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INTRODUCTION

Protection of air from pollutants, among them
nitrogen oxides (NOx) is a problem for modern soci�
ety, which is gaining urgency. Nitrogen oxides have a
negative effect on human beings and the environment
[1, 2]. Automobile transport and heat power plants are
the main sources of NOx emissions.

Many ways to reduce NOx concentration in gas
emissions are known. Hydrogen, carbon oxide,
ammonia or urea, methane, and even diesel fuel are
used as reducing agents. CH–SCR NOx—the selec�
tive catalitic reduction of NOx by hydrocarbons, which
typically are present in products of incomplete com�
bustion of hydrocarbon fuels is of particular interest.
Propane, propylene, and n�dekane are commonly
used as reducing agent hydrocarbons in simulating the
composition of exhaust gases of gasoline and diesel
engines. Various catalysts are utilized in processes of
reduction of nitrogen oxides, namely, simple and
complex oxides, zeolites, montmorillonite pillar clays
and transition metals applied on them [1, 3–9].

Multicomponent catalysts prepared using hydro�
talcitelike (HTL) materials that are also called layered
double hydroxides or anionic clays and represent a
novel class of synthetic layered materials are of intense

interest. Generally, the formula of HTL materials
appears as:

where M2+ stands for Mg2+, Ni2+, Zn2+, Co2+, Cu2+ …;
M3+ stands for Al3+, Fe3+, Ga3+, …; and Az– stands for

, , Cl–, …

Some of them are widespread in nature in form of
minerals, such as hydrotalcite Mg6Al2(OH)16CO3 ⋅
4H2O, takovite, Ni6Al2(OH)16CO3 ⋅ 4H2O, pyroaurite
Mg6Fe2(OH)16CO3 ⋅ 4H2O, reevesite
Ni6Fe2(OH)16CO3 ⋅ 4H2O, etc. [10–13].

Hydrotalcites are characterized by nanodimen�
sionality of crystallites and homogeneous distribution
of cations within the layers. Under calcination, hydro�
talcites transform into highly disperse, thermally sta�
ble mixed oxides of nonstoichiometric composition
with a developed surface, that allows one to use them
in catalysis [14–16], in particular, in catalytic reduc�
tion of NOx to N2 [17, 18].

It has been shown [19, 20] that HTL materials con�
taining Cu, Mg, and Al are potential catalyst precur�
sors, which are active in reactions of decomposition
and reduction of NOx with propane.
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During the catalytic decomposition of N2O, cal�
cined Ni–Al–CO3 HTL samples with M2+/M3+ = 3
were proved to be more active compared with the cor�
responding Co� and Cu�containing hydrotalcites.
However, the activity of hydrotalcite Co–Al and Cu–
Al catalysts in the reaction specified was higher than
that for ZSM�5�based zeolite Co, Cu catalysts [21, 22].

This work was aimed at the utilization of hydrotal�
citelike Co–Al and Ni–Al catalysts of different com�
positions in the reaction of selective reduction of NOx
by propane, propylene, and n�decane.

EXPERIMENTAL

For preparation of the catalysts, we used reagents of
analytical grade. Hydrotalcitelike Co and Ni samples
were prepared by coprecipitation from the solutions of
corresponding nitrates: Co(NO3)2 ⋅ 6H2O, Ni(NO3)2 ⋅
6H2O, and Al(NO3)3 ⋅ 9H2O (with the total concentra�
tion of metals in the solution of 0.5 M) and solution of
nonaqueous Na2CO3 (concentration 0.9 M) at 80°C
and pH = 8. A feed rate of nitrate solution of 1 dm3/h
was maintained constant. The Na2CO3 solution was
introduced into the system so that the pH value
remained constant. After 1 h, the resultant precipitate
was filtered and washed with distilled water at 90°C
until the negative reaction to nitrate ions. The content
of Na2O in the precipitation obtained was less than
0.2 wt %. The samples of Co� and Ni�containing cat�
alysts were being dried for 20 h at 80°C and calcined
for 2 h at 550°C.

In general form, the catalysts can be presented as
M–Al–x, where M = Co or Ni, and x is M2+/Al3+

atomic ratio, which varies over a range of 0.5–3.0.
The precipitate composition was determined by

atomic adsorption spectroscopy after the precipitate
had been dissolved in HCl (in a 1 : 1 proportion) using
a Perkin Elmer 360 spectrophotometer.

X�ray diffraction analysis (XRDXRD) of the sam�
ples was performed on a TUR�M 62 powder diffracto�
meter using CoK

α
�radiation (λ = 179.026 pm). The

phases were identified when compared to the JCPDS

database standards. Crystallite sizes were calculated
according to the Sherer equation using software [23].
We used the most intensive reflexes with indices (003)
and (006) for tacovitelike (TL) phases in noncalcined
systems, (200) for NiO and (311) for Co3O4 for cal�
cined systems.

The catalyst surface was determined based on N2
adsorption using the single�point method. The sam�
ples were preliminarily dried for 16 h at 105°C. The
measurement error was less than 10%.

The activity of samples (that were precalcined at
450°C in nitrogen flow for 1 h) in SCR NOx reaction
was determined on a continuous�type setup over the
range of 50–500°C at volume rate of gas flow of
11200 h–1 (the catalyst volume was 0.8 cm3).

Propane, propylene, and n�decane were used as
reducing agents. The composition of the initial gas
mixtures was as follows (vol %): NO—0.13, C3H8—
0.08, O2—2.0, N2—up to 100; NO—.13, C3H6—
0.11, O2—2.0, N2—up to 100; NO—0.13,
n�C10H22—0.05, O2—8.5, N2—up to 100.

The content of NO in the gas mixture at reactor
inlet and outlet was determined using a Testo�33 elec�
trochemical gas analyzer (Germany) with accuracy up
to 1 (10–4%).

The model gas mixtures used were close to the
composition of exhaust gases of diesel fuels.

RESULTS AND DISCUSSION

Physicochemical characteristics of samples. The
table lists physicochemical parameters of the samples.
As seen, the specific surface (Ssp) of synthesized cata�
lysts after the drying procedure depends on the nature
and content of a two valent cation. Under the same
M2+/Al3+ ratio, Co–Al samples have less developed
surface as compared with Ni–Al. The difference can
be explained (based on XRD results) by different crys�
tallinity of the TL phase. Thus, in the Co–Al�0.5, two
phases can be identified: explicitly apparent reflexes of
TL phase (JCPDS file 15�0087) with 11�n crystallites
and weak reflexes of gibbsite (G) (JCPDS file

Physicochemical parameters of the samples

Samples
Content of 
M2+ oxide,

wt %

After drying at 80°C After calcination at 550°C

Ssp, m2/g XRD LTL, nm Ssp, m2/g XRD LMO, nm

Co–Al�0.5 CoO – 42.1 89 TL + G* 11 189 Co3O4 5

Co–Al�1.5 CoO – 68.8 60 TL 12 136 Co3O4 8

Co–Al�3.0 CoO – 81.3 29 TL 16 87 Co3O4 12

Ni–Al�0.5 NiO – 42.3 102 TL + G – 206 NiO* –

Ni–Al�1.5 NiO – 68.7 91 TL 4 154 NiO* –

Ni–Al�3.0 NiO – 81.5 71 TL 7 133 NiO 4

Notes: G is gibbsite, LTL is the size of TL�particles, and LMO is the size of oxide particles.
* Amorphous phase.
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33�00178). On the diffraction pattern of Ni–Al�0.5
the gibbsite phase is also registered, however, TL
reflexes are very weak. The lower crystallinity of
TL�Ni impedes the determination of particle size and
stipulates the higher developed surface. The crystallin�
ity of the TL phase grows (crystallite size increases to
16 nm) with increasing Co content in the samples,
which is accompanied by a decrease in the specific
surface. Meanwhile, the gibbsite phase is not regis�
tered. A similar pattern is observed in the case of
Ni⎯Al samples, where the TL phase in Ni–Al�1.5 and
Ni–Al�3.0 samples has lower crystallite sizes (4 and
7 nm, respectively). That indicates that the dispersity
of nickel is higher than that in Co–Al analogs by a fac�
tor of 2–3.

After calcinations, the surface of all samples
increases significantly, and for Ni–Al samples it
increases to a larger extent. This effect is associated
with the decomposition of the TL phase and CO2 and
H2O emission, the formation of mixed metal oxides
and formation of micro� and mesopores [25]. As
cobalt and nickel concentration in the samples
increases, the specific surface decreases simulta�

neously with the growth of oxide crystallites. Co3O4
(JCPDS file 09�0418) and NiO (JCPDS file 4�850)
phases were ascertained in Co� and Ni�containing
catalysts, respectively, while the Al2O3 phase does not
emerge in all the samples, probably, due to its amor�
phous state. The Co3O4 phase with 5 nm crystallites
was observed in Co�containing samples even at low Co
content (Co–Al�0.5). When cobalt content is
increased (Co–Al�3.0), the crystallite size goes up to
12 nm. Ni�containing samples show lower crystallinity
compared to Co�analogs both after drying and calci�
nations, which impedes the determination of crystallite
sizes for the NiO phase in Ni–Al�0.5 and Ni–Al�1.5
samples with low Ni content. Only in the Ni–Al�3.0
sample the NiO phase with nanosized (4 nm) particles
is registered. A trend toward the formation of higher
dispersity of Ni�containing phase remains after dry�
ing, similar to the TL samples. The higher dispersity
supposes the greater number of active sites on the sur�
face of samples.

Catalytic activity. The temperature dependences of
the conversion of nitrogen oxide (XNO) under reduc�
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Fig. 1. Temperature dependences of the NO conversion in the reaction CH–SCR NOx by (a, a') propane, (b, b') n�decane, and
(c, c') propylene on (a, b, and c) Co–Al and (a', b', and c') Ni–Al catalysts. 
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tion by hydrocarbons on Co� and Ni�containing
hydrotalcite catalysts are shown in Fig. 1.

In CH–SCR NO, by propane on all catalysts the
temperature dependences of NO conversion are char�
acterized by the volcano�shaped maximum, whose
height depends on the content of active component
(Figs. 1a, 1a'). Ni(Co)–Al�0.5 show the highest activ�
ity. The maximum degree of NO conversion at 300°C
attains 70% and 55% on Ni� and Co�containing cata�
lysts, respectively. The conversion of nitrogen oxide
decreases with increasing cobalt and nickel contents,
so that it is lower than 10% on the Co–Al�3.0 sample.

When using n�C10H22 (decane), all cobalt samples
have low and almost identical activity in NO conver�
sion. The volcano�shaped curves with the maximum
of degree of conversion (XNO = 20–25%) at 280–
320°C are observed (Fig. 1b).

In the case of Ni�containing samples, in the pres�
ence of n�decane reducing agent, the change in degree
of NO conversion is volcano�shaped; however, the
temperature corresponding to the maximum changes
with the composition (Fig. 1b'). The most active sam�
ple, Ni–Al�0.5, attains 42–45% of NO conversion at
t ≈ 300°C. With nickel content increasing (Ni/Al = 1.5
and 3.0), the activity decreases and becomes compara�
ble with that of cobalt catalysts, the maxima shifting to
the high�temperature region (375–400°C).

As seen from the curves presented in Figs. 1c and
1c', when propylene is used as a reducing agent, the
highest values of nitrogen oxide conversion are
attained on all Co� and Ni�containing samples stud�
ied. The degree of conversion at low temperatures
below 250°C depends on the cobalt content in the cat�
alyst, being the highest for Co/Al = 0.5 (Fig. 1c).
At 420–440°C the activity of the samples becomes
even and reaches the maximum values: XNO = 90–
99%. The degree of nitrogen oxide conversion
depends on nickel content in the catalyst for all tem�
peratures of the reaction, being the highest for
Ni/Al = 0.5 (Fig. 1c'). The maximum values XNO =
90–99% are attained at 400°C.

The decrease in catalytic activity of the samples at
temperatures specified for the case of utilizing pro�
pane and decane illustrates the role of reducing agent
nature (C3 and C4) in SCR [24]. Hydrocarbons with
greater number of carbon atoms in a molecule are
known to show higher reactivity [27]. That refers both
to the activity of hydrocarbons in the reaction of
reduction of nitrogen oxides and coke formation. The
selective reduction of NOx by hydrocarbons in the
presence of oxygen may be considered as a concurrent
reaction of hydrocarbon oxidizing by nitrogen oxide or
oxygen [25]. The latter reduces the amount of the
reducing agent in the reaction medium by decreasing
the activity of samples in SCR reaction for producing
N2. All these factors determine the volcano�shaped
dependence of the activity on temperature.

As opposed to propane and decane, for propylene
there is no volcano�shaped dependence of the activity
on temperature for Co and Ni catalysts: activity
increases up to 400°C (probably, due to the low activ�
ity of these catalysts in oxidizing of the reducing
agent–propylene by oxygen at this temperature with
high activity of nitrogen oxide conversion, which fol�
lows from [26]).

The higher activity of the catalysts with M2+/Al3+

ratio is 0.5 is connected with the high dispersity of Ni�
or Co�containing mixed oxides. This effect appears
more explicitly for the Ni–Al�0.5 sample.

With increasing content of Ni2+ and Co2+ ions, the
size of transition metal oxides increases, with corre�
sponding decrease in the dispersity of the active phase,
and, therefore, the number of active sites, which leads
to the decrease in activity of the samples under inves�
tigation in CH–SCR NOx reaction.

The further rising of the catalyst activity may be
attained by the introduction of various modifying ions
into hydrotalcite.

Therefore, being the inexpensive bi� and multi�
component systems after modifying additives are
introduced into them by various methods, HTL mate�
rials are promising for the design of new active highly
disperse catalysts.

CONCLUSIONS

(1) The examination of the activity of Co� and
Ni�containing hydrotalcite catalysts, which were
coprecipitated in the model reaction mixture close to
composition of exhaust gases of diesel engines, has
demonstrated the prospectivity of their utilizing in the
reaction of selective reduction of nitrogen oxides by
hydrocarbons.

(2) Under the same M2+/M3+ ratio, coprecipitated
Ni–Al samples have the higher developed surface as
compared to Co–Al samples. The difference observed
can be explained by a lower crystallinity and, there�
fore, smaller nanocrystallite sizes of Ni–Al samples
both in the initial hydrotalcite phase and in mixed
oxides after the calcination.

(3) The crystallites grow with nickel and cobalt
content increasing after the drying procedure and dur�
ing the calcinations stage, which is accompanied by a
decrease in the surface area, and, therefore, in disper�
sity.

(4) The higher activity of catalysts with M2+/Al3+ =
0.5 is due to the higher dispersity of Ni� or Co�con�
taining mixed oxides. This effect can be connected
with the lower phase sizes, higher dispersity of the
active phase, and, as a result, the number of active sites
for the conversion of nitrogen oxides.

(5) Propylene is a more efficient reducing agent
than propane and n�decane. It is probably connected
with the low activity of Co–Al and Ni–Al catalysts in
the concurrent reaction of oxidizing the reducing
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agent (propylene) by oxygen in the temperature range
under examination.

(6) Tacovitelike Ni–Al materials (with Ni/Al =
0.5) have been recommended as promising catalysts in
CH–SCR NOx reaction at 350–400°C.
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