temperature decomposition of dimer (NO)2 with low activation
energy and the important role of copper oxide chains (-O-Cu-O-Cu-) in the channels of Cu-ZSM-5
zeolite during selective reduction of NO.

I. Introduction

After discovery of direct NO decomposition1 and selective
catalytic reduction (SCR) of NO by hydrocarbons2,3 over copper-
exchanged H-ZSM-5 zeolite (Cu-ZSM-5) zeolites, the interest
in catalytic active sites of Cu-ZSM-5 and in activated forms
of adsorbed NO grew considerably. Stabilization of isolated
Cu2+ and Cu+ ions,4-8 as well as oxide CuO- and Cu2O-like
clusters,9,10([Cu-O-Cu]2+)1,11-17 and (bis-[Cu-µ-(O)2-Cu]2+)18-21

dimers, and (-Cu-O-Cu-O-) chain structures22-25 in Cu-
ZSM-5 has been observed by spectroscopic methods. These
copper states each have been suggested to act as catalytic active
sites in NO decomposition and SCR by hydrocarbons.

Earlier selective catalytic reduction of NO was believed to
be due to its activation in the form of dimer (NO)2.11,13,26,27

The possibility of dimer (NO)2 stabilization on the simplest
active sites of Cu-ZSM-5 simulated as Cu+ cations and its
aquacomplexes was shown by quantum chemical analysis using
density functional theory (DFT).28

We have observed isolated Cu2+ ions in zeolite cation-
exchange positions, copper oxide chain structures in the zeolite
channels, and square-plain oxide clusters by electron spin
resonance (ESR) and diffuse reflectance spectroscopy.22-25 The
most interesting among the above states of copper ions are chain
structures Cu2+-O2--Cu2+-O2-- because of the easiness of
copper reduction and reoxidation in them as well the ability to
stabilize bonded states of copper ions with mixed valence
Cu2+‚‚‚Cu+.

The formation of copper oxide chain structures (-O-Cu-
O-Cu-) in the channels of Cu-ZSM-5 zeolites, which is
accompanied by the appearance of specific ligand-metal
charge-transfer bands (CTB Lf M) in the region 18 000-
23 000 cm-1 of diffuse reflectance UV-vis spectra, has been
shown in a series of our recent papers.22-25 The investigation
of the electronic structure of such groups and their preliminary
quantum chemical analysis22 showed that self-reduction{Cu-
(II)O(II) S Cu(I)O(I)} is possible for them. It results in the
appearance of specific O- ESR spectra22,25 and specific inter-
valence charge transfer (IVT) bands Cu(II)/Cu(I)S Cu(I)/Cu-
(II) observed in region 15000-17000 cm-1 of diffuse reflectance
UV-vis spectra.23,25

It is noted that a single instance of stabilization linear
structures of transition metals ions is known. Stabilization of
Fe cations as linear bi- and polynuclear iron oxo-hydroxo-
complexes in zeolite channels is discussed with using data of
Mossbauer spectroscopy.29 Stabilization of linear-type clusters
with average composition close to Cu2O in zeolite channels
ZSM-48 and ZSM-5 was proposed on base of EXAFS and
XANES data.30,31 EXAFS data showed that copper oxide in
zeolites ZSM-48 and ZSM-5 possessed a Cu-O bond distance
of 1.95 Å with coordination number of 1-2.31 Because ZSM-
48 and ZSM-5 possessed a channel opening of 5-6 Å, the
possible sizes of the linear-type copper oxides in these confined
pores were 2.93-2.95A.31

The observation of the IVT bands in UV-vis spectra of Cu-
ZSM-5 definitely indicates that the Cu(I)/Cu(II) recharging
potential is low for copper oxide chain structures in which
stabilization of the “pair” copper state Cu(II)-e--Cu(II) is
possible. Together with high electron affinity of the molecular
dimer ONNO (Ea ) -1.3÷ -1.7 eV),32 this may result in the
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formation of surface anionπ-radical (ONNO)- in such systems
that is similar to the organo-zirconium surface complex with
(N2O2)- observed by ESR.33

On the other hand, the formation of a strong bond between
nitrogen atoms in such radical (N-N ) 1.4 Å)32 clearly indicates
that decomposition of the intermediate form-(N2O2)- to a N2O
molecule and-(O)- is the preferred decomposition pathway.
Indeed, the ONNO dimer adsorbed on the metal surface Ag-
(111) shows a surprising low-temperature reactivity producing
directly N2O adsorbed molecules with a low activation energy
of 2.0 kcal/mol: (ONNO)ad w N2Oad + Oad.34,35 The dimer
(NO)2 has been clearly identified on the metal surface Cu(111).36

Thus, on the basis of the above data, it is natural to suppose
that the rate-determining step of the low-temperature selective
catalytic reduction of NO is the formation of theπ-radical
(N2O2)- on electron donor sites of Cu-ZSM-5 catalysts. One
of possible electron donor sites in Cu-ZSM-5 is the copper
oxide chain structure.

In the present study, we used DFT to calculate the electronic
structure of molecular cluster (HO)3Al-O-Cu-O-Cu model-
ing a fragment of the copper oxide chain structure in Cu-ZSM-5
zeolites, comparison of their theoretical and experimental
electronic spectra, and study the ONNO interaction and
decomposition on this catalytic active site.

II. Quantum Chemical Model And Calculation Details

We analyzed various models to represent the structure of
catalytic active site (CAS) in Cu-ZSM-5 zeolites. Detection
of a Cu+ site adjacent to one Al framework atom (Al-O-Cu)
using a CO probe was recently reported.37 The stronger
π-electron donation due to such Cu site37 is of more direct
interest to us. Taking into account this fact and assuming
stabilization of chain structures (-O-Cu-O-Cu-) in the
zeolite channels,22-25 we used the electronic structure of
molecular cluster (HO)3Al-O-Cu-O-Cu modeling the cata-
lytic active site in Cu-ZSM-5 zeolites and study the interaction
of ONNO with this site. The molecular cluster (HO)3Al-O-
Cu-O-Cu has a great number of possible electronic states
because of the intermixing of oxygen p-orbitals and copper

d-orbitals.22-25 We found that the lowest energy state of this
cluster corresponds to the S) 1 with spin populations on the
oxygen atoms [(HO)3Al-O(v)-Cu-O(v)-Cu]. This agrees well
with the observation of the ESR spectra of O- ion radicals for
Cu-ZSM-5 zeolites.22,24

All calculations, geometry optimizations, and search of a
transition state (TS) were performed with the Gaussian-98
package38 at the DFT level using the hybrid exchange-correlation
functional B3LYP.39,40The following basis set partition scheme
was employed:

(a) The LANL2 effective core potential41 with its valence
shell basis set double-ú (DZ) provided by the Gaussian-98
package was used for Cu and Al atoms. All atoms belonging
to the (HO)3Al-O-Cu-O-Cu molecular cluster were de-
scribed using the DZ basis set (B3LYP/LANL2-DZ calcula-
tions).

(b) The dimer (NO)2 was described using the 6-31G* basis
set.

The charge and spin density distributions on the atoms were
calculated using the Mulliken population analysis. Open shells
were calculated using unrestricted density functional calculations
(uB3LYP/LANL2-DZ).

To allow one an exact reproduction of obtained DFT solutions
for describing adsorbed species, Gaussian checkpoint files have
been stored in NQMLab wavefunction database.42

Electronic Structure of Dimer (NO)2 and (HO)3Al-O-
Cu-O-Cu Cluster. Spontaneous NO dimerization has been
observed in the gas phase at low temperature.43-46 The results
of the quantum chemical (B3LYP/6-31G*) calculation of the
nitric oxide dimer, ONNO, are reported in Table 1. In ac-
cordance with the experimental data,43-46 cis-ONNO structure
with C2V symmetry in1A1 singlet state has been found to be
the most stable form of the nitric oxide dimer. The electronic
structure of cis-ONNO dimer with 22 valence electrons may
be presented in the following way (Scheme 1a):

(i) Six σ-electrons participate in the formation of three
σ-bonds O-N, N-N, N-O.

(ii) Four π-electrons form two double bonds O-N and N-O.
(iii) Twelve electrons are localized in 6 lone pairs.

TABLE 1: DFT Calculated Data of the Geometric and Electronic Structures for the (NO)2 Dimer, Its π-Anion (ONNO)-, and
the (HO)3Al-O-Cu-O-Cu Complex as a Model of the Catalytic Active Site (CAS)a

B3LYP/LANL2-DZ Calculationsb

molecular system
(symmetry, state)

calculated
geometry (Å)

electronic
parameters

DFT/B3LYP
energy (E)

cis-ONNO r(NsN) ) 1.99 (2.24) q(N)) +0.12 (+0.07) Etotal) -259.76844 au
C2V, (1A1) r(N-O) )1.16 (1.17) q(O)) -0.12 (-0.07) (-259.49330)

∠NNO ) 99.9° (90.9)
cis-(ONNO)- r(NsN) ) 1.40 (1.46) q(N)) -0.05 (-0.31) Etotal) -259.81542 au
C2V, (2B1) r(N-O) ) 1.26 (1.23) q(O)) -0.45 (-0.19) (-259.55039)

∠NNO ) 115.8° (114.6) Fs(N) ) 0.12 (-0.01) E ) -1.3 eV
Fs(O) ) 0.38 (+0.51) (E ) -1.55 eV)

complex r(Cu1-O1) ) 1.80 Cu1(d9.84s0.44p0.16) Etotal) -772.35564 au
(HO)3Al-O-Cu-O-Cu r(Cu2-O1) ) 1.76 Cu2(d9.52s0.54p0.24)
(Figure 1a) r(Cu2-O2) ) 1.76 q(Cu1)) +0.56
CS, (3A′′) r(Al-O2) ) 1.87 q(O1)) -0.67

r(Al-O) ) 1.72 q(Cu2)) +0.70
r(O-H) ) 0.96 q(O2)) -0.61
∠Cu1O1Cu2) 145.1° Fs(Cu1)) 0.02 e
∠O1Cu2O2) 179.6° Fs(O1) ) 0.57 e
∠AlO2Cu2) 174.0° Fs(Cu2)) 0.33 e

Fs(O2) ) 0.91 e
q(AlO3H3) ) +0.02
Fs(AlO3H3) ) +0.17

a Checkpoint files contained wavefunction (molecular orbitals as linear combinations of atomic orbitals (MOLCAO)) and optimized geometry
are available from NQMLab wavefunction dataebase.41 b cis-ONNO dimer and anionπ-radical (ONNO)- values calculated by CBS extrapolation
are shown in parentheses.46
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We believe that coupling of twoπ-bonds O-N and N-O
by spatialπ-interaction of two oxygen atoms stabilizes the cis
form of the ONNO dimer. This conclusion is supported by the
low valence angle∠NNO ) 97.2° and calculations of (ONNO)2-

dianion32 leading to the stabilization of the trans structure of
the dimer when oxygenπ-orbitals are filled with the formation
of π-lone pairs (Scheme 1b).

Another feature of the electronic structure of the molecular
cis-ONNO dimer (1A1) is the presence of a low lying unoccupied
molecular orbital (LUMO), which is a bindingπ-orbital for
nitrogen atoms (Scheme 2).

Therefore, in contrast to the molecular weakly bonded cis
dimer with the equilibrium N-N distance∼2 Å, according to
the results of Snis and Panas,32 anionπ-radical (ONNO)- must
be characterized by a strong bond between nitrogen atoms (N-N
≈ 1.4 Å). Of great importance for stabilization of anionπ-radical
(ONNO)- over electron donor surface sites is the electron
affinity of the ONNO dimer. We carried out a quantitative
estimation of this value using complete basis set (CBS)
extrapolation at the forth-order Moller-Plesset level of theory.47

For estimation of the electron affinity, the calculation of
molecular cis-ONNO dimer (1A1 term) and its anion (ONNO)-

(2B1 term) was performed by CBS method and gave the
following results: RN-N ) 2.241 (1.460) Å, RN-O ) 1.174
(1.232) Å,∠NNO ) 90.85° (114.6°), E(CBS)) -259.493302
(-259.550394) au. The results obtained for theπ-anion are
reported above in the parentheses. These results of the calcula-
tion of cis-ONNO dimer (1A1 term) geometry adequately
reproduce the experimental data44 (RN-N ) 2.263 Å, RN-O )
1.152 Å,∠NNO ) 97.2°. The calculated high electron affinity
of the molecular dimer ONNO (Ea ) -1.5 eV) is in good
agreement with the results of calculations at the B3LYP/6-
311+G* level (Ea ≈ -1.3÷ -1.7 eV).32 The B3LYP/6-31G*
calculations in this work give Ea ) -1.3 eV and confirm the
experimental data on the formation of surface anionπ-radical
(N2O2)- on electron donor sites of supported organo-zirconium
surface complex.33

We used the molecular cluster (HO)3Al-O2-Cu2-O1-Cu1
(Figure 1a) to model the CAS in Cu-ZSM-5 zeolites and to
study its interaction with ONNO. Table 1 presents the optimized
geometry and calculated atomic population of Cu 3d-orbitals
as well as charge (q) and spin density distribution (Fs) on the
atoms in CAS. We found that the lowest energy state of the
model cluster corresponds to the spin S) 1 with calculated

SCHEME 1: Schematic Representation of the Electron Structure of cis-ONNO Dimer (a) and Its Dianion (ONNO)2-
(b); σ and π-bonds Are Shown as Lines, Lone Pairs as Lobes, andπ-orbitals as Circles

SCHEME 2: Molecular Structure of Occupied (1b1 H 1a2) and Lowest Unoccupied (2b1) π-orbitals of cis-ONNO Dimer.
Spatial π-interaction of Two Oxygen Atoms Implementsπ- Conjugation of the Bonds and Stabilizes the cis Form of
ONNO Dimer

Figure 1. The DFT/LANL2-DZ calculated molecular structures formed after the interaction of complex (HO)3Al-O-Cu-O-Cu (a) as a model
of the catalytic active site with ONNO at addition and decomposition reaction steps (a+ ONNO w b w TS w N2Ov + c w d). The optimized
molecular structures have different spin populations on atoms (shown in brackets). The calculated electronic structures and interatomic distances
are shown in Table 1.
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spin density on the oxygen atoms:Fs(O1) ) 0.6 e andFs(O2)
) 0.9 e. We believe that these results are consistent with the
observation of the ESR spectrum of O- ion radicals for Cu-
ZSM-5 zeolites.22,25The calculated geometry of model CAS is
almost linear:∠O1Cu2O2) 179.6° and∠AlO2Cu2) 174.0°.
Only ∠Cu1O1Cu2) 145.1° angle is smaller than 180°. In our
opinion, this fact reflects the existence of interelectron interac-
tion Cu1sCu2. It may say that the electronic state Cu1-
(d9.84s0.44p0.16) corresponds to the formal oxidation state Cu(I)
with d10 electron configuration and with spin densityFs(Cu1)
≈ 0e, whereas Cu2(d9.52s0.54p0.24) is characterized by spin density
Fs(Cu2) ) 0.33 e. Both Cu d-populations and atomic charges
q(Cu1) ) +0.56 and q(Cu2)) +0.70 indicate an oxidation
state of Cu1 and Cu2 closer to Cu(I) than to Cu(II). Neverthe-
less, the calculations (Table 1) clearly indicate the tendency of
the CAS electron structure to the state with different oxidation
states Cu1(I) and Cu2(II).

Experimental and Theoretical Electronic Spectra and
Aquation Effect. Figure 2 shows the experimental UV-vis
spectra of Cu-ZSM-5 prepared by ion exchange of H-ZSM-5
with aqueous solution of copper nitrate, by following drying in
air and calcination at 500°C for 2 h, the initial sample (curve
1), and after vacuum heat treatments of the sample at 150°C
(curve 2) and at 300°C (curve 3).24,25 Adsorption bands in
region 12 000-13 000 cm-1, 15 000-17 000 cm-1, 18 000-
23 000 cm-1, and 30 000-32 000 cm-1 have been observed in

experimental UV-vis spectra of Cu-ZSM-5. It is known that
the band 12 000-13 000 cm-1 is determined by d-d transition
of isolated Cu2+ ions stabilized in octahedral crystal fields with
small tetragonal distortion, which are created by oxide
ligands.23-25 This conclusion agree with ESR data for isolated
Cu2+ ions.4,6,22,25The intensive band in 30 000-32 000 cm-1

is identified as CTB Lf M corresponding to square-plain
oxide clusters.24,25The origin of two bands 15 000-17 000 cm-1

and 18 000-23 000 cm-1 is not known and we assume that
these bands are arising from copper oxide chain structures in
zeolite channels. The first band can be ascribed to an interva-
lence transitions Cu(II)Cu(I)T Cu(I)Cu(II). The second band
can be considered as a charge-transfer ligand-metal.

The excitation energy spectra were calculated for the (HO)3Al-
O2-Cu2-O1-Cu1 cluster (Figure 1a) modeling of the copper
oxide chain structure. This model containing two transition
metals linked by a bridging oxygen atom is a good molecular
system for investigation of the intervalence charge-transfer
phenomena48 because it allows the transfer of an electron from
one metal to the other. The spectra were calculated in the frames
of DFT approach taking into account the time-dependent
perturbations49 and using the same basis LANL2-DZ and
optimized geometry of this cluster. This more general DFT
method realized by Runge and Gross50 was subsequently called
time dependent density functional theory (TDDFT). First, the
TDDFT method was used for calculation of the excitation
energies, dynamic polarization, hyperpolarization, and Van der
Waals dispersion coefficients for a collection of relatively simple
molecules.51-55 For some reason, few results were obtained for
systems containing transition metals.55-58 In this work, we
applied the TDDFT method for calculations of the electronic
spectra of a model complex containing transition metals in
different spin states. Visualization of the orbitals and the spectra
was performed by means of ChemCraft computer program.59

The excited states and corresponding oscillator strengths were
calculated for 30 energy transitions in the range of 3000-25 000
cm-1. For comparison with the experimental spectra, the
calculated discrete spectrum was broadened by applying the
Lorentz distribution with a half-width of 1000 cm-1. The
calculated spectra include the three most intense peaks at
∼12 000, 14 000, and 17 500 cm-1 and three low-intensity peaks
at∼8600, 16 000, and 20 400 cm-1 (Figure 3). Each excitation
in the region of 15 000-23 000 cm-1 is composed of d-d,
intervalence transitions, and charge transfer at a different ratio
and hence includes more than one molecular (delocalized) orbital

Figure 2. UV-vis spectra of 0.65% Cu-ZSM-5-30-38 prepared by
ion exchange in aqueous solution of copper nitrate at 80°C without
washing and by following drying in air and calcinations at 500°C.
(1), initial sample; (2), after vacuum treatment at 150°C for 1 h; (3),
after vacuum treatment at 300°C for 1 h.

Figure 3. Calculated electron transition spectra of the (HO)3Al-O-Cu-O-Cu complex with optimized geometry (Table 1). The spectra were
broadened by applying the Lorentz distribution with 1000 cm-1 half-width to discrete transitions in region of d-d and intervalence bands.
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pair. For simplicity, the molecular orbitals localized mainly on
Al(OH)3 group and simulating the substrate were excluded from
the analysis of the spectra. The principal molecular orbital pairs
involved in the intervalence transitions in region of 15 000-
17 000 cm-1 and the charge-transfer transitions in region of
18 000-23 000 cm-1 are shown in Figure 4a,b and Figure 4c,
respectively. The contributions of each orbital pair to main peaks
of calculated spectra are given in Table 2. According to Figure
4 and Table 2, all six absorption bands contain the transitions
with participation of bridging oxygen atoms O1 and O2. This
means that because of strong intermixing of oxygen p-orbitals
with copper d-orbitals,22,23 the intervalence transfer of the
electron density goes mainly from Cu1-O1 bond to Cu2-O2
bond. The first five calculated absorption bands can be assigned
to Cu(I) f Cu(II) and Cu(II)f Cu(I) intervalence transitions.
The latter band at 20 445 cm-1 can be mainly assigned to band
of charge-transfer ligand-metal O1-Cu1.

So, we believe that the (HO)3Al-O2-Cu2-O1-Cu1 com-
plex (Figure 1a) is a satisfactory model for the description of
experimental UV-vis spectra of Cu-ZSM-5 zeolites in range
of 15 000-23 000 cm-1 and may be used for further calcula-
tions.

In the discussed CAS model, the three OH fragments bonded
with the Al atom that simulate the effect of the zeolite matrix
were considered to be absolutely equivalent during the geometry
optimization. To test the effect of this limitation on the obtained
energetic and spectral characteristics of the model, additional
calculations were performed for models in which this limitation
was removed. Independent optimization of the OH groups in
the Al(OH)3 fragment led to the following effects:

(a) Slight deformation of the Al(OH)3 fragment without
change of the geometry of the (-O-Cu-O-Cu-) chain (Figure
5a) with a small energy decrease (by∼0.2 kcal/mol).

(b) Small decrease of the spin density on the closest to
aluminum oxygen atom of the chain from 0.91 to 0.88.

(c) Change in the shape of the calculated UV-vis spectra
due to the effect of the support.

The latter results from a redistribution of the peak intensities,
which is caused by the fact that the support simulated by the
Al(OH)3 fragment has certain contribution to each peak.
Therefore, the change of the fragment geometry alters the
positions and intensities of the peaks in the UV-vis spectrum.

The effect of hydration on the CAS physicochemical char-
acteristics was studied by adding one or several water molecules
to the coordination sphere of the copper atoms in the chain.
LANL2DZ basis set was used for the water molecules. The
results of the geometry optimization are presented in Figures
5, 6, and Table 3. The addition of one water molecule results
in a considerable energy gain by 41 kcal/mol (Figure 5b).
Meanwhile, the CAS geometry is practically unchanged. The
spin density shifts slightly along the chain in the direction of
the hydrated end. The charges on the chain atoms change in a
more complex manner (Table 4). It is important to note that
the UV-vis spectra do not change much. The absorption bands
shift to higher energies by∼1000-2000 cm-1.

The introduction of several water molecules near the terminal
copper atoms leads to strong coordination of one additional
water molecule. The other water molecules do not bind with
the terminal copper atom and are located at 2.68 Å distance
from it (Figure 6A). The strong coordination of the second H2O
molecule leads to additional energy gain by 21 kcal/mol. The
spin density at the hydrated copper atom grows significantly
(by ∼0.2). In general, the spin density along the chain averages
out (i.e., the spin properties of (Cu1-O1) and (Cu2-O2) groups
become very similar). Undoubtedly, this change could be
revealed in the UV-vis spectra, especially in the peaks related
to intervalence transitions. Note that only two water molecules
additionally bind with the second copper atom as well (Figure
6b). These results indicate that redistribution of the electron and

Figure 4. Examples of pairs of initial and final orbitals for (HO)3Al-
O-Cu-O-Cu complex participating in intervalence and charge-
transfer transitions. Each transition may involve several (delocalized)
orbital pairs: (a,b), intervalence transitions from Cu1-O1 bond to
Cu2-O2 bond; (c), charge-transfer transition from Cu2-O2 bond to
Cu1-O1 bond. Contributions of each orbital pair to main peaks of
calculated spectra are given in Table 2.

TABLE 2: Contributions of the Orbital Pair of Intervalence
and Charge-Transfer Transitions to Main Peaks of
Calculated Spectra

peak, cm-1 initial orbitals final orbitals contribution to transition

8642 35â 43â 0.26 (IVT)
12 030 35â 43â 0.43 (IVT)
13 883 35â 43â 0.30 (IVT)

33â 43â 0.22 (IVT)
16 001 35â 43â 0.37 (IVT)

33â 43â 0.36 (IVT)
17 526 33â 43â 0.41 (IVT)
20 445 35â 44â 0.41 (CTB)

35â 43â 0.34 (IVT)
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spin densities corresponding to Cu(I) oxidation to Cu(II) takes
place during hydration.

Figure 7 presents the UV-vis spectrum calculated for the
hydrated model presented in Figure 6a. Only two intense peaks

are observed at 14 300 and 19 300 cm-1 instead of the complex
profile shown in Figure 3. Note that the low-energy peak
consists of only one transition (14 260 cm-1), whereas the latter
one is composed of two transitions at 19 234 and 19 245 cm-1

Figure 5. The change of the geometry and spin densityFs of CAS by hydration. (a) (HO)3Al-O-Cu-O-Cu-CAS; (b) CAS+ H2O.

Figure 6. The geometry and spin densityFs of hydrated CAS: (a) CAS+ 4 H2O; (b) CAS+ 8 H2O.

Cu Interaction with NO Dimer in Cu-ZSM-5 Catalysts J. Phys. Chem. C, Vol. 111, No. 7, 20073085



with approximately equal intensities. A more detailed analysis
indicates that the transition in the region of 14 300 cm-1 consists
mostly from three contributions ofâ-orbitals: 57â f 63â (0.29),
59â f 62â (0.24), and 60â f 63â (0.87). Their contributions
to overall excitation is shown in the parentheses. The first
contribution is an intervalence transition (Cu1-O1) f (Cu2-
O2), the second one is the reverse transition (Cu2-O2) f
(Cu1-O1), and finally the last major contribution consists
mainly of the electron density transfer from the support to the
chain: (O)3 f (O2-Cu2-O1) with a minor admixture of the
(Cu1-O1) f (Cu2-O2) transfer. The two adjacent transitions
contributing to the second peak in the 19 300 cm-1 region have
a more complex origin. They mostly consist of charge-transfer
transitions (O)3 f (O2-Cu2-O1) (0.64÷ 0.70) and (Cu2)f
(O2-O1) (0.63) with participation of intervalence transitions
(Cu1-O1) f (Cu2-O2) (0.27÷ 0.42).

Further hydration results in the shift and splitting of the
absorption bands (Figure 8). Peaks in region 22 400 cm-1 and
23 800 cm-1 consist of the charge transfer of electronic density
from metal to ligands (oxygen of chain and water molecules).
As hydration proved to be energetically favorable (Table 5),
one can expect that it will result in a significant change in the
coordination of copper atoms to the point of the [O-Cu(H2O)2-
O-Cu(H2O)2] type structure with weakening of the Cu-O bond
in the chain and spin density transfer to the copper atoms
reaching the valueFs ∼ 0.6.

Thus, hydration is energetically favorable and results in a
significant decrease in the total number of transitions in the
energy range below 25 000 cm-1 and significant change of the
spectrum profile that could be observed experimentally.

Electronic and Molecular Structure of a Complex Formed
after Interaction of Model CAS with ONNO. DFT quantum
chemical analysis of the (NO)2 stabilization over the simplest
model active sites of Cu-ZSM-5 in the form of Cu0, Cu+, and
Cu2+ cations and their aquacomplexes28 showed that N-down
coordination with stabilization of Cu-dinitrosyl complexes is
typical for Cu+ and Cu2+ electron acceptor sites. At the same
time, only O-down structures are stable with neutral Cu sites
so that charge and orbital analyses are consistent with the
description of the cluster [(H2O)xCu(I)-(O2N2)-].28 This is in
good agreement with the X-ray diffraction (XRD) data on the
platinum complex (Ph3P)2Pt(O2N2) that has a cis-hyponitrite
ligand, which bonds to platinum through the oxygen atoms to

give a bidentate hyponitrite structure with a relatively short N-N
bond (1.2-1.3 Å).60 Using these results and the B3LYP/
LANL2-DZ method, we calculated the geometric and electronic
structures of the CAS donor-acceptor interaction with the cis-
ONNO dimer through the oxygen atoms (Figure 1b). We found
that the lowest energy state of the CAS-hyponitrite complex
corresponds to the S) 2 spin. Table 5 shows that the charge
densities and spin populations of the CAS-hyponitrite complex
are consistent with the description [CAS+-(O2N2)-] and the
optimized geometry has a relatively short N-N bond (1.34 Å).
Such a structure may be associated with greater electron
donation of CAS. Comparison of calculation results for isolated
CAS (Table 1) and CAS-ONNO (Table 5) complexes indicates
that the electron density donation to the dimer is mainly
implemented through the decrease of the electron density on
Cu1. Note that the electron state of Cu2 before and after
interaction with ONNO is practically the same (see Table 1 and
5), whereas the electron density transfer from the Al(OH)3

fragment to the ONNO dimer proved to be significant [q(Al-
(OH)3) ) +0.18;FS(Al(OH)3) ) +0.35]. The calculated bond
energy CAS-ONNO is∆H ) -29.4 kcal/mol (∆G298 ) -14.9
kcal/mol) (see Table 5). Although the Cu-hyponitrite complexes
may not be stable enough to be observed experimentally in Cu-
zeolite, they may play an important role in N-N bond forming
processes. As the decomposition of the hyponitrite complex to
N2 and O2 is symmetry forbidden,28 we considered an ONNO
decomposition mechanism based on single-step disproportion-
ation of CAS-hyponitrite complex to free N2O and adsorbed
O (see Figure 1).

TABLE 3: Effect of Hydration

system energy, au ∆E, kcal/mol

(HO)3Al-O-Cu-O-Cu (CAS) -772.35604
H2O -76.41431
CAS + H2O -848.77035 0
Hydrated (H2O) CAS -848.83506 -41
CAS + 4 H2O -1078.01330 0
Hydrated (4H2O) CAS -1078.11237 -62
CAS + 8 H2O -1383.67055 0
Hydrated (8H2O) CAS -1383.79742 -80

TABLE 4: Effect of Hydration on the Charges and Spin
Density on the Atoms of the Chain

charge/spin density CAS CAS‚H2O CAS‚4H2O CAS‚8H2O

q(Cu1) +0.57 +0.49 +0.57 +0.50
q(O1) -0.66 -0.67 -0.66 -0.62
q(Cu2) +0.70 +0.67 +0.59 +0.60
q(O2) -0.63 -0.65 -0.68 -0.81
Fs(Cu1) 0.02 0.05 0.24 0.19
Fs(O1) 0.57 0.63 0.72 0.74
Fs(Cu2) 0.33 0.31 0.27 0.58
Fs(O2) 0.88 0.86 0.74 0.40

Figure 7. UV-vis spectrum of CAS hydrated by two strong
coordinated H2O molecules (Figure 6a, 2 H2O + 2 H2O).

Figure 8. UV-vis spectrum of CAS hydrated by four strong
coordinated H2O molecules (Figure 6b, 4 H2O + 4 H2O).
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Electronic and Molecular Structure of the Decomposition
Reaction Transition Complex.We analyzed theoretically the
possibility of the adsorbed ONNO disproportionation on a model
site of Cu-ZSM-5 via the reaction pathway leading to the
formation of N2O and O2, which was experimentally observed

over metal surfaces Ag(111)34,35 and Cu(111).36 The structure
of the calculated TS with formed N-N bond (rN-N ) 1.18 Å)
is presented in Table 5 and Figure 1 (TS). The formation of the
N-N bond in the ONNO dimer is surely due to high electron
donor strength of the catalytically active site and high electron

TABLE 5: DFT Calculated Data of the Geometric and Electronic Structures for the CAS-Hyponitrite Complex and the
Transition State of ONNO Decomposition

B3LYP/LANL2-DZ Calculations

molecular system
(symmetry, state)

calculated
geometry (Å)

electronic
parameters

DFT/B3LYP
energy (E)

complex r(Cu1-O1) ) 1.79 Cu1(d9.49s0.44p0.30) Etotal) -1032.17089 au
(HO)3Al-O-Cu-O-Cu + ONNO r(Cu2-O1) ) 1.76 Cu2(d9.50s0.52p0.22)

r(Cu2-O2) ) 1.76 q(Cu1)) +0.77 ∆E ) -29.4 kcal/mola
r(Al-O2) ) 1.86 q(O1)) -0.69
r(Al-O))1.72 q(Cu2)) +0.76

(Figure 1b) r(O-H) ) 0.96 q(O2)) -0.61
C1, (5A) ∠Cu1O1Cu2) 175.6° Fs(Cu1)) 0.45 e

∠O1Cu2O2) 178.3° Fs(O1)) 0.71 e
∠AlO2Cu2) 171.6° Fs(Cu2)) 0.37 e

Fs(O2) ) 0.93 e
r(Cu1-O) ) 1.95
r(N-O) ) 1.28 q(ONNO)) -0.41
r(N-N))1.34 Fs(ONNO) ) 1.19 e

q(AlO3H3) ) +0.18
Fs(AlO3H3) ) +0.35

transition state r(Cu1-O1) ) 1.79 Cu1(d9.47s0.43p0.32) Etotal) -1032.12989 au
(Figure 1, TS) r(Cu2-O1) ) 1.76 Cu2(d9.49s0.52p0.23)
C1, (5A) r(Cu2-O2) ) 1.76 q(Cu1)) +0.78 ∆E ) -3.7 kcal/mol

r(Al-O2))1.86 q(O1)) -0.69
r(Al-O))1.72 q(Cu2)) +0.76
r(O-H))0.96 q(O2)) -0.61
∠Cu1O1Cu2) 175.7° Fs(Cu1)) 0.44 e
∠O1Cu2O2) 179.7° Fs(O1) ) 0.70 e
∠AlO2Cu2) 179.3° Fs(Cu2)) 0.37 e

Fs(O2) ) 0.93 e
r(Cu1-O3) ) 1.86
r(Cu1-O4) ) 2.01 q(ONNO)) -0.41
r(N1-O3) ) 1.86 Fs(ONNO) ) 1.21 e
r(N2-O4) ) 1.27
r(N-N) ) 1.18 q(AlO3H3) ) +0.17
<NNO ) 134.0° Fs(AlO3H3) ) +0.35
∠O3Cu1O4) 87.3°
∠Cu1O3N1) 105.0°

a The binding energy is calculated in approximation:∆E ) Etotal (CAS-ONNO complex)- Etotal (CAS-complex)- Etotal (ONNO) ) -29.4
kcal/mol.

TABLE 6: DFT/B3LYP Calculated Data of the Geometric and Electronic Structures of the Decomposition Reaction Products
(Figure 1)

B3LYP/LANL2-DZ Calculationsa

molecular system
(symmetry, state)

calculated
geometry (Å)

electronic
parameters

DFT/B3LYP
energy (E)

complex r(Cu1-O3) ) 1.725 q(O3)) -0.33 Etotal) -847.50816 au
(HO)3Al-O-Cu-O-Cu-Oad r(Cu1-O1) ) 1.77 Cu1(d9.54s0.54p0.24)

r(Cu2-O1) ) 1.76 Cu2(d9.49s0.51p0.23)
(Figure 1c) r(Cu2-O2) ) 1.75 q(Cu1)) +0.68
CS, (5A') r(Al -O2) ) 1.86 q(O1)) -0.66

r(Al-O) ) 1.72 q(Cu2)) +0.77
r(O-H) ) 0.96 q(O2)) -0.60
∠Cu1O1Cu2) 178.0° Fs(O3) ) 1.37 e
∠O1Cu2O2) 178.2° Fs(Cu1)) 0.34 e
∠AlO2Cu2) 170.1° Fs(O1) ) 0.66 e

Fs(Cu2)) 0.38 e
Fs(O2) ) 0.94 e

q(AlO3H3) ) +0.17
Fs(AlO3H3) ) +0.31

NNO
C∞ - (1Σg) r(N-N) ) 1.13 (1.128) q(N1)) +0.53 Etotal) -184.65624 a.u.

r(N-O) ) 1.19 (1.184) q(N2)) -0.10
q(O) ) -0.43

OsO
C∞, (3Σg) r(O-O) ) 1.21 (1.207) q(O)) 0.0 Etotal) -150.31660 a.u.

a For N2O (1Σg) and O2 (3Σg), experimental equilibrium distances are shown in parentheses.
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affinity of ONNO, which facilitate the formation of anion
π-radical structure of the transition state [q(ONNO)) -0.41,
FS(ONNO) ) 1.21 e]. The calculated TS formation energy (∆E
) -3.7 kcal/mol) is low in comparison with the total energy
of CAS and ONNO. Therefore, the ONNO decomposition
activation energy must be very low. This agrees well with the
experimental value of ONNO decomposition activation energy
on Ag(111), which was found to be as low as 2 kcal/mol. Figure
9 presents the calculated energy profile of adsorption and
sequential decomposition of the nitric oxide dimer over chain
copper oxide structures (-O-Cu-O-Cu-) in the channels of
Cu-ZSM-5 zeolite. The structure of the calculated (-O-Cu-
O-Cu)-Oad (Figure 1c) complex, which is a product of TS
decomposition, is presented in Table 6. The energetic barrier
between states (a) and (b) is due to intersection of adiabatic
terms (3A'') and (5A) during the formation of adsorbed ONNO
anionπ-radical on the catalytically active site. However, because
of the energetic proximity of different spin states in CAS we
estimated this barrier to equal several kcal/mol. Similarly, the
barrier between states (c) and (d) related to recombination of
adsorbed atomic oxygen in adjacent (-O-Cu-O-Cu)-Oad

chains also cannot be high because the formation of molecular
oxygen is highly exothermic. All these speculations lead us to
a conclusion on the possibility of low-temperature decomposi-
tion of the dimer (NO)2 on copper oxide chains (-O-Cu-O-
Cu-) in the channels of Cu-ZSM-5 zeolites with low activation
energy.

III. Conclusions

On the basis of the B3LYP/LANL2-DZ calculations presented
here, we examined (Cu-O-Cu)-ONNO complex in zeolites
and discussed the formation of an N-N bond on a Cu site.
DFT calculations showed that in contrast to the weakly bound
cis dimer with the equilibrium distance N-N ≈ 2 Å anion
radical, (ONNO)- is characterized by a strong bond between
the nitrogen atoms (N-N ≈ 1.4 Å).

Analysis of the molecular orbital structure of the dimer and
its anions led us to a hypothesis on the reason of preferable
stabilization of the nitric oxide dimer in cis form. The calculated
high electron affinity (Ea ) -1.3 eV) of the ONNO dimer and
significant strengthening of the N-N bond in the anion radical
confirms the experimental data on the formation of surface anion
π-radical on electron donor sites.

The DFT calculated electronic structure and excitation energy
spectra for the model system (HO)3Al-O-Cu-O-Cu show
that it is a satisfactory model for description of experimental

UV-vis spectra of Cu-ZSM-5, containing (-O-Cu-O-Cu-)
chain structures in the zeolite channels.

The calculated reaction energy profile of ONNO adsorption
and decomposition on the model catalytic active site shows the
possibility of the low-temperature decomposition of dimer (NO)2

with low activation energy and the important role of chain
copper oxide structures (-O-Cu-O-Cu-) in the channels of
Cu-ZSM-5 zeolite during selective reduction of NO.
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Development of highly effective catalysts for one-stage conversion of light hydrocarbons with high

selectivity to valuable products will solve such problems as efficient utilization of natural and

oil-associated gases, and environmental protection. Methane dehydroaromatization (DHA) over

Mo/ZSM-5 catalysts is a promising process for direct production of valuable aromatic compounds and

hydrogen from methane. This review focuses on the range of issues dealing with the effect of catalyst

composition, preparation, pretreatment and operation conditions on the physicochemical properties

and activities of Mo/ZSM-5 catalysts in DHA reaction. The concepts of the reaction mechanism and

the nature of the active molybdenum forms are reviewed. Various aspects of the Mo/ZSM-5

deactivation under reaction conditions and methods of their regeneration are discussed. Some

approaches for improvement of the Mo/ZSM-5 performance in DHA reaction are addressed

in the review in detail. The perspectives of the methane dehydroaromatization process are also

presented.
Introduction

Methane, which is the main component of natural and oil-

associated gases today, is considered to be an alternative source

for synthesis of valuable products currently obtained by crude oil

processing and organic synthesis.1–3 The forecasts predicting an

increase of the role of gas in chemical industry are based on faster

increase of the crude oil prices compared to natural gas prices.4–6

Methane is mostly used as a fuel. The chemical industry

consumes only 2.5–5% of natural gas.4,7,8 Wider application of

methane is impeded by its high chemical and thermal stability.

The problem of processing natural gas to organic substances is

usually solved by methane conversion to synthesis gas (mixture

of CO and H2) in reactions with steam,9,10 carbon dioxide9,10 or
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oxygen11 followed by synthesis of a mixture of paraffins, olefins

and alcohols by the Fischer–Tropsch method,1,12 synthesis of

methanol or dimethyl ether.1,13

Some examples of one-stage methane conversion are

conversion with C3–C4 hydrocarbons to form mono- and poly-

aromatic hydrocarbons,14 oxidative dimerization to ethylene or

ethane,15–18 selective oxidation to methanol.19–23 In the presence

of oxygen the formed hydrocarbons are easily oxidized to carbon

dioxide and water. This side reaction decreases the selectivity at

high methane conversions. This makes hydrocarbons synthesized

from methane more expensive than the analogs obtained from

crude oil. Overall, the processes of one-stage methane conversion

are still at the laboratory stage of development. So, the search of

new pathways for efficient utilization of natural gas is a very

important problem.

One of such new pathways is methane dehydroaromatization

(CH4 DHA). This is a method for selective conversion of
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methane directly to benzene and hydrogen without participation

of oxygen:

6CH4 4 C6H6 + 9H2 (1)

The most effective catalyst for this process is Mo/ZSM-5.24,25

Oxygen-free conditions used for this reaction result in high

benzene selectivity (up to 80%).3,24 Today several groups of

researchers, mostly from China, USA, Hungary, Japan and

Russia, study this process. Since the pioneering work of Wang

et al.24 many research reports have been published and

substantial progress in understanding the methane dehydroar-

omatization over Mo/ZSM-5 catalysts has been achieved.

This paper gives a review of the ongoing research concerning

non-oxidative methane dehydroaromatization over Mo/ZSM-5

catalysts. The issues discussed in the review concern the depen-

dence of the physicochemical properties and activities of

Mo/ZSM-5 on the catalyst composition, preparation, pretreat-

ment and operation conditions; Mo active forms and the DHA

reaction mechanism; the nature of carbonaceous deposits, cata-

lyst deactivation and regeneration; effects of promoters and

approaches to catalyst improvement. The advancements and

perspectives of DHA reaction are also presented.
1. Pathways for catalytic conversion of methane

Methane can be the starting material for synthesis of most

compounds commonly produced by crude oil processing.5,15

There are two major methods for methane processing: (1) direct

conversion to products; and (2) indirect conversion, most

frequently, via synthesis gas.1,15 In this paragraph we will briefly

overview the main methods used for catalytic transformations of

methane with aim for further identification place and the role of

methane dehydroaromatization (Scheme 1). Here DME is

dimethyl ether, C2+ hydrocarbons are hydrocarbons containing

two or more carbon atoms:

Today, synthesis gas is the main primary product of methane

processing. It is used for catalytic synthesis of methanol,

synthetic gasoline, diesel fuel, DME.1,5,15 For example, industrial

synthesis of methanol is carried out from synthesis gas with

composition CO : H2 ¼ 1 : 2 at 20 MPa pressure and T ¼ 200–
Scheme 1 Main methods used for methane processing.
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300 �C over Cu–Zn–Al oxide catalysts.5 DME production from

synthesis gas is considered to be a promising process because its

main characteristics (productivity, conversion of synthesis gas in

one pass) are superior to those observed during methanol

synthesis.5 A substantial amount of synthesis gas is also used for

the synthesis of ammonia, which is a feedstock for production of

such large-scale products as nitric acid and chemical fertilizers.

Oxidative conversion of methane to synthesis gas can be

carried out by three methods:9–11,15

—Steam reforming

CH4 + H2O 4 CO + 3H2 (2)
(DrH
� ¼ + 226 kJ mol�1, DrG

� ¼ �71 kJ mol�1)

—CO2 reforming

CH4 + CO2 4 2CO + 2H2 (3)
(DrH
� ¼ + 261 kJ mol�1, DrG

� ¼ �73 kJ mol�1)

—Catalytic partial oxidation by oxygen

CH4 + 1/2O2 4 CO + 2H2 (4)
(DrH
� ¼ �44 kJ mol�1, DrG

� ¼ �254 kJ mol�1)

Production of synthesis gas by steam reforming of methane (2) is

the main process used for methane processing. The catalysts used

for steam processing can be arranged in the following order of

their activity:26 Rh, Ru > Ni > Ir > Pd, Pt >> Co, Fe. Due to

high cost of noble metals, nickel supported on various supports

(Al2O3, MgO, MgAl2O4, ZrO2) is used as the industrial catalyst.

Over Ni catalysts, reaction (2) is carried out at T ¼ 900–1000 �C,

P ¼ 1.5–3 MPa and volume flow rates � 1000 h�1.4,9,10,27 The

equilibrium constant of reaction (2) is equal to 1 (DrG
� ¼ 0) at

780 �C. The reverse methanation reaction takes place below

this temperature.15 At 800 �C the equilibrium methane conver-

sion reaches 90–92%. Usually, the reagents are used in the ratio

H2O : CH4 ¼ 2–5, yielding syngas with composition (H2 + CO2)/

(CO + CO2) ¼ �3. The water vapor excess prevents the

formation of carbonaceous residues by the Buduar reaction

(2CO4 C + CO2, DrH
� ¼ �169 kJ mol�1, DrG

� ¼ +35 kJ mol�1)

and by methane decomposition (CH4 4 C + 2H2, DrH
� ¼

+ 90 kJ mol�1, DrG
� ¼ �38 kJ mol�1). The main drawbacks of

this method are:28 high cost of overheated steam, CO2 formation

in significant quantities, and that the composition of resulting

synthesis gas is acceptable for ammonia synthesis but inconve-

nient for synthesis of methanol and hydrocarbons by Fischer–

Tropsch method.

The carbon dioxide reforming of methane (3) makes it possible

to obtain synthesis gas with composition H2 : CO¼ 1 : 1, which is

required for synthesis of formaldehyde and polycarbonates, and

hydroformylation.15 This process is carried out at temperatures

above 700 �C. From the thermodynamic point of view, reaction
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(3) is more endothermic than the steam reforming reaction (2).

The DrG
� ¼ 0 condition is met at 680 �C. The reverse process

takes place below this temperature. The conversion and selec-

tivity values close 100% are observed at T ¼ 1000–1100 �C.

Platinum group metals29–31 and iron group metals32–34 supported

on various supports show the highest activity in this reaction.

The main obstacle preventing wide industrial application of this

process is the catalyst carbonization due to reaction (5):5

CH4 + 2CO2 4 C + 2CO + 2H2O (5)
(DrH
� ¼ + 156 kJ mol�1, DrG

� ¼ �43 kJ mol�1)

In addition, ethane can formed in this reaction10 and has to be

separated from syngas.

Catalytic partial oxidation of methane (4) is thermodynami-

cally favorable in the whole temperature range.35 However,

usually 100% conversion of methane is not achieved due to

a number of side reactions:
CH4 + 2O2 4 CO2 + 2H2O (6)
(DrH
� ¼ �802 kJ mol�1, DrG

� ¼ �800 kJ mol�1)
CH4 + O2 4 CO2 + 2H2 (7)
(DrH
� ¼ �305 kJ mol�1, DrG

� ¼ �434 kJ mol�1)
CH4 + 1.5O2 4 CO + 2H2O (8)
(DrH
� ¼ �520 kJ mol�1, DrG

� ¼ �620 kJ mol�1)
According to the calculations35 taking into account all side

processes, complete methane conversion and ratio H2 : CO ¼ 2 :

1 are achieved at temperatures above 750 �C. Nickel catalysts

and catalysts based on noble metals are used for partial oxidation

of methane.36,37 The net cost of syngas production by partial

oxidation of methane is �1.5 times lower than by steam

conversion. However, this method also has drawbacks:28 high

cost of oxygen accounting for as much as 50% of the syngas cost,

explosion risk, catalyst destruction due to local overheating,

formation of carbonaceous residues.

The presented data indicate than the syngas production is

a very energy-consuming process. To a significant extent, this

fact diminishes the competitiveness of producing chemical

products from methane compared to their production by crude

oil processing. Although the Fischer–Tropsch synthesis is the

most direct method for syngas conversion to hydrocarbons, the

cost of obtained synthetic fuel is still higher than of the fuel made

from crude oil.5 This is caused both by the production cost of

synthesis gas and by the low productivity of Fe and Co catalysts

used for this process as well as the wide molecular mass distri-

bution of the synthesis products, which requires their further

processing to obtain the gasoline and diesel fractions.38
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Among direct methods for methane conversion, oxidation

to methanol21,39–41 and formaldehyde,21,39,42–44 and oxidative

dimerization (condensation)11,45–49 are studied most intensively.

However, until now no economic advantages of either of these

methods have been demonstrated.

The highest methanol yields in direct methane oxidation were

observed for Fe oxide catalysts under conditions close to those of

the corresponding homogeneous process (T ¼ 350–550 �C, P ¼
3–10 MPa).15,21 Today the CH4 conversion in one pass does not

exceed 5%, whereas the selectivity can reach 70%.39–41

Methane oxidation to formaldehyde21,39,42–44 is usually

carried out at higher temperatures than the methanol synthesis

(550–650 �C) and atmospheric pressure. Methane conversion in

this process is also not high (3–4%) with selectivity �80%. Two

main groups of catalysts for this process can be distinguished:

Mo and V oxide catalysts42,43,50 and Fe oxide catalysts.39,44 The

work on this process is still at the laboratory scale, and in

industry formaldehyde is produced from methanol.15

The oxidative condensation of methane results in coupling or

two methane molecules in the presence of oxygen or another

oxidizing agent to form C2+ hydrocarbons:

2CH4 + 1/2O2 ¼ C2H6 + H2O (9)
(DrH
� ¼ �350 kJ mol�1, DrG

� ¼ �223 kJ mol�1)
C2H6 + 1/2O2 ¼ C2H4 + H2O (10)
(DrH
� ¼ �105 kJ mol�1, DrG

� ¼ �198 kJ mol�1)

For both reactions DrG
� < 0 at temperatures from 0 to 1300 �C

and does not depend much on temperature.15 The process is

carried out at T¼ 700–850 �C and atmospheric pressure.45–49 The

maximum yield and selectivity are 25% and 80%, correspond-

ingly, whereas methane conversion does not exceed 40%. Alka-

line earth48,49 and rare earth45,46 metal oxides as well as some

complex oxides47 are used as catalysts. Economically,15 the cost

of the liquid fuel produced using oxidative dimerization of

methane is 26% higher than that of the fuel produced by Fischer–

Tropsch method from synthesis gas.

Oxidative methylation of various organic substances is a ther-

modynamically feasible reaction:

RCH3 + CH4 + 1/2O2 / RCH2CH3 + H2O +1/2O2 /

RCHCH2 + H2O, where R ¼ C6H5, CH2]CH,

CH2]C(CH3) (11)

The reactions are carried out at T ¼ 650–750 �C. They are cat-

alysed by the same catalysts that are used for oxidative dimer-

ization of methane.51,52

Methane dehydroaromatization to benzene takes place both

under oxidative53 and non-oxidative conditions.7,24,25,54–58 In the

presence of oxygen the benzene selectivity over zeolite catalysts is

only 3% at 600 �C.53 Low benzene selectivity is the result of

formation of high quantities of CO and CO2. The possibility of

methane DHA under non-oxidative conditions was first shown

by Bragin et al.7,59 The process was carried out in a pulse mode at
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Table 1 Equilibrium composition of products during methane conver-
sion to benzene, ethane and ethylene7

T/�C
Conversion
CH4 (%)

Equilibrium composition (wt.%)

C6H6 C2H6 C2H4 H2 CH4

6CH4 4 C6H6 + 9H2

527 2.5 2.0 0.5 97.5
727 13.8 11.2 2.6 86.2
927 40 32.6 7.4 60.0
2CH4 4 C2H6 + H2

527 1.0 0.9 0.1 99.0
727 3.0 2.8 0.2 97.0
927 5.0 4.7 0.3 95.0
2CH4 4 C2H4 + 2H2

527 1.0 0.9 0.1 99.0
727 5.0 4.3 0.6 95.0
927 20.0 17.5 2.5 80.0
740 �C using Cr-, Ga-, Zn- or Pt-Cr/ZSM-5 catalysts. Thermo-

dynamically, non-oxidative dehydroaromatization of methane to

benzene is not a very favorable reaction. However, despite the

fact that for this reaction DrG
� ¼ 0 at 1075 �C,60 considerable

amounts of benzene can be formed already at 700–900 �C.7 The

thermodynamic equilibrium in systems 6CH4 4 C6H6 + 9H2

(DrH
� ¼ + 596 kJ mol�1, DrG

� ¼ + 146 kJ mol�1), 2CH4 4 C2H6

+ H2 (DrH
� ¼ +73 kJ mol�1, DrG

� ¼ + 72 kJ mol�1), 2CH4 4

C2H4 + 2H2 (DrH
� ¼ +216 kJ mol�1, DrG

� ¼ + 81 kJ mol�1) and

equilibrium concentrations of the corresponding products were

calculated in the temperature range of 527–927 �C (Table 1).7 In

the studied temperature range the methane DHA reaction is

thermodynamically more favorable than its conversion to ethane

or ethylene. For instance, at 727 �C the equilibrium conversion of

methane to benzene is 13.8%.

As noted above, Mo/ZSM-5 is the best catalyst for CH4

DHA.55,57 According to the stoichiometry of reaction (1), this

process results in the formation of hydrogen in large quantities:

9 mol H2/1 mol C6H6.
61,62

Another example of a one-stage catalytic conversion of

methane is its decomposition under oxygen-free conditions to

filamentous carbon and hydrogen that does not contain CO and

CO2 impurities.63–65 Carbon obtained by this method can be used

as the catalyst support,66 whereas hydrogen can be applied in the

low-temperature fuel cells.63 The process is carried out in the

temperature range 600–1000 �C in the presence of catalysts

containing iron group metals.64–66

2. Methods used for synthesis of Mo/ZSM-5
catalysts and their activity in CH4 DHA

2.1 Synthesis of Mo/ZSM-5 catalysts

The most widely used method for synthesis of Mo-zeolite

catalysts for methane dehydroaromatization is impregnation

of various zeolites, such as ZSM-5,25,24,54–58,67–72 ZSM-8,73

ZSM-11,73 MCM-41,73 FSM-16,67 etc., with ammonium hepta-

molybdate (NH4)6Mo7O24$4H2O solution. Different initial

forms of the zeolites are used: H-form,54–57,71 Na-form57,58 or

NH4-form.58,67,69,70 Typically, either incipient wetness impreg-

nation57,58,67–70 or impregnation with excess solution25,67 are used.

The concentrations of the ammonium heptamolybdate solutions
This journal is ª The Royal Society of Chemistry 2008
used for impregnation are varied in wide range to obtain

molybdenum concentrations in calcined samples varying from

1 to 20%.54,56,58,70

The zeolite impregnation is carried out either at room

temperature54–58,67,69,72 or at higher temperatures, e.g. 85 �C.25

The impregnation time is varied from 30 min54 to 24 h.69

Subsequent treatment of the catalysts also can be different.

Usually the zeolite impregnated with the molybdenum solution is

dried at 90–120 �C for 4 h,25,70 6 h56,67 or 10 h.54,58 Then, the

samples are calcined in the presence of air at temperatures varied

from 50025,57,69 to 720 �C.54 The calcination time can be 4 h,70

5 h,25,55,57,71 6 h58,69 or 30 h.74

Although impregnation is used most often for synthesis of

Mo-zeolite catalysts, solid-phase synthesis was also used by some

researchers.57,75–77 In this case a molybdenum salt (MoCl3) and

a zeolite were mixed in a mortar, dried at 90 �C and calcined at

500 �C for 5 h.57 In another reported procedure a mixture of

molybdenum oxide (MoO3) and a zeolite was ground in an agate

mortar for 30 min. Then it was heated in a 20% O2/He flow to

700 �Cwith 10 �Cmin�1 heating rate and kept at this temperature

for 30 min.76

Another approach used for synthesis of Mo-zeolite catalyst is

deposition of molybdenum carbide Mo2C on H-ZSM-5 zeolite.

In this case molybdenum carbide is mixed with the zeolite

suspended in water. Then, water is evaporated under intensive

mixing.55

The synthesis ofMo-zeolite catalysts with molybdenum in zero

oxidation state has also been attempted. Molybdenum carbonyl

(Mo(CO)6) was sublimed onto dehydroxylated ZSM-5 zeolite

followed by treatment in hydrogen.55

An original sonochemical method has been also applied for

synthesis of a Mo/ZSM-5 catalyst.78
2.2. Activity of Mo/ZSM-5 catalysts in CH4 DHA

Considering all available variety of conditions used for synthesis

of Mo/ZSM-5 catalysts, it is possible to distinguish some

characteristic features of their catalytic activity in CH4 DHA

reaction. For instance, it was shown that H2O, CO, CO2 and H2

were formed during the first 35–45 min of CH4 reaction with

a Mo/ZSM-5 catalyst.25,55,57,69,72 This time was called the induc-

tion period when the catalyst active sites are generated. C2

hydrocarbons (ethane, ethylene) and aromatic compounds

(benzene, toluene) start appearing only after the induction

period. Total methane conversion at 700 �C during the initial

reaction period is 6–15%.25,54,55,61 Then, it decreases. Methane

conversion to benzene grows during the first 60–120 min on

stream and decreases after that. The selectivity to benzene

initially grows. Then, it levels out at 60–85%. The selectivity to C2

hydrocarbons and their concentration increase during reaction.

The naphthalene selectivity reaches a maximum at �120 min on

stream and decreases thereafter.25,54,55,61 Hydrogen is one of the

main reaction products (9–18 mol H2/1 mol C6H6
61,62). The

dependence of the hydrogen yield on reaction time is similar to

that observed for benzene.

It should be noted that in some papers the selectivity to various

products was calculated taking into account only the composi-

tion of the gas phase.54,55,79 Such an approach overestimates the

selectivity to valuable products because carbonaceous deposits
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are formed during CH4 DHA, with 30–40% selectivity in

addition to gaseous products.61,80
3. Physicochemical properties of Mo/ZSM-5
catalysts

The conditions used for synthesis of Mo/ZSM-5 catalysts, their

pretreatment and CH4 DHA reaction are substantially different.

So, it is natural to expect that the states of molybdenum and the

zeolite matrix can be different as well. Therefore, below we

shall discuss the physicochemical properties of Mo/ZSM-5

catalysts prepared by impregnation and solid-phase synthesis

at each preparation and pretreatment stage and under reaction

conditions.
3.1. State of molybdenum in Mo/ZSM-5 catalysts

Many papers are devoted to investigation of the state of

molybdenum in the zeolite matrix. For instance,70 it was shown

by FTIR spectroscopy that after the zeolite impregnation

with ammonium paramolybdate solution and drying in air at

�100 �C, molybdenum remained in the form of ammonium

paramolybdate crystallites. Calcination at 400–500 �C led to the

formation of molybdenum oxides in Mo/ZSM-5 catalysts.70 At

higher calcination temperature (700 �C) aluminium molybdate

Al2(MoO4)3
56,70 was formed in addition to MoO3.

58 These

changes in the phase composition take place only in the cata-

lysts with relatively high molybdenum concentrations: 10–15%.

According to the EXAFS data,61 in impregnated Mo/ZSM-5

with 2–6% Mo, molybdenum exists in the form of finely

dispersed oxide structures. Meanwhile, according to the results

obtained by EPR81 and Raman spectroscopy,69 molybdenum

may be either in the octahedral69,81 or square pyramidal oxygen

environment.81

There is no common opinion on molybdenum location in

Mo/ZSM-5 catalysts. Apparently, this is related to the fact that

molybdenum location depends on many factors: molybdenum

concentration,54,70 temperature,25,70 calcination time and gas

phase composition during calcination,25,74 etc. It was found by

NH3 TPD,81 1H MAS NMR74,81 and EPR81 that molybdenum

migrated into the zeolite channels during calcination in air at

500 �C. It was reported25 that diffusion of some molybdenum

into the zeolite channels was observed during calcination at

�700 �C and intensified in moist air.

It was shown by FTIR spectroscopy54 that molybdenum was

present in a finely dispersed state in the zeolite channels in the

catalyst with Mo concentration less than 5%. At higher

concentrations molybdenum oxides appeared on the external

surface of the zeolite. However, in another study it was claimed57

that most molybdenum remained in the form of oxide on the

external zeolite surface, even in samples with low Mo concen-

trations (2–4%).

It was suggested to distinguish two types of molybdenum in

the zeolite—molybdenum associated with Brønsted acid sites

(BAS) and the one not related to them.74 According to 1H MAS

NMR data, the amount of molybdenum associated with BAS

grew from 80 to 100% when the calcination was increased from

3 to 18 h. The authors assumed that one molybdenum atom

interacted with one BAS.
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Ultrahigh field NMR spectrometer was used to study the local

structure of molybdenum species in Mo-zeolite catalysts. It

was shown that 78%, 58%, and 33%Mo in 4%Mo/HZSM-5, 6%

Mo/HZSM-5, and 10% Mo/HZSM-5 catalyst, respectively, were

in the forms of exchanged molybdenum species, while the rest

were present as molybdenum oxide crystallites.82

Adsorption ofMoO3 andMoO2(OH)2 molecules on H-ZSM-5

zeolite was simulated using Monte Carlo method.83 The calcu-

lations showed that the maximum number of MoO3 molecules

per zeolite cell was 15, whereas the number of MoO2(OH)2
molecules that can fit one elementary cell was only 5. MoO3

molecules fill the whole volume of the zeolite channels. Mean-

while, MoO2(OH)2 molecules were predominantly located at the

intersections of the zeolite channels. It was shown that

MoO2(OH)2 could be formed by decomposition of ammonium

paramolybdate in air. Its vapor pressure is 4.9 Pa at 700 �C.

Meanwhile, MoO3 is known to sublime at temperatures above

600 �C, and its vapor pressure reaches 56 Pa. However, mostly

oligomeric molybdenum oxide molecules (MoO3)n, n ¼ 2–5 are

observed in the gas phase during sublimation. Their size

substantially exceeds the diameter of the zeolite channels. The

diameter of a MoO2(OH)2 molecule is about 5 Å.83 Taking into

account the 1H MAS NMR data on the concentration of

Brønsted acid sites before and after molybdenum introduction,71

the authors concluded that two MoO2(OH)2 molecules per

zeolite cell were stabilized in 6% Mo/ZSM-5 catalyst.

According to the HRTEM data,72 molybdenum oxide was

located on the external surface of the impregnated 2%Mo/ZSM-

5 catalyst after pretreatment in argon at 720 �C, in the form of

clusters 1–5 nm in size. In addition, better dispersed molybdenum

oxide clusters with particle sizes smaller that 1 nm were present.

They were not observed in the HRTEM images but detected

using EDX analysis. When molybdenum concentration was

increased to 10%, molybdenum oxide particles with dimensions

as high as 100 nm appeared on the external zeolite surface and

were observed by HRTEM.

When Mo/ZSM-5 catalyst prepared by impregnation was

reduced with methane or hydrogen–methane mixture at 25–

710 �C, MoO3 was first reduced to MoO2, followed by the

formation of a stable molybdenum carbide phase, hcp b-Mo2C,

supported on the zeolite.84,85 However, the treatment with

a hydrogen-butane mixture resulted in the MoO3 reduction to

a metastable molybdenum carbide phase fcc a-MoC1-x/ZSM-5

with preferential formation of molybdenum oxycarbide

(MoOxHyCz) at the intermediate stages.

The investigation of the induction period of CH4 DHA

reaction by TPSR86 showed that molybdenum oxide was reduced

in two stages:
4MoO3 + CH4 / 4MoO2 + CO2 + 2H2O (12)

4MoO2 + 4CH4 / 2Mo2C + CO2 + 5H2O + CO + 3H2 (13)

A molybdenum concentration increase resulted in the growth

of the molybdenum oxide reduction temperature, apparently,

due to the presence of larger Mo oxide species requiring more

rigid conditions for reduction.

It was shown by XPS that Mo2C and MoO3 coexisted on the

surface of a working catalyst.87
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Two types of molybdenum atoms located on the external

zeolite surface and inside its channels were observed after reac-

tion in Mo/ZSM-5 catalysts prepared by impregnation.72,81,88,89

The hyperfine splitting observed by EPR proves that molyb-

denum strongly interacts with the lattice aluminium.81,88,90

Molybdenum carbides were observed in the catalysts after

reaction by XPS,25,55,79 EXAFS combined with CH4 TPR

(temperature-programmed reaction),61,67 XRD84 and

HRTEM.72,89 The formation of molybdenum carbide is an

endothermic process (TDTA ¼ 680 �C) accompanied by weight

loss.61

Using HRTEM, it was shown that molybdenum carbide

(a-Mo2C) was formed during the reaction on the ZSM-5 surface,

and was characterized by the lattice parameters of d002 ¼
0.235 nm, d400¼ 0.26 nmandparticle size of 2–15nm.72According

to the measured particle size distribution and the energy-

dispersiveX-ray (EDX) spectroscopic analysis, someMo2C could

be present in the most dispersed state (<2 nm). It was also

demonstrated that during the reaction molybdenum-containing

clusterswith sizes of�1nmwere forming in theZSM-5 channels.72

However, according to the XPS25,54,91 and EPR54,81,88,90 some

molybdenum remained in higher oxidation state (Mo5+) even

after prolonged reaction with methane. It was assumed that this

molybdenum was located inside the zeolite channels.25,81

For solid-phase prepared 2–8% Mo/ZSM-5 catalysts before

reaction it was shown92 that some molybdenum was located on

the external zeolite surface as molybdenum oxide particles

smaller than 3 nm, whereas the rest was in the zeolite channels in

the form of [Mo5O12]
6+ structures. It was supposed that the

fraction of molybdenum located in the zeolite channels grew with

molybdenum concentration.

It was shown that during calcination of MoO3 and H-ZSM-5

(Mo/Al < 0.4) in 20% O2/He at 700 �C molybdenum migrated

into the zeolite channels and was stabilized in the form of Mo2O5

dimers in cation-exchange positions of the zeolite substituting

two hydrogen atoms of the zeolite BAS.93 This conclusion was

based on the measurements of H2O desorbed during synthesis

and the results of D2 isotope exchange with the remaining

OH groups of the zeolite. Predominant molybdenum location in

the zeolite channels after the solid-phase synthesis was also

supported by the results obtained by FTIR spectroscopy.57

On the basis of H/D exchange studies, 27Al MAS NMR and

NH3 TPD methods it was determined94–96 that the anchoring

mode of the molybdenum was strongly related to the Si/Al ratio

of the parent ZSM-5 zeolite: monomeric bidentate species at low

Si/Al ratio (15) and dimeric monodentate species at high Si/Al

ratio (40).

Under reaction conditions the molybdenum oxide dimers

formed initially are converted into 0.6–1 nm MoCx clusters

containing �10 Mo atoms, which are located in the zeolite

channels.76,93,97,98 This process is accompanied by partial regen-

eration of Brønsted acid sites participating in methane aroma-

tization. It was noted76 that the formed molybdenum carbide

clusters were stable with respect to agglomeration for a long time

(10 h at 680 �C).

It was found92 that under reaction conditions molybdenum

oxide species located on the external zeolite surface were con-

verted to molybdenum carbide, whereas the ones located in the

zeolite channels were transformed to MoOxCy. The authors of
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another paper77 paid attention to the presence of a metastable fcc

a-Mo2C phase in addition to the stable hcp b-Mo2C in the

samples prepared by solid-phase synthesis. Meanwhile, only the

stable hcp b-Mo2C phase was observed by XRD in the catalysts

prepared by impregnation.
3.2. State of the zeolite matrix in Mo/ZSM-5 catalysts

At it was noted by many researchers,54,58,72 molybdenum intro-

duction in the H-ZSM-5 zeolite followed by calcination decreases

the surface area and pore volume of the zeolite. This effect

strengthens when the molybdenum concentration54,58,72,77 or the

calcination temperature58 is increased. Large molybdenum oxide

crystallites formed at high molybdenum concentrations block the

zeolite channels.

It was found that the crystallinity of the H-ZSM-5 zeolite

decreased when the calcination temperature of Mo/ZSM-5

catalysts was increased from 500 to 700 �C.54,58 According to the
29Si and 27Al MAS NMR and XRD data,56 the zeolite matrix is

subjected to substantial dealumination under these conditions

with the formation of aluminium molybdate Al2(MoO4)3 and

significant increase of the zeolite Si/Al ratio.

As it was shown by FTIR using adsorbed pyridine as

a probe,61 the number of BAS in H-ZSM-5 zeolite did not change

after introducing 3% Mo by impregnation followed by calcina-

tion at 500 �C for 2 h. However, the acid properties of the zeolite

also depend on the composition of the gas phase, temperature

and zeolite calcination time.25,54,74 For instance, pretreatment of

2%Mo/ZSM-5 catalyst in the flow of He or dry oxygen at 700 �C

decreases the concentrations of all OH groups in the zeolite.25

After 0.5 h the concentration of BAS OH groups decreases by

30%, whereas that of terminal silanol groups, by 70%. The use of

air leads to similar changes of the zeolite aid properties even at

lower temperature�500 �C.25,71 This is caused by the effect of the

zeolite treatment conditions on molybdenum diffusion.

Longer calcination of Mo/ZSM-5 catalysts leads to a decrease

of the BAS concentration.74 For example, the concentration of

such sites measured by 1H MAS NMR dropped to only 32% of

their initial concentration after calcination at 500 �C for 3 h and

to 15% of the initial value after calcination for 18 h.

The changes of the zeolite acid properties after introducing

molybdenum also depend on the catalyst synthesis method.57 For

instance, terminal silanol groups were predominantly affected in

catalysts prepared by impregnation.25,57,71 This effect was more

significant when the molybdenum concentration was increased.71

Thus, the concentrations of BAS and terminal OH groups in 2%

Mo/ZSM-5 catalyst after heat treatment were 70% and 47% of

the initial ones. Meanwhile, in 10% Mo/ZSM-5 catalyst the BAS

concentration decreased to 23% whereas the concentration of

remaining silanol groups was only 2% of the initial value.

Meanwhile, it was shown57 that the zeolite BAS were preferen-

tially destroyed for catalysts prepared by solid-phase synthesis.

In most cases,57,71 the observed decrease in the concentration

of zeolite OH groups was associated with the H+ ion exchange for

molybdenum ions. However, the problem of BAS regeneration

under reaction conditions remains a subject of discussion. Some

researchers76 observed the growth of the BAS concentration at

the first stage of the reaction during carbidization of molyb-

denum oxide structures. However, another group reported99 that
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this process was accompanied by further decrease in the

concentration on the zeolite acid sites. In addition, the concen-

tration of Lewis acid sites (LAS) was observed to slightly

increase.

Not so many papers are devoted to the investigation of the

changes of the physicochemical properties of the zeolite matrix

after reaction. It was found that the textural properties of the

catalyst worsened, probably due to the formation of carbona-

ceous residues during reaction. The BAS concentration also

decreases during reaction for the same reason according to the

FTIR61 and ammonia TPD54 data.
3.3. The nature of carbonaceous deposits

The formation of carbonaceous deposits due reaction of

Mo-substituted zeolite catalysts with methane was observed in

many studies.54,57,67,69,72,81,100 They are formed with 20–40%

selectivity.67 The concentration of the carbonaceous deposits

increases with temperature and reaction time.54,100

The formation rate of the carbonaceous deposits was found81

to grow linearly with the molybdenum concentration in the

zeolite matrix, increasing from 0 to 2% and remain almost

constant at molybdenum concentrations 2–10%. It is important

that it remained constant during reaction for three hours.

Several types of the carbonaceous residues are distinguished.

According to the XPS data,101 it is possible to distinguish three

types of carbon. These include carbide carbon in Mo2C

(C1s 282.7 eV), carbon in pre-graphite carbonaceous deposits

(sp-type, C1s 283.2 eV) and carbon in carbonaceous deposits

with graphite structure (C1s 284.6 eV). The pre-graphite deposits

are formed on the external surface of the zeolite, whereas

graphite is formed in the zeolite channels. It was noted101 that

it is pre-graphite deposits that predominantly grow during

reaction.

It was determined72,89,100 that during the DHA reaction the

carbonaceous deposits were formed as graphite layers with the

thickness of �2 nm on the surface of Mo2C nanoparticles that

were >2 nm in size, and as friable layers with the thickness of up

to 3 nm and a disordered structure on the external surface of

the zeolite. According to the EDX, XRD, and DTA data, the

content of the carbonaceous deposits and the extent of their

condensation (the C/H ratio) increase with the time on stream,

methane concentration in the feed, temperature and feed flow

rate.72,100 For all the studied molybdenum contents (1%–10%)

and reaction times (0.5–6 h), the carbonaceous deposits formed

in the catalysts with Si/Al ¼ 17 were characterized by one

maximum of the exothermic burn-out effect in DTA, whereas in

the catalysts with Si/Al ¼ 30 and 45, they were characterized by

two maxima.

According to 13C NMR data, some carbonaceous deposits are

associated with Brønsted acid sites, whereas the others are

associated with carbide or other molybdenum species with

partially reduced molybdenum.69 Two types of carbonaceous

deposits characterized by low (503 �C,102 �470 �C74,86) and high

(592 �C,102 543 �C,74 557 �C86) oxidation temperatures were

distinguished by TPO. These data agree with the results obtained

by investigation of the carbonaceous deposits by thermogravi-

metric analysis (TGA).85 It was supposed74,103 that the deposits

with lower oxidation temperature were located on the surface of
532 | Energy Environ. Sci., 2008, 1, 526–541
molybdenum carbide, whereas the ones with higher oxidation

temperature were associated with the zeolite BAS.

The existence of three TPO peaks at (459 �C, 511 �C and

558 �C) in the spectrum of 6% Mo/ZSM-5 catalyst with Si/Al ¼
25, after working for 1 h in the DHA of 90% CH4 at 700 �C,

allowed the authors to distinguish three types of carbonaceous

deposits: (1) associated with Mo sites located on the external

zeolite surface; (2) associated with Mo sites in the zeolite

channels; and (3) associated with Brønsted acid sites.88 The

concentration of the carbonaceous deposits localized on BAS

substantially decreases after the catalyst treatment in hydrogen.

Meanwhile, the concentration of the deposits associated withMo

sites on the external surface increases.

Other researchers using TPO showed that, on the contrary, the

carbonaceous deposits were uniform and associated only with

the zeolite BAS.54 Based on the investigation of the carbonaceous

deposits formed during reaction over a physical mixture of

Mo2C/Al2O3 and H-ZSM-5, it was found that the carbonaceous

deposits were predominantly formed on the Brønsted acid sites

of the zeolite.104 Only one type of the carbonaceous residues was

observed by TGA on 6% Mo/ZSM-5 catalyst (Si/Al ¼ 25) after

6 h on stream in DHA of 100% CH4 at 700
�C.79According to the

HRTEM data, these deposits consisted of filamentous carbon.

The concentration and burn-out temperature of the carbona-

ceous deposits were found to depend on the type of molybdenum

carbide phase formed on the zeolite surface.85 Using TGA, it was

found that the carbonaceous deposits with the lower burn-out

temperature preferentially formed over more active and stable

a-MoC1-x/ZSM-5 catalyst compared to b-Mo2C/ZSM-5.

However, the total concentration of the carbonaceous deposits

was twice higher on the a-MoC1-x/ZSM-5 than on b-Mo2C/

ZSM-5. It was supposed84 that this could be caused both by

the different types of molybdenum carbides and their different

dispersity or location.

According to the H2 TPR and CO2 TPR data, the treatment of

the carbonized catalyst with CO2 decreases the concentration of

deposits with both the low and high oxidation temperatures,

whereas treatment with hydrogen decreases only the concentra-

tion of the deposits with the high oxidation temperature.102

However, it was not possible to remove the carbon deposits

completely by carrying out successive H2 TPR and CO2 TPR

experiments.

It was shown that the formation of carbonaceous deposits

considerable decreased (up to two times) when the methane

dehydroaromatization reaction over Mo/ZSM-5 catalyst was

performed in a recycle condition with collection of benzene.105
4. Ways of regulating the activity of Mo/ZSM-5
catalysts in CH4 DHA

4.1. Effect of synthesis conditions on the catalytic activity

of Mo/ZSM-5 catalysts

As noted above, different methods are used for introducing

molybdenum during synthesis of Mo/ZSM-5 catalysts as well as

different conditions of the following thermal treatment. It is

the difference in the stabilization forms, location and dispersity

of molybdenum that accounts for differences in the activity of

Mo/ZSM-5 catalysts prepared by different methods.
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For example, it was found that the catalysts prepared by

impregnation could be less active77 or more active57,106 in

methane DHA than the samples prepared by solid-phase

synthesis. Based on the XPS data,77 it was supposed that stronger

molybdenum interaction with the zeolite matrix could be ach-

ieved in Mo/ZSM-5 catalysts prepared by impregnation rather

than solid-phase synthesis. Such strong interaction primarily

inhibits the formation of molybdenum carbide species necessary

for the reaction and results in lower activity of such catalysts.

However, a Mo/ZSM-5 catalyst prepared by Mo2C deposition

on H-ZSM-5 showed low activity in the studied reaction in

comparison with the catalysts prepared by impregnation, and its

main products were hydrogen and carbon rather than aromatic

hydrocarbons. It was supposed55 that this was caused by low

dispersity of molybdenum carbide. The molybdenum-zeolite

catalyst with Mo in zero oxidation state also proved to be

inactive in methane aromatization.55

When the catalysts are prepared by impregnation, it is possible

to regulate the state of molybdenum already during preparation

of the impregnation solutions. This is related to the known

tendency of molybdenum to form monomeric or polymeric

species in solution depending on the concentration and pH.

The effects of acidification and basification of ammonium hep-

tamolybdate solution during impregnation of HZSM-5 on the

catalytic performance of Mo/HZSM-5 in methane dehydroar-

omatization were investigated.106,107 It was demonstrated107 that

2 wt.% Mo/HZSM-5 prepared with NH3-basified solution

showed higher activity (7.1% aromatics yield) compared to that

over a similar catalyst prepared without pH adjustment of the

impregnation solution (4.9% aromatics yield). The authors

attributed the improvement in the catalytic activity of this Mo/

HZSM-5 catalyst to an increase in the concentration of the sites

active in methane activation due to better Mo dispersion.

It was shown106,108 that the activity of both 2%Mo/ZSM-5 and

10%Mo/ZSM-5 catalysts in CH4 DHA slightly increased with an

increase of pH in the ammonium heptamolybdate solution used

for impregnation from 4 to 11.

The methane conversion and selectivity to aromatic hydro-

carbons were found to decrease with an increase of theMo/ZSM-

5 calcination temperature from 500 to 700 �C.57,58,70 Meanwhile,

the selectivity to C2 hydrocarbons, on the contrary, increased.

This effect tended to become stronger as the molybdenum

concentration increased. It was supposed58 that the high calci-

nation temperature led to molybdenum aggregation into large

particle blocking the zeolite channels. Later the same authors

showed by FTIR that calcination at 700 �C resulted in molyb-

denum stabilization in the form of MoO4
2� reflecting strong

interaction between molybdenum and oxygen atoms of the

zeolite matrix. However, the thermal treatment at high temper-

ature also destroys the crystalline lattice of the zeolite and leads

to the formation of aluminium molybdate Al2(MoO4)3 This

process is likely to be the cause of the poorer catalytic properties

of the catalysts calcined at high temperature.

An increase of the 6% Mo/ZSM-5 catalyst calcination time at

500 �C from 3 to 18 h improved its catalytic activity.74 In addition

it improved its stability as well. However, further increase of the

calcination time to 30 h did not affect the catalytic properties. 1H

MAS NMR showed that longer calcination time favored more

complete molybdenummigration into the zeolite channels and its
This journal is ª The Royal Society of Chemistry 2008
interaction with BAS. It was this additional migration that led to

the catalytic activity increase.
4.2. Effect of molybdenum concentration on the activity of

Mo/ZSM-5 catalysts

Molybdenum concentration in Mo/ZSM-5 catalysts was varied

in wide range from 1 to 20%.54,56,58,70,77 It was shown that the

catalytic activity of Mo/ZSM-5 catalysts prepared by impreg-

nation grew when the molybdenum concentration was increased

to 2–3%,54,58,87,109 2–5%,72 4%,57 6%71,77,81 or 10%.110 The activity

of Mo/ZSM-5 catalysts prepared by solid-phase synthesis

increased until Mo concentration of 16%.77 Further increase of

the molybdenum concentration decreased the both total methane

conversion and the selectivity to benzene. It was supposed54,58,77

that this decrease was mostly caused by the formation of large

molybdenum particles blocking the zeolite channels. Another

explanation of the observed dependence of the catalytic activity

on the molybdenum concentration was based on the results of an

XPS study of Mo/ZSM-5 catalysts with 1–15% Mo.87 It showed

that the Mo2C/MoO3 ratio in the most active 3% Mo/ZSM-5

catalyst was about 0.4. An increase of the molybdenum

concentration in the sample leads to increase of the fraction of

molybdenum carbide. As far as it was supposed that methane

activation requires the presence of both molybdenum oxide and

carbide in the catalyst, this increase results in alteration of the

composition from the optimal one.

The specific benzene formation rate was much higher

over samples with low molybdenum concentration (0.6–2%)

compared to the samples with higherMo concentrations (5–10%):

10 000–14 000 nmol C6H6 gMo
�1 s�1 and 1000–4000 nmol

C6H gMo
�1 s�1, respectively.72,106

It was shown that the difference in the activity of catalysts

with molybdenum concentrations of 2–10% increased when

the calcination temperature was increased from 500 to 700 �C.70

A sharp decrease of the catalytic activity observed when the

molybdenum concentration exceeded 2% was apparently caused

by molybdenum interaction with the zeolite lattice resulting in

the formation of aluminium molybdate.56

It was also found that an increase of molybdenum concen-

tration shortened the induction period.57 This effect was

supposed to be related to an increased fraction of more easily

reduced polymolybdate compounds on the external surface of

the zeolite.
4.3. Effect of zeolite physicochemical properties on the activity

of Mo-zeolite catalysts

Different zeolites were used for synthesis of Mo-zeolite catalysts

for methane dehydroaromatization: ZSM-5,54–58,67–70,75,76,80,111

ZSM-8,73 ZSM-11,73 MCM-41,73 MCM-22,112–114 FSM-16,67,115

etc. The effect of the zeolite type on the catalytic properties was

studied for 3% Mo-zeolite catalysts with Si/Al ¼ 25.73 The

catalysts prepared using ZSM-5, ZSM-8 and ZSM-11 zeolites

were shown to be the most efficient in the studied reaction. Their

activity was 5–10 times higher than that of the catalysts prepared

using MCM-41 or SAPO-34. The catalysts prepared on such

zeolites as MOR, X and Y were characterized by low methane

conversion (< 1%) with the formation of only C2 hydrocarbons
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and CO. It is important that over such zeolites as MOR, USY,

FSM-16 the selectivity to carbonaceous deposits was excep-

tionally high, above 80%.61 All the authors agree in the

opinion61,73,116 that the structure of the ZSM-5 zeolite with

a system consisting of two types of intersecting straight (d ¼
5.3� 5.6 Å) and zig-zag (d ¼ 5.1� 5.6 Å) channels without large

cavities favors the synthesis of small aromatic molecules but

prevents accumulation of polycondensed aromatic substances.

Indeed, the molecular diameter of benzene is �5 Å, while that

of phenantrene is �8 Å.117,118 Therefore, narrow pores like those

in SAPO-34 zeolite (d ¼ 4.3 Å) hamper diffusion of aromatic

molecules.116 Meanwhile, heavy aromatic products that are

precursors of the carbonaceous deposits can be expected120 to

form and accumulate over large-pore zeolites, such X or Y (d ¼
7.4 Å) with a system of cavities as large as 12 Å.119 However,

there are several papers112–114 showing that the presence of large

cavities in the zeolite structure does not necessarily worsen the

catalyst performance in CH4 DHA. For instance, it was shown

that large cavities (7.1 � 18.2 Å) with narrows entrance windows

(4.0 � 5.4 Å) present in MCM-22 provide for high benzene

selectivity and good stability to deactivation of Mo/MCM-22

catalysts.

A comparison of the catalytic activity of Mo/ZSM-5 catalysts

prepared by impregnation of ZSM-5 in the H-form116 and

NH4-form
58,70 did not show any significant differences in their

performance in CH4 DHA. However, catalysts prepared by

impregnation of Na-ZSM-5 were inactive in methane dehy-

droaromatization.57,58 This is related to the lack of Brønsted acid

sites in Mo/Na-ZSM-5 catalysts, which are required for oligo-

merization of the carbon fragments during reaction.57 The

authors concluded that both the catalytic activity of Mo/ZSM-5

catalysts and the concentration of acid sites increased with the

increase of the H+/Na+ ratio in the parent zeolite.

The Si/Al atomic ratio in the zeolite that can be varied in a wide

range (Si/Al¼ 14,69,76 25,25,56–58,70,71,77,81 30,77 55,55 17–45,72,100 10–

95061,67) can also affect the activity of Mo/ZSM-5 catalysts in

CH4 DHA. For instance the highest activity was observed for

the sample with Si/Alz 2061,67 when Si/Al ratio was varied from

10 to 950. Similarly,121 the formation rate of aromatic hydro-

carbons increased when Si/Al was increased from 14 to 28 but

decreased after further Si/Al increase to 54. However, in some

studies,2,114 the activity was observed to increase with the Si/Al

decrease from 130 to 15114 and from 45 to 17.72

When the Si/Al ratio was increased from 17 to 45, the

maximum methane conversion to benzene was achieved at lower

molybdenum concentration 2% Mo for Si/Al ¼ 17 and 1% Mo

for Si/Al ¼ 30 or 45.122 However, the maximum activity of Mo/

ZSM-5 catalysts with Si/Al ¼ 17 exceeded those of the catalysts

with higher Si/Al ratios and was observed in a wider range of Mo

concentrations (2–5%).

Dealumination of the initial zeolite is one of the known

methods for increasing the Si/Al ratio. Such dealumination can

be carried out under different conditions: zeolite treatment with

hydrochloric acid,123 in steam at 500–550 �C for 6 h,80 in dry N2

at 600 �C for 6 h124 or in oxalic acid at 70 �C.125 The effect of the

zeolite dealumination on the activity of Mo/ZSM-5 catalysts was

controversial. In different studies it was observed to decrease123

or increase80,124,125 even when the dealumination degree was

about the same (Si/Al growth from 20 to 50123 and from 27.2 to
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38.8124). Interestingly, the selectivity to carbonaceous deposits

was found to decrease from 20 to 8% for Mo/ZSM-5 catalyst

prepared using a dealuminated zeolite.80

It is well known that variation of the Si/Al ratio is accompa-

nied by changes in the concentration and strength of Brønsted

acid sites.126 So, in the papers cited above the discussion of the

observed results on the effect Si/Al ratio on the activity of Mo/

ZSM-5 catalysts was based on this phenomenon. For example,

the observed maximum of the catalytic activity at Si/Alz 20 was

found61,67 to correspond to the maximum BAS concentration

determined from the FTIR spectra of adsorbed pyridine.

The increase of the BAS concentration was supposed to favor

oligomerization of CHx to benzene. The same catalysts also

featured the lowest selectivity to coke formation of �35%.67

An alternative hypothesis on the growth of the activity of Mo/

ZSM-5 catalysts with the Si/Al decrease is based on the growth of

molybdenum dispersion in the zeolite matrix.113 BAS were

assumed to act as molybdenum stabilization sites. So, their

increase with the decrease of the Si/Al ratio favors the formation

of small Mo species. An increase of Si/Al in Mo/ZSM-5 catalyst

due to dealumination of the parent zeolite was found124 to

decrease the concentration of Brønsted acid sites and increase

that of Lewis acid sites. This led to an increase of both

total methane conversion and its conversion to benzene. So,

dealumination can be used to obtain an optimal BAS concen-

tration.80

One should take into account that besides the Si/Al increase

in the studied zeolites, dealumination of some zeolites

(Y,127 BEA128) in the water vapor flow can result in the formation

of secondary porosity (mesoporosity) of the zeolite matrix. Such

mesoporosity can facilitate diffusion of aromatic molecules.129

Indeed, it was shown130 that the formation of a mesoporous

structure in the H-ZSM-5 zeolite pretreated in NaOH at 80 �C

improved the activity and stability of the 6%Mo/ZSM-5 catalyst.

Also it should be noted that the decrease of the Si/Al ratio in

the zeolite is accompanied by the growth of the fraction of

extraframework (octahedral) aluminium.131 Strong interaction

with the latter is known for several metal ions (Cu, Co).132

Obviously, the presence of extraframework aluminium can affect

the state of molybdenum in Mo/ZSM-5 catalysts and, therefore,

their catalytic activity.

Preliminary hydrothermal treatment of H-ZSM-5 (Si/Al ¼
28.6) in 0.5 M solution of aluminium nitrate133 or 0.04 M NaOH

solution134 was shown to improve the activity and stability of the

6% Mo/ZSM-5 catalyst. According to the data obtained by 27Al

NMR and NH3 desorption, the concentration of extraframe-

work aluminium decreases after such treatment. Additionally,

the concentration of strong BAS goes down whereas that of BAS

with medium strength goes up. Also this treatment slightly

increases the zeolite microporosity.133,134 On the contrary,

the hydrothermal treatment in water was shown to decrease the

H-ZSM-5 crystallinity and increase the mesopore volume.

Meanwhile, the activity of the Mo/ZSM-5 catalyst prepared

using this zeolite was lower.

The zeolite crystallite size was found to have a significant effect

on the activity of Mo/ZSM-5 catalysts.135 Methane conversion

was 1.5 higher over the catalyst with the zeolite crystal size

100 nm compared to that over a zeolite with 70 nm crystals.

The benzene selectivity was also higher over the sample
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with large crystals.135 According to the 1H MAS NMR data,

the growth of the zeolite crystals led to migration of more

molybdenum into the zeolite channels. In the sample with small

zeolite crystals, molybdenum was predominantly located on the

external zeolite surface. This was caused by an increase of

the fraction of the external surface in the sample with small

crystals.135
4.4. Effect of pretreatment and reaction conditions on the

activity of Mo/ZSM-5 catalysts

The effect of theMo/ZSM-5 catalyst pretreatment with a mixture

of methane with one of the gases H2, C2H4, H2O or CO2 on the

induction period time and the initial catalytic activity was studied

for CH4 DHA reaction.136 The presence of ethylene in the

mixture with methane (C2H4/CH4¼ 0.005) was shown to shorten

the induction period but have no effect on the benzene formation

rate. An increase of the ethylene concentration (C2H4/CH4¼ 0.1)

shortened the induction period even further but decreased the

activity of the catalyst. The catalyst pretreatment with H2/CH4¼
0.1 mixture had practically no effect on the induction period.

Meanwhile, the presence of H2O or CO2 made the induction

period much longer. So, to shorten the induction period, it was

suggested to treatMo/ZSM-5 catalysts with C2H4 or H2,
69 or 1 : 4

CH4/H2 mixture.25,55,86

The catalyst pretreatment in oxygen was also shown to shorten

the induction period.87 In situ FTIR studies showed that such

treatment led to the formation of O2
2� (888 cm�1) and O–Al

(670 cm�1) species on the catalyst surface that may take part in

the reaction during the starting period of time.

Besides the induction period,84,88 the composition of the

gas mixture used for pretreatment of the Mo/ZSM-5 sample

also affected the phase composition and activity of the cata-

lysts.84,88,137 For instance, it was shown that treatment in oxygen

increased the methane conversion compared to the treatment in

helium.137

After pretreatment with a hydrogen/butane mixture, the

activity of Mo/ZSM-5 catalysts and its resistance to coking were

better than after pretreatment with a hydrogen/methane

mixture.84 Molybdenum carbide a-MoC1-x with face-centered

cubic (fcc) structure was found in the catalyst in the former case.

Meanwhile, b-Mo2C phase with hexagonal close-packed (hcp)

structure was observed in the latter case. The authors supposed84

that the type of molybdenum carbide phase accounted for the

differences in the activity of the catalysts. Similar conclusions

were made by Liu et al.88 They found that hydrogen pretreatment

at 350 �C of 6% Mo/ZSM-5 catalyst prepared by impregnation

led to higher activity and better stability of the catalyst. They

supposed that calcination in hydrogen led to the formation of

MoCxOy phase with fcc rather than hcp. The former is more

resistant to further reduction to the MoCx phase that is less

active in CH4 DHA.

The feed composition also affects the activity of Mo/ZSM-5

catalysts in CH4 DHA reaction. The effect of ethane was studied

most. This is realted to fact that C2–C4 hydrocarbons are present

in the main sources of methane—natural gas and oil-associated

gas. Ethane is the major component among them. For example,

the average natural gas contains �4.7% ethane, �1.7% propane

and �0.8% butane.15
This journal is ª The Royal Society of Chemistry 2008
Mo/ZSM-5 catalysts are known to have high activity in ethane

conversion to aromatic hydrocarbons.138,139,140 For instance,

benzene yield of 30% was observed using a mixture containing

1.1% C2H6/N2.
138 If the feed consisted of only ethane the yield of

aromatic hydrocarbons reached 65%.140 The main by-product

was methane formed with the selectivity as high as 40%. The

methane formation was supposed to result from demethylation

of aromatic hydrocarbons, e.g. xylene.

The activity of 6% Mo/ZSM-5 catalyst was shown to grow

linearly when the ethane concentration in the feed containing

also CH4 and Ar was increased from 2.2 to 16.8 vol.%.141 The

benzene formation rate when the feed consisted of two hydro-

carbons (CH4 + C2H6 + Ar) was observed to be about two times

higher than a sum of the reaction rates observed for one-

component feeds (CH4 + Ar; C2H6 + Ar). However, it was noted

that the increased activity was accompanied by faster catalyst

deactivation.

It was found that addition of just 1% ethane to the feed

increased the benzene yield by 7 to 10%.138 When 2.8% ethane

was added to the feed containing N2/CH4/CO2 ¼ 25/25/1, the

increased formation rate of aromatic hydrocarbons was accom-

panied by negative methane conversion due to its formation in

the reaction in agreement with the results of thermodynamic

calculations.142 The ethane conversion that was 100% in the first

minutes went down to 50% after 25 h on stream. The TPO study

of Mo/ZSM-5 catalysts after reaction showed that the amount

of carbonaceous deposits was about two times greater in the

presence of ethane than without it.142

The total methane conversion and selectivity to aromatic were

found to decrease when the feed flow rate was increased.3,143

Both the methane conversion and selectivity to benzene were

found to increase when the reaction temperature was increased

from 600 to 840 �C.58 However, this was typical only for the first

�100 min on stream. Generally, higher reaction temperature

leads to faster deactivation of Mo/ZSM-5 catalysts.70,106,144
5. Mechanism of methane dehydroaromatization
in the presence Mo/ZSM-5 catalysts

5.1. The nature of active sites

A bifunctional mechanism of methane dehydroaromatization

over Mo/ZSM-5 catalysts with participation of Mo sites and

Brønsted acid sites is most widely accepted in recent

papers.25,55,57,61,67,76 In this mechanism methane is activated on

Mo sites with hydrogen release to the gas phase and formation of

surface CHx species (Scheme 2a). Then the products of their

dimerization C2Hy are subjected to oligomerization on the zeolite

BAS to form benzene and naphthalene (Scheme 2b).

Using the infrared spectroscopy, XPS, and chemical reactivity

measurements it was demonstrated that thermally stable alkyli-

denes could be formed on the surface of a-Mo2C at or above

900 K. It was proposed that carbenes on the molybdenum

carbide component of the bifunctional Mo/ZSM-5 catalyst

participated in the aromatization reaction.145

Usually3,25,55 ethylene is considered to be a reaction interme-

diate. For example, based on the data obtained by H2 TPR of

Mo/ZSM-5 catalyst subjected to temperature-programmed

reaction with CH4, both CH4 activation to surface [CH3]
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Scheme 2 Mechanism of methane dehydroaromatization62
species and dehydrogenation of the latter to [CH2] followed by

condensation to C2H4 were supposed to take place on Mo

sites.103 The C2H4 formation was also observed during investi-

gation of the CH3Cl and CH2I2 adsorption on the Mo2C

surface.146,147 Note that [CH3] decomposition reaction predomi-

nates over Pt catalysts.

Alternatively, acetylene rather than ethylene was supposed to

be the primary product formed from methane.113,148 Then, it can

undergo either hydrogenation to C2H4 or oligomerization over

the zeolite acid sites to form aromatic compounds. The main

argument in favor of this mechanism is based on the dependence

of the partial pressures of acetylene, ethylene and benzene on

the feed contact time with the catalyst sample. The acetylene

pressure decreased when the contact time was maid longer.

Meanwhile, the ethylene and benzene pressures, on the contrary,

increased. However, the acetylene pressure was only 0.01–0.04

Torr that was almost two orders lower than those of ethylene

(0.2–1 Torr) and benzene (1–5 Torr).148

Heterolytic splitting of the C–H bond in CH4 was one of the

first suggested mechanisms for this reaction.58 The authors

believed that the C–H bond was split on the zeolite acid sites

followed by the formation of MoO3]CH2 intermediates, which

were then dimerized to form ethylene.

Methane activation through the formation of free CH3c radi-

cals was also one of the early hypotheses.54 MoOx groups located

close to BAS were considered to be the active sites.

It was reported25,55,114 that Mo2C structures were the methane

activation sites, and their partially oxidation decreased the

activity of the Mo/ZSM-5 catalysts.114 Alternatively, the active

sites were supposed88,92,149 to have oxycarbide structureMoCxOy.

It was established that the [Mo5OxCy]
n+ units inside the

channels of ZSM-5, which interacted with the framework of

ZSM-5 and could hardly aggregate and sublime during the

reaction, maintained the catalytic activity of the catalysts.149 The

synergetic effect of the catalytic activity of [Mo5OxCy]
n+ units

and the shape selectivity of ZSM-5 was beneficial for the selec-

tivity to benzene.

A good correlation between the amount of the exchanged

molybdenum carbide species and the formation rate of aromatics

compound was obtained.82 It was concluded that the molyb-

denum species originating from the exchanged Mo species were

the active centers for the methane dehydroaromatization

reaction.

It was supposed61,74,76,92,97,149,150 that molybdenum location in

the zeolite channels was the main reason for the long-term

activity of the catalysts. However, there is an alternative

opinion84,115 that the activity of Mo/ZSM-5 catalysts is related to

molybdenum carbide located on the external surface of the
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zeolite. The activity of the catalysts was found to correlate with

the type of the molybdenum carbide phase.

The carbonaceous deposits may also participate in the

formation of the catalyst active sites.25,69,115 It is possibly that the

Mo-associated carbonaceous deposits decrease the Mo2C

activity in side reaction of methane decomposition to hydrogen

and carbon.
5.2. Deactivation of Mo/ZSM-5 catalysts and methods of their

regeneration

The deactivation of Mo/ZSM-5 catalysts due to their substantial

carbonization is a generally accepted interpretation.54,67,101,103,151

As noted above, the concentration of the carbonaceous deposits

grows with time on stream72,101,103 and reaction temperature.54

The amount of the carbonaceous deposits located on the external

surface of the zeolite was shown to grow during reaction.102 The

time required for the catalyst to loose almost all its activity can be

different and equal, e.g. 4 h54 or 16 h.25

The results obtained by TPO of Mo/ZSM-5 catalyst after

reaction suggested103 that the main reason for the catalyst

deactivation was related to the formation of the carbonaceous

deposits associated with the zeolite BAS and their blocking of the

zeolite channels.

Note that the catalyst deactivation is not always directly

related to the formation rate of the carbonaceous deposits. For

example, the morphology of the formed carbonaceous deposits

was found to be an important parameter affecting the activity of

H-ZSM-5 catalysts for methanol conversion.152 The H-ZSM-5

channels remain accessible to reagents until the deposits have

amorphous structure. So, no catalyst deactivation is observed in

this case. However, when three-dimensional networks with

aromatic structure parallel to the zeolite surface area are formed,

the zeolite channels are blocked, and the catalyst loses its

activity.152

It was reported115 that deactivation of Mo/FSM-16 sample in

CH4 DHA could result from the change of molybdenum carbide

phase in the catalyst. It was found that the interaction of

h-Mo3C2 carbide with the carbonaceous deposits resulted in the

formation of less active molybdenum carbide phases a-MoC1-x

and b-Mo2C.

The catalytic activity of carbonizedMo/ZSM-5 samples can be

regenerated by the oxidative treatment. Several methods were

suggested for regeneration of deactivated Mo/ZSM-5 cata-

lysts.93,105,153,154 For example, the Mo/ZSM-5 catalyst was

regenerated by treatment in a NO/air mixture (1/50 vol/vol) at

450 �C.153 A small addition of nitric oxide decreased the

temperature required for complete removal of the carbonaceous

deposits by 100 �C compared to regeneration in pure air. The

following mechanism for regeneration of the carbonized catalyst

based on the results of the TPO experiments was suggested:

2NO + O2 / 2NO2 (14)

NO2 + [carbonaceous deposits] / NO + N2O +

N2 + COx + H2O (15)

The low temperature used for the oxidative treatment made it

possible to avoid sublimation and migration of MoOx. This
This journal is ª The Royal Society of Chemistry 2008



preserved the initial molybdenum distribution in the zeolite

matrix and provided for more stable functioning of the catalyst

in the mode alternating reaction with regeneration.153

Oxidative regeneration of 2% Mo/ZSM-5 catalysts after �6
and �20 h on stream was carried out at 520 and 600 �C,

respectively.100 It was shown that after 6 h on stream the catalytic

activity remained practically constant after 5 reaction-oxidative

regeneration cycles. Meanwhile, an increase of the reaction time

to �20 h led to faster catalyst deactivation in the third cycle:

methane conversion to benzene decreased from 9% to 2% for

�15 h, whereas after the first reaction cycle such decrease

occurred only after �20 h on stream.

If the process is carried our in a periodic mode (alternating

feed of CH4 and H2), the yield of aromatic compounds can be

increased and the catalyst carburization can be lowered.155,156

However, the stable functioning of the catalyst in such mode

required the cycles to be as short as 5–10 min.155

The treatment of carbonized catalysts with a 20% H2/He

mixture at 680 �C regained the initial catalyst activity and

selectivity to benzene and eliminated the induction period.93,154

However, this method proved to be not effective when the

catalyst deactivation was very significant. After the treatment of

the Mo/ZSM-5 catalyst under TPO conditions (130–680 �C, 5 �C

min�1 heating rate) the induction period appeared again whereas

the reaction rate in the steady state was equal to that observed

over the fresh catalyst.93

CO2 TPR followed by H2 TPR was shown to be the most

acceptable method for regeneration of Mo/ZSM-5 catalysts

because it removed all types of the carbonaceous deposits.103

About 90% of the carbonaceous deposits related to BAS and 60%

of those related to Mo sites were removed when the catalyst was

regenerated only by H2 TPR.103

6. Ways of improving the methane
dehydroaromatization process

In several papers54,62,68,75,137,143,157 it was shown that the presence

of a second metal in the zeolite matrix in addition to molyb-

denum could have a significant effect and the activity, selectivity

and coking resistance of Mo/ZSM-5 catalysts.

For instance, the copper introduction to H-ZSM-5 zeolite by

ion exchange followed by solid-phase synthesis ofMo/Cu/ZSM-5

(Cu/ZSM-5 + MoO3) system gave a more active and stable

catalyst.75 The catalyst after reaction was studied by XPS and

EPR. It was found that the presence of copper increased the

concentration of Mo5+ ions in the catalyst. In addition, it was

found by XRD and 27Al NMR that the copper introduction

decreased the zeolite dealumination rate and its carbonization,

thus, increasing the catalyst life time. The character of the

carbonaceous deposits also changed: their oxidation temperature

decreased, and there were more carbon radicals in the sample.

The addition of Co,67,158 W, Zr137 or Ru143,159 to Mo/ZSM-5

catalysts was shown to increase their activity and selectivity. The

improvement of the characteristics of Mo/ZSM-5 catalysts

modified with Ru was related to the decreased concentration of

strong BAS and increased concentration of the weak and

medium-strength ones as well as easier reduction of the initially

formed molybdenum oxide.143 The use of platinum as the

modifying additive increased the stability of Mo/ZSM-5 catalyst
This journal is ª The Royal Society of Chemistry 2008
due to the lower concentration of carbonaceous deposits formed

during reaction over Pt-doped catalyst.157 The addition of Zn

or La was also found to decrease the carbonization rate of

Mo-zeolite catalysts.68

The activity and stability of the catalyst also improved after

the introduction of Fe (Fe/Mo ¼ 0.25 mol mol�1).158 However, in

this case the elemental analysis showed that the concentration of

the carbonaceous deposits increased as well. Taking into the fact

that the experiment in this case lasted only for 6 h, one can expect

that the observed improvement of the catalyst will not be long-

term. No positive effect of Co on the activity of Mo/ZSM-5

catalyst was observed in that study.

Lithium,54 phosphorus54 or vanadium137 present in the Mo/

ZSM-5 catalysts were found to decrease their catalytic activity

due to the decrease of the concentration of Brønsted acid sites

participating in the methane aromatization.

Dealumination of the parent zeolite is an alternative way

to reduce the formation of the carbonaceous residues during

reaction.80,114,124 According to the TPO data, the zeolite deal-

umination decreases the concentration of the carbonaceous

deposits with high oxidation temperature related to Brønsted

acid sites.80,124 The selectivity to the carbonaceous deposits

was observed to decrease from 37.9% to 18.2% over deal-

uminated Mo/ZSM-5 catalyst at the same methane conversion

(9.5%) whereas the yield of aromatic hydrocarbons increased

by 32%.80

The effect of silanation of the parent H-ZSM-5 zeolite on the

activity of Mo/ZSM-5 catalysts in CH4 DHA was also

studied.98,160 To preserve the acidic OH groups located in the

zeolite channels, 3-aminopropyl-trietoxysilane was used as the

source of silicon. Due to steric limitations it reacted only with

the surface OH groups of the zeolite. The silanation was found to

remove 24% of the zeolite OH groups. The optimum concen-

tration of the additive was found to be 0.5% (calculated as

SiO2).
160 In Mo/SiO2/ZSM-5 catalyst, molybdenum reacted

predominantly with the acidic groups inside the zeolite channels.

In this case the CH4 DHA took place only inside the channels. As

a result, the benzene selectivity of silanated Mo/ZSM-5 catalyst

increased, whereas the selectivity to C12+ products decreased.

Similar results were obtained by modifying the external surface

of the initial zeolite with an organometallic tin compound

(Sn(Bu)4).
161

Adding small amounts of CO,62,67,138 CO2,
62,67,162 O2

163 or

H2O
164 to the feed, i.e. to methane, is another approach to

improve the stability of Mo/ZSM-5 catalysts. Interestingly, the

positive effect was observed only in a narrow concentration

range of the added reagent.

When 1.6–12% CO was added to the feed, the methane

conversion after 30 h on stream was 8–9% with benzene forma-

tion rate �500 nmol gcat
�1 s�1.62 Both values were approximately

twice higher that in the absence of CO. If CO2 is added to

methane, its concentration should not exceed 1.6%. The increase

of the CO2 concentration to 12% led to the loss of the 3% Mo/

ZSM-5 catalyst activity.62,138When CO2 is added to methane, it is

first converted to CO:165

CO2 + CH4 / 2CO + H2 (16)

CO2 + [C] / 2CO (17)
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Hence, the effect of CO2 is similar to that of CO. The following

mechanism for stabilization of the catalyst performance in the

presence of CO was suggested on the basis on the experimental

data obtained using 13CO:62

2CO 4 CO2 + [C], where [C] is the ‘‘active’’ carbon (18)

CO2 + CHx (x ¼ 0–4) 4 2CO + x/2H2 (19)

[C] + H2 4 CHx 4 C2Hy / C6H6, C10H8 (20)

About 80% of carbon atoms in the formed benzene were 13C

atoms. The amount of the carbonaceous deposits with high

oxidation temperature (T > 500 �C) was found to decrease in the

presence of CO.

There is also an alternative mechanism explaining the effect of

CO2 addition:
162

CO2 + * / CO + O* (21)

CH4 + 2* / CH3* + H* / C* + 4H* (22)

C* + O* / CO + 2* (23)

H* + H* / H2 + 2* (24)

CHx* + CHy* / hydrocarbons (25)

Here (*) is a vacancy, and O*, H*, CHx* are chemisorbed surface

particles. Thus, in the presence of high CO2 concentrations, the

concentration of [CHx*] and, consequently, the formation rate of

hydrocarbons decrease.

The oxygen presence in the feed was also reported to have

a positive effect.163 The critical oxygen concentration in the feed,

which should not be exceeded to avoid deep oxidation of

methane, grows with reaction temperature. For instance, at

700 �C the O2/CH4 molar ratio should not exceed 6.5 � 10�3

whereas at 800 �C this critical value is equal to 2.4 � 10�2. If no

oxygen is present in the feed, after contact with methane

molybdenum oxide is first converted to oxycarbide (MoOxCy),

then, to less active carbide (Mo2C). This effect contributes to the

decrease of the Mo/ZSM-5 activity during reaction.163 The

presence of oxygen in the feed in small amounts was supposed163

to decrease the concentration of the carbonaceous deposits and

prevent reduction of molybdenum oxycarbide (MoOxCy) for an

extended period time.

The addition of small amounts of water (1.7–2.2%) was

shown164 to improve the activity and stability of 6% Mo/ZSM-5

catalyst. The positive effect of water is related to the following

reactions:

CH4 / C + 2H2 (26)

H2O + C / CO + H2 (27)

Here C stands for carbon in the carbonaceous residues.

In addition, the concentration of the carbonaceous residues

and their oxidation temperature also decrease. However, when

the water concentration exceeds the optimal value, the catalytic

activity quickly goes down. The results of the 27Al NMR studies

suggest that this is related to the zeolite dealumination.164
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Another general approach to improving the efficiency of CH4

DHA process is based on the improvement of process technology

and engineering.138,145,166–173 An interesting example of such

scheme is the combination of two reactions—oxidative dimer-

ization of methane (ODM) and DHA of CH4 and C2 hydro-

carbons formed in the ODM reaction—in one reactor or two

successive reactors.138,166,167 However, the results of these exper-

iments proved to be contradictory. In some studies,166,167 the

combination of these two processes was shown to be very

effective. After 20 h on stream the yield of aromatic hydrocar-

bons was 8.8% with a methane conversion of 13%. For

comparison, these values were equal to 0.1% and 1%, respec-

tively, if CH4 DHA was carried out in a single reactor. The

improvement of the catalyst stability was supposed to be caused

by the reaction of CO2 produced in ODMwith the carbonaceous

deposits formed onMo/ZSM-5. However, in another study138 the

combination of these two processes was shown to result in

a considerable decrease of the amount of aromatic products

formed in the reaction. This effect was ascribed to the deacti-

vating effect of CO2 and H2O formed in the ODM process on the

performance of the Mo/ZSM-5 catalyst. Most likely, the oppo-

site results obtained in these studies are related to some impor-

tant differences in the reaction conditions.138,166

The calculations carried out using a kinetic model describing

the methane DHA with participation of a catalyst suggested that

elimination of hydrogen formed in this reaction would make it

possible to lift the thermodynamic limitations for methane

conversion to aromatic hydrocarbons.168 This goal can be ach-

ieved by selecting a proper membrane that should provide for the

hydrogen penetration rate comparable with the rate of its

formation in the catalytic reaction. Until now, only few papers

devoted to the use of membranes in CH4 DHA process have been

published. CH4 DHA was carried out in a reactor with a Pd- or

Pd-Ag membrane.169–171 However, in this case the about two

times faster methane conversion to benzene was accompanied by

faster catalyst deactivation due to the formation of carbonaceous

deposits with high C/H ratio. The application of an oxide

membrane with SrCe0.95Yb0.05O3-a proved to be inefficient due

to slow hydrogen elimination from the reactor volume.172

Multiple recycling of CH4 with collection of the aromatic

product was performed to increase the overall methane conver-

sion.105 It was shown that if the reaction was carried out under

flow recycling conditions the benzene formation rate (mgC6H6

gcat.
�1 h�1) was significantly improved (up to four times). The

benzene yield increased when the circulating factor was

increased.105
Conclusions

The following conclusions can be made on the basis of the

discussed experimental data. Methane dehydroaromatization

reaction takes place at atmospheric pressure and high tempera-

tures (T > 700 �C) typical for methane processing reactions. The

fact that aromatic products can be formed from methane with

high selectivity makes it possible to consider CH4 DHA to be an

alternative method for rational utilization of the natural gas and

oil-associated gas. Today CH4 DHA can be carried out over Mo/

ZSM-5 catalysts with benzene selectivity as high as 80% and total

methane conversion up to 14%.
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The synthesis conditions and composition of Mo/ZSM-5

catalysts have a significant effect on the state and location of

molybdenum in the zeolite, which affect the catalytic activity in

CH4 DHA. The tendency to sublimation of molybdenum oxides

that have relatively high vapor pressures makes possible

molybdenum redistribution in the zeolite matrix through the gas

phase during the thermal treatment. This results in the molyb-

denum stabilization both on the external zeolite surface and

inside its channels. During the CH4 DHA reaction the oxide

forms of molybdenum are converted to carbides.

The physiochemical properties of the parent zeolite (structure,

Si/Al atomic ratio, etc.) also have a substantial effect on the

activity ofMo-zeolite catalysts. The zeolite pore structurewith the

diameters of entrance windows close to the diameter of benzene

molecules provide for high methane conversion and benzene

selectivity. On the one hand, the catalytic activity was found to

grow with the number of Brønsted acid sites. On the other hand,

dealumination of the zeolite matrix aimed at decreasing the BAS

concentration improves some process conditions. Apparently,

such differences are related to the participation of BAS both

in oligomerization of C2 intermediates to benzene and in the

formation of the carbonaceous deposits. Also, BAS participate

in molybdenum stabilization in the zeolite matrix.

Molybdenum introduction in the zeolite substantially alters its

textural and acidic properties. The changes in the physico-

chemical properties of the zeolite depend on the concentration

and location of molybdenum in the zeolite, which are determined

with the synthesis conditions of Mo/ZSM-5 catalysts. Subse-

quent changes of the zeolite physicochemical properties during

the CH4 DHA reaction are mostly related to the formation of the

carbonaceous deposits.

Carbonization of Mo/ZSM-5 catalysts is a side process in the

CH4 DHA reaction, gradually leading to the catalyst’s deacti-

vation. The available data on the type of the carbonaceous

deposits indicate that their formation rate and selectivity can be

regulated by varying the conditions used for the reaction and for

synthesis of Mo/ZSM-5 catalysts. The treatment of carbonized

Mo/ZSM-5 with a gas mixture containing oxygen or hydrogen

allows for full or partial regeneration of the catalyst activity.

However, the data on the activity of Mo/ZSM-5 catalysts, the

states of molybdenum and zeolite after multiple regeneration

cycles are very limited.

Although the concept of bifunctional action of Mo/ZSM-5

catalysts is generally accepted, there is no information about the

detailed reaction mechanism. The questions about the nature and

distribution of Mo sites in the zeolite matrix are still in the focus

of discussion. The role of carbide or oxycarbide Mo clusters

located in the zeolite channels in activating methane was

emphasized in many published papers.

Based on the information available in the literature, three

main approaches for possible improvement of the methane

dehydroaromatization process can be distinguished:

—Optimization of the Mo/ZSM-5 catalyst composition by

adding various dopes;

—Variation of the feed composition by adding low-molecular

oxygenated reagents to methane;

—Improvement of the process technology and engineering.

The problems that should be addressed later include devel-

opment of a synthesis method for preparation of Mo/ZSM-5
This journal is ª The Royal Society of Chemistry 2008
catalysts with certain compositions and distributions of Mo

clusters in the zeolite matrix. The detailed mechanism of methane

activation has to be studied. For practical implementation of

the process it is important to study the activity and selectivity of

Mo/ZSM-5 catalysts using a feed composition close that of the

natural/oil-associated gas. Of special interest are the problems of

increasing the catalyst life time and optimizing the conditions of

its regeneration. One can expect that proper technological

implementation will make the synthesis of benzene and hydrogen

by CH4 DHA economically profitable.
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121 A. Sarıoğlan, Ö. T. Savasxçı, A. Erdem-Sxenatalar, A. Tuel, G. Sapaly
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Abstract The peculiarities of dehydroaromatization (DHA) of a CH4–C2H6

mixture over 1–10% Mo/ZSM-5 catalysts (Si/Al = 17, 30, 45) were studied in

comparison with reactions of individual hydrocarbons. For a (90 vol.%

CH4 ? 10 vol.% Ar) mixture, the methane conversion passes through a maximum

and decreases with the time-on-stream, being about 12% after 6 h. Experiments

with a mixture (85 vol.% CH4 ? 5 vol.% C2H6 ? 10 vol.% Ar) demonstrated that

the presence of ethane leads to the suppression of the methane conversion practi-

cally to zero and to an increase in the benzene formation rate in comparison with the

(CH4 ? Ar) mixture. Characterization of the spent Mo/ZSM-5 catalysts by DTA

and TGA showed that both the condensation degree of the carbonaceous deposits

(C/H ratio) and their content are higher in the presence of ethane. For both feed

compositions, the maximal benzene formation rate was observed over the catalyst

with 2 wt% Mo and Si/Al = 17. It is proposed that the formation of C2 interme-

diates from methane and their further transformations in DHA compete with the

ethane aromatization, presumably on the same Mo active sites.

Keywords Methane � Ethane dehydroaromatization � Benzene �
Mo/ZSM-5 � Carbonaceous deposit

Introduction

Methane dehydroaromatization (DHA) over Mo/ZSM-5 catalysts under oxygen-free

conditions to obtain aromatics and hydrogen has been widely studied in the last two

decades [1–10]. There is also a distinctive interest in DHA of other hydrocarbons,

namely ethane, over Mo/ZSM-5 catalysts from the fundamental point of view
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focusing on the mechanism of DHA reactions [11]. On the other hand, the main

feedstock of methane for practical implementation of DHA is natural gas, which

contains other light hydrocarbons, such as ethane, propane and butane. Therefore,

there is an extensive interest in the comparative study of DHA of methane and of its

mixture with ethane over Mo/ZSM-5.

According to the generally accepted scheme of the CH4 DHA [7], the methane

activation over Mo-containing sites involves the formation of C2 hydrocarbons

(C2H6, C2H4) as intermediate products (reaction I, a). Then they are subjected to

oligomerization over the zeolite acid sites to yield aromatic products (reaction I, b).

Carbonaceous deposits are formed as a side product in the methane DHA leading to

a gradual deactivation of the catalysts.

Ethane DHA was also studied over Mo/ZSM-5 catalysts [9, 11]. The benzene

yield at 725 �C from the feed consisting of 1.1 vol.% C2H6/N2 was as high as

30 mol% per incoming C2H6 [9]. The yield of aromatic hydrocarbons at 700 �C

reached ca. 60 mol% per incoming C2H6 in the feed consisting of pure ethane [11].

Meanwhile, methane was observed to form in this process with ca. 40 mol% yield.

It was supposed that the methane appearance results from the cracking of reaction

intermediates or demethylation of aromatic hydrocarbons, such as xylene.

According to published data [8], the activity of a Mo/ZSM-5 catalyst with 6 wt%

Mo at 725 �C grew linearly with the increase in the ethane concentration, which

varied from 2.6 to 16.8 vol.% in the feed. If the feed contained two hydrocarbons

(CH4 ? C2H6 ? Ar), the benzene formation rate was ca. 2 times higher than the

sum of the reaction rates observed for the single-component feeds (CH4 ? Ar or

C2H6 ? Ar). It was also noted that the higher activity was accompanied by the

faster catalyst deactivation.

It was reported [9] that the benzene yield at 725 �C could be increased from 7 to

10% by adding 1 vol.% of ethane to the CH4 ? N2 feed. Unfortunately, no

information about the total methane conversion in the CH4 ? C2H6 ? N2 feed was

reported in these publications [8, 9]. Furthermore, the studies were carried out at

3 atm pressure [8], that makes it difficult to compare directly the reported results

with the data obtained by other researchers at 1 atm.

The activity and selectivity of Mo/ZSM-5 catalysts in DHA at 700 �C were

reported for feeds consisting of N2/CH4/CO2 = 25/25/1 and N2/CH4/C2H6/

CO2 = 25/25/2.8/1 [10]. It was shown that the formation rate of the aromatic

hydrocarbons increased when ethane was added to the feed. This process was also

accompanied by the formation of methane, in a good agreement with results of
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thermodynamic calculations reported by the authors. The conversion of ethane was

equal initially to 100%, but decreased to 50% after 25 h on stream. According to the

TPO data, the amount of carbonaceous deposits almost doubled in the presence of

ethane [10].

Earlier, we reported a detailed study of the methane DHA at 720 �C [5], where

the highest methane conversion (14%) and benzene selectivity (70%) were obtained

over the Mo/ZSM-5 catalysts containing 2 wt% Mo and having the Si/Al atomic

ratio equal to 17. The reaction was accompanied by the formation of molybdenum

carbide b-Mo2C with the particle size 2–15 nm on the zeolite surface and

Mo-containing clusters with the size ca. 1 nm inside the zeolite channels. The

carbonaceous deposits formed in this reaction were observed as graphite layers of

2 nm thickness on the surface of Mo2C nanoparticles and as friable layers having a

disordered structure with the thickness reaching 3 nm on the external surface of the

zeolite [5].

In the present paper, we report peculiarities of DHA of a CH4–C2H6 mixture over

1–10% Mo/ZSM-5 catalysts (Si/Al = 17, 30, 45) in comparison with DHA of

individual hydrocarbons.

Experimental

H-ZSM-5 zeolites with the Si/Al atomic ratio of 17, 30 and 45 [5] were used for the

syntheses of Mo/ZSM-5 catalysts. The catalysts containing 1, 2, 5 and 10 wt% Mo

were prepared by the incipient wetness impregnation using ammonium heptamo-

lybdate (NH4)6Mo7O24�4H2O solutions of desired concentration with predetermined

pH [12]. The samples were dried under an IR lamp and calcined in air at 500 �C for

4 h. The catalysts were denoted as x% Mo/ZSM-5, where x is the wt% of Mo.

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) of

spent Mo/ZSM-5 catalysts were carried out using a Q-1500 D instrument in the

temperature range 20–600 �C in air with the 100 mg catalyst loading and 10 �C/min

heating rate.

The catalytic activity of Mo/ZSM-5 catalysts in the DHA of hydrocarbons was

studied at atmospheric pressure in a flow setup with a quartz reactor with the

internal diameter (i.d.) 9 mm. The reactor was loaded with 0.6 g of the catalyst

(0.25–0.5 mm fraction, ca. 1 cm3 volume). Before the reaction, the catalyst was

heated in an argon flow to 720 �C with the heating rate of 10 �C/min and kept at this

temperature for 60 min. Then, the feed consisting of either (90 vol.% CH4 ? 10

vol.% Ar) or (85 vol.% CH4 ? 5 vol.% C2H6 ? 10 vol.% Ar) was introduced with

the flow rate 13.5 mL/min. Argon was used as the internal standard to account for

the changes of the methane flow rate due to reaction [13].

A Kristall-2000 M gas chromatograph (Russia) equipped with two simulta-

neously operating detectors (TCD and FID) was used for on-line analysis of the

reaction products. The aromatic products (C6H6, C7H8 and C10H8) were separated

using a first packed stainless steel column with 1.5 m length and 3 mm i.d. The

column was filled with a polymer sorbent DC 550 and 15% Chromatron N (FID, He

carrier gas, 30 mL/min flow rate, 165 �C column temperature). Naphthalene for
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analysis was collected in an ice trap (T ca. 0 �C) and dissolved in ethanol. CO2,

C2H4 and C2H6 were separated using a second packed stainless steel column with

1.5 m length and 3 mm i.d., which was filled with the SKT charcoal (TCD, He

carrier gas, 30 mL/min flow rate, 165 �C column temperature). CH4, H2, CO, Ar

and air were separated using a third packed stainless steel column with 2 m length

and 4 mm i.d. filled with NaX zeolite (TCD, He carrier gas, 30 mL/min flow rate,

165 �C column temperature).

The activities of Mo/ZSM-5 catalysts were characterized by the methane and

ethane conversion (%) as well as by the benzene formation rate (lmol C6H6/(gcat s)).

Results and discussion

Activities of the Mo/ZSM-5 catalysts

The conversions of methane from its mixture with Ar or ethane and Ar are

compared in Fig. 1a. The benzene formation rates for the same mixtures are

compared in Fig. 1b. During the methane DHA, we observed a gradual catalyst

deactivation. Nevertheless, after 6 h on stream, the methane conversion was about

12%. On the contrary, for the feed containing 5% of ethane, the methane conversion

was suppressed practically to zero.

As for the benzene formation, curve 1 in Fig. 1b is typical of the methane

DHA, but curve 2 demonstrates that the formation of benzene from the mixture

of methane with ethane proceeds mainly from ethane, because after 6 h on

stream, the methane conversion was zero. Note also that for the feed containing

5 vol.% of ethane, the ethane concentration at the reactor outlet was ca.

0.02 vol.%, i.e. the complete conversion of ethane was observed. The concen-

trations of the other reaction products (H2, C2H6, C7H8) are similar for both

reaction mixtures (Fig. 2).

Table 1 illustrates the effect of the molybdenum content on the activity of studied

catalysts in this reaction for the feed consisting of (85 vol.% CH4 ? 5 vol.%

C2H6 ? 10 vol.% Ar). The ethane conversion and benzene formation rate increase

when the Mo content increases from 1 to 2 wt%. Further increase in the

molybdenum content to 5–10 wt% led to a decrease in these parameters. The

methane conversion was close to zero or, otherwise, extra methane could be formed

as a reaction byproduct. The effect of the Si/Al ratio on the catalytic activity was

studied for the 2% Mo/ZSM-5 catalysts, the benzene formation rate increased when

the Si/Al ratio decreased from 45 to 17 (Fig. 3). Similar results were obtained earlier

for the 2% Mo/ZSM-5 catalysts in the DHA of methane [5].

According to reaction I of the methane transformations over Mo/ZSM-5

catalysts, the methane activation with formation of CHx and C2Hy intermediates

(reaction I, a) proceeds over molybdenum carbide sites. Furthermore, ethane is

known to undergo dehydrogenation to ethylene over the same MoCx sites [11].

Thus, in the case of the feed containing both hydrocarbons, methane and ethane

seem to be the competing reactants and two reactions, (II) and (III), proceed on the

same active sites:
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2CH4 ¼ C2H6 þ H2 DrG
o
993 ¼ 143:4 kJ=mol

� �
ðIIÞ

C2H6 ¼ C2H4 þ H2 DrG
o
993 ¼ �73:4 kJ=mol

� �
ðIIIÞ

The standard Gibbs energies DrG
o
993 for reactions II and III show that reaction III

is thermodynamically much more favorable than reaction II: DrG
o
993 IIð Þ ¼

143:4 kJ=mol versus DrG
o
993 IIIð Þ ¼ �73:4 kJ=mol. Respectively, for the

(CH4 ? C2H6 ? Ar) reaction mixture, the ethane conversion is the preferred

reaction. Further reactions, namely the oligomerization and aromatization of

ethylene,
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Fig. 1 The methane conversion (a) and benzene formation rate (b) in the DHA of hydrocarbons over the
2% Mo/ZSM-5 catalyst (Si/Al = 17) for different feed compositions: 90 vol.% CH4 ? 10 vol.% Ar (1);
85 vol.% CH4 ? 5 vol.% C2H6 ? 10 vol.% Ar (2)
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3C2H4 ¼ C6H6 þ 3H2 DrG
o
993 ¼ �97:1 kJ=mol

� �
ðIVÞ

proceed on the acid sites of ZSM-5 (reaction I, b).

In addition, some reactions may lead to the simultaneous formation of CH4 and

carbonaceous deposits:

C2H6 ¼ CH4 þ H2 þ C DrG
o
993 ¼ �90:4 kJ=mol

� �
ðVÞ

C2H4 ¼ CH4 þ C DrG
o
993 ¼ �99:8 kJ=mol

� �
ðVIÞ

5C6H6 ¼ 6CH4 þ 3H2 þ 24C DrG
o
993 ¼ �1178:7 kJ=mol

� �
ðVIIÞ

DTA study of the Mo/ZSM-5 catalysts

When the Mo/ZSM-5 samples studied in the DHA of hydrocarbons are exposed to

air at elevated temperatures, dioxygen reacts both with carbon in molybdenum

carbide and with carbonaceous deposits CxHy formed during the reaction.

According to the reaction stoichiometry, in the former case the sample weight

Table 1 Conversion of hydrocarbons and the benzene formation rate in DHAa of hydrocarbons after 6 h

on stream over Mo/ZSM-5 catalysts with different Mo contents (Si/Al = 17)

Molybdenum contents (wt%) 1 2 5 10

Methane conversion (%) –0.46b 0.98 0.13 –1.18b

Ethane conversion (%) 76 99 84 69

Benzene formation rate (lmol C6H6/(gcat s)) 0.09 0.16 0.06 0.01

a Reaction conditions: 810 h-1 (85 vol.% CH4 ? 5 vol.% C2H6 ? 10 vol.% Ar), 720 �C
b Methane is formed in the reaction
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Fig. 2 The methane conversion and concentration of products formed in the DHA of hydrocarbons after
6 h on stream over the 2% Mo/ZSM-5 catalyst (Si/Al = 17) for different feed compositions: 90 vol.%
CH4 ? 10 vol.% Ar (1); 85 vol.% CH4 ? 5 vol.% C2H6 ? 10 vol.% Ar (2)
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should increase: Mo2C(204 g/mol) ? 4O2 = 2MoO3 (288 g/mol) ? CO2, whereas in the

latter case it should decrease: CxHy ? (x ? 1/4y)O2 = xCO2 ? � yH2O.

The DTA data obtained for the Mo/ZSM-5 catalysts after 6 h on stream show an

endothermic process at 60–110 �C accompanied by a weight loss by 1–5 wt% that

can be attributed to water desorption [14]. At higher temperatures (T = 250–

600 �C), an exothermic process is observed. It is related to the oxidation of carbon

from CxHy and/or molybdenum carbide [15]. The position of the exothermic effect

maximum on the DTA curve (TDTA) and the sample weight change depend on the

Mo content and the feed composition (Fig. 4).

For the 1–10% Mo/ZSM-5 catalysts with Si/Al = 17 tested in the mixed feed, a

single TDTA is observed, similarly to the methane feed. A higher TDTA value and

larger weight loss, as compared to the samples tested with methane, indicate that the

condensation degree of carbonaceous deposits (the C/H ratio) and their content

grow in the presence of ethane [16]. Meanwhile, the content of carbonaceous

deposits decreases when the Mo content in the catalyst increases for both feed

compositions.

According to the data of Table 2, two exothermic effects related to the oxidation

of carbonaceous deposits were observed for the 2% Mo/ZSM-5 catalysts with

Si/Al = 30 and 45 after 6 h on stream in the mixed feed. The TDTA position of the

first peak is 480–490 �C. This is lower than TDTA of the only peak (510 �C) observed

for the 2% Mo/ZSM-5 catalysts with Si/Al = 17. The second peak was observed at

higher temperature (TDTA = 555 �C). Apparently, two types of carbonaceous

deposits with the substantially different condensation morphology are formed over

the 2% Mo/ZSM-5 catalysts with Si/Al = 30 and 45 under the reaction conditions.
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Fig. 3 The benzene formation rate in the DHA of hydrocarbons over the 2% Mo/ZSM-5 catalysts with
different Si/Al atomic ratios: 17 (1); 30 (2); 45 (3) The feed composition: 85 vol.% CH4 ? 5 vol.%
C2H6 ? 10 vol.% Ar
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Note that the content of iron in the zeolite samples with Si/Al = 30 and 45 was

noticeably higher than that in the zeolite with Si/Al = 17 (0.5 and 0.1 wt% Fe,

respectively) [5]. Iron is known to form an active site of Fe–Al catalysts for the

decomposition of hydrocarbons to hydrogen and filamentous carbon [17, 18]. The

oxidation of the latter species during DTA of the Mo/ZSM-5 catalysts with Si/

Al = 30 and 45 can account for the appearance of the second high-temperature

exothermic effect. The transmission electron microscopy data proved the presence

of filamentous carbon in the Mo/ZSM-5 catalysts with Si/Al = 30 and 45 studied in

the methane DHA [19].

The carbonaceous deposits are formed due to consecutive reactions of

condensation and polymerization of hydrocarbons, dehydrocyclization and bond

formation in cyclic structures. These processes lead to a gradual decrease in the

hydrogen content in the deposits, until the formation of pseudographite structures

due to the release of light hydrocarbons and hydrogen. When ethane is present in the

feed, the alkylation of the aromatic compounds with ethane can also take place [20,

21]. This reaction results in the formation of alkyl-substituted aromatic compounds,

which are the species that lead to the increased contents of carbonaceous deposits.

Table 2 DTA and TGA data

for the 2% Mo/ZSM-5 catalysts

after 6 h on stream in DHA of

hydrocarbons. Reaction

conditions: 810 h-1 (85 vol.%

CH4 ? 5 vol.%

C2H6 ? 10 vol.% Ar), 720 �C

Si/Al TDTA (�C) Content of carbonaceous

deposits (wt%)

17 510 4.9

30 480

555

3.2

1.5

45 495

555

5.7

1.8
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Fig. 4 Effect of the feed composition and molybdenum content on the position of exothermic effect
maximum (1, 2) and content of carbonaceous deposits (3, 4) over the Mo/ZSM-5 catalysts (Si/Al = 17)
after 6 h on stream: 90 vol.% CH4 ? 10 vol.% Ar (1, 3); 85 vol.% CH4 ? 5 vol.% C2H6 ? 10 vol.% Ar
(2, 4)
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Conclusions

Peculiarities of the CH4–C2H6 mixture dehydroaromatization over 1–10% Mo/ZSM-

5 catalysts (Si/Al = 17, 30, 45) have been studied in comparison with the respective

reaction of individual hydrocarbons. For the (90 vol.% CH4 ? 10 vol.% Ar) mixture,

the methane conversion passes through the maximum and decreases with time-

on-stream, being about 12% after 6 h. The experiments with the mixture (85 vol.%

CH4 ? 5 vol.% C2H6 ? 10 vol.% Ar) demonstrated that the presence of ethane

suppresses the methane conversion practically to zero. An increase in the benzene

formation rate was observed for the (CH4 ? C2H6 ? Ar) reaction mixture in

comparison with the (CH4 ? Ar) reaction mixture. The DTA and TGA character-

ization of the spent Mo/ZSM-5 catalysts showed the acceleration of the carbonaceous

deposits formation in the presence of ethane. Both the condensation degree of

carbonaceous deposits (the C/H ratio) and their content are higher in the presence of

ethane. For both feed compositions, the maximum benzene formation rate was

observed over the catalyst with 2 wt% Mo and Si/Al = 17. It is proposed that the

formation of C2 intermediates from methane and their further transformations at the

DHA compete with ethane aromatization, presumably on the same Mo active sites.
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