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INTRODUCTION

Unusual adsorption and catalytic properties of high-
silica zeolites modified with doubly charged cations, in
particular, Co

 

2+

 

 ions, have attracted considerable atten-
tion in the last few years [1–6]. Thus, the adsorption of

 

ç

 

2

 

 on CoZSM-5 samples was detected [1]; hypotheti-
cally, this adsorption occurred at the Co

 

2+

 

 ions stabi-
lized outside the tetrahedral positions of the zeolite
framework. The CoZSM-5 catalysts exhibited high
activity in the reactions of selective 

 

NO

 

x

 

 reduction [2],
ethane ammoxidation to acetonitrile [3, 4], complete
hydrocarbon oxidation [5, 6], etc. The activity and
selectivity of these catalysts was related to not only the
state of Co

 

2+

 

 ions but also the character of their local-
ization in the pore space of high-silica zeolites.

The Co

 

2+

 

 ions can be introduced into the framework
of only some types of zeolites and only at the stage of
zeolite synthesis from mixed gels. Thus, CoAPO-5 zeo-
lites, whose framework contained 

 

ëÓ

 

2+

 

 ions in a tetra-

hedral ( ) oxygen coordination, were synthesized

from gels containing Co

 

2+

 

, 

 

Al

 

3+

 

, and  [7]. The iso-
morphous replacement of 

 

Al

 

3+

 

 ions at tetrahedral posi-

tions ( ) by Co

 

2+

 

 ions in the framework of the
formed HZSM-5 zeolite cannot be performed using so-
called postsynthetic modification.

The postsynthetic modification is most frequently
performed by wet or solid-phase ion exchange between
M

 

2+

 

 salts and various zeolites [8]. In accordance with a

CoTd
2+

PO4
3–

AlTd
3+

 

currently widespread opinion, M

 

2+

 

 ions are localized in
the channels of zeolite HZSM-5 at the following three
types of charge-exchange sites [9, 10]:

(1) M

 

2+

 

 is coordinated to two of four oxygen atoms
from the environment of isolated aluminum atoms and
contains one OH group in the coordination sphere
(these sites are designated as 

 

Z

 

–

 

[MeOH]

 

+

 

);
(2) M

 

2+

 

 is coordinated to oxygen of a pair of alumi-
num atoms contained in six-membered rings (desig-
nated as 

 

Z

 

–

 

Me

 

2+

 

Z

 

–

 

);

(3) M

 

2+

 

 is coordinated to oxygen of a pair of alumi-

num atoms separated by a  atom as 

 

[åÂ–é–å]

 

2+

 

dimers (designated as 

 

Z

 

–

 

[MOM]Z

 

–

 

).
Two main assumptions form the basis of these con-

cepts. First, the localization of M

 

2+

 

 ions occurs only at

oxygen atoms bound to  in zeolite HZSM-5 chan-
nel walls. Second, all of the aluminum contained in
zeolite is framework aluminum. At the same time, the
channels of zeolite HZSM-5 (particularly, with a Si/Al
ratio of 

 

≤

 

20

 

) almost always contain extraframework
aluminum [11], the appearance of which can be a con-
sequence of the incomplete interaction of components
in the synthesis of zeolites or the subsequent thermal
treatment of these zeolites. Before our previous study
[12], the possible interaction of M

 

2+

 

 ions introduced
into the channels of zeolite HZSM-5 with the
extraframework aluminum had not been detected
experimentally and this possibility had not even been
discussed.
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Abstract

 

—The distribution of the cobalt-containing modifying component in the pore space of zeolite HZSM-
5 depending on the total cobalt content of the samples (0.5–5.0 wt %) was quantitatively studied for the first
time. At cobalt concentrations to 3.0 wt %, the cobalt-containing modifying component mainly occurred as iso-

lated  ions in the micropores (channels) of HZSM-5 at the ion-exchange positions of the zeolite and in
one-dimensional CoO and 

 

CoAl

 

2

 

O

 

4

 

 nanoclusters. A further increase in the cobalt concentration to 5.0 wt %
resulted, in addition to the filling of micropores, in the partial filling of the mesopore space of the zeolite with
a small amount of three-dimensional CoO and 

 

CoAl

 

2

 

O

 

4

 

 nanoparticles. Using sorption data and electronic dif-
fuse reflectance spectra, we were the first to find that the effective density of a cobalt-containing modifying
component in the pore space of a zeolite matrix was lower than the density of a bulk CoO phase by a factor of 6.

 

DOI: 

 

10.1134/S0023158408020171

CoOh
2+



 

286

 

KINETICS AND CATALYSIS

 

      

 

Vol. 49

 

      

 

No. 2

 

      

 

2008

 

KRIVORUCHKO et al.

 

Previously [12], we found that the introduction of
doubly charged cations into high-silica zeolites fol-
lowed by the hydrolytic polycondensation and the ther-
mal treatment of samples provides an opportunity to
stabilize M

 

2+

 

 ions in zeolite channels in the following

three forms: as isolated  ions at ion-exchange posi-
tions; in a tetrahedral coordination, which is unusual
for these systems, due to the interaction with
extraframework 

 

Al

 

3+

 

 with the formation of one-dimen-
sional 

 

å

 

2+

 

Al

 

2

 

O

 

4

 

 analogs; and as one-dimensional M

 

2+

 

oxide nanoclusters. At the same time, we did not study
the distribution of a modifying component in the pore
space of HZSM-5 crystals depending on the total cobalt
content of the samples.

The aim of this work was to study the distribution
and electronic state of a cobalt-containing component
in the pore space of HZSM-5 upon the postsynthetic
modification of the zeolite at 0.5–5.0 wt % cobalt con-
centrations in the samples.

EXPERIMENTAL

A series of 

 

ëÓ(

 

n

 

)ZSM-5

 

 samples, where 

 

n

 

 is the
cobalt content from 0.5 to 5.0 wt % of zeolite weight,
were synthesized in this study. Commercial zeolite
HZSM-5 with the ratio Si/Al = 17 and Fe

 

3+

 

 and Na

 

+

 

impurity concentrations of 0.09 and 0.05 wt %, respec-
tively, without a binding agent was used for the synthe-
sis of Co

 

2+

 

ZSM-5; this zeolite was studied in detail pre-
viously [12]. Before the introduction of Co

 

2+

 

 ions, the
zeolite was calcined at 300

 

°

 

C to constant weight.
Cobalt was introduced into zeolite channels by incipi-
ent wetness impregnation with aqueous solutions of

 

ëÓël

 

2

 

 followed by the treatment of the samples with a

MOh
2+

 

dilute solution of 

 

NH

 

3

 

 at pH 9.0 and room temperature
for 16 h. Next, the samples were filtered off, washed
with distilled water, and kept in air to a dry state. At the
final stage of the synthesis, the samples were calcined
stepwise at 110, 250, 350, and 

 

450°ë

 

 in air for 6 h at
each of the specified temperatures. Here, the results of
a study of the samples calcined at a final temperature of

 

450°C

 

 are reported.
The pore structure of zeolite HZSM-5 and the sam-

ples modified with cobalt chloride was studied by the
low-temperature (77 K) adsorption of 

 

N

 

2

 

 using a
Micromeritics Digisorb 2600 instrument. The samples
were thermally pretreated in a vacuum at 

 

450°ë

 

 and a
residual pressure of 

 

10

 

–3

 

 Torr for 5 h. The adsorption
isotherms were treated using a comparative method
[13] and the Barrett–Joyner–Halenda (BJH) method
[14].

The diffuse reflectance electronic spectra were mea-
sured on a Shimadzu UV-2501 PC spectrophotometer
equipped with an ISR-240 A diffuse reflectance acces-
sory. The spectra were measured with reference to a

 

BaSO

 

4

 

 reflectance standard over the range 11000–
53000 cm

 

–1

 

. The diffuse reflectance spectroscopy data
were represented as the Kubelka–Munk function 

 

F

 

(

 

R

 

)

 

.
The X-ray diffraction patterns of HZSM-5 and

 

ëÓ(

 

n

 

)ZSM-5

 

 samples were measured on a Siemens
D-500 diffractometer using 

 

Cu

 

K

 

α

 

 radiation. A
reflected-beam graphite monochromator was used to
filter off 

 

Cu

 

K

 

β

 

 radiation. The measurements were per-
formed by scanning with a step of 

 

0.05°

 

 and an accu-
mulation time of 3 s in the range of angles 

 

2

 

θ

 

 = 5°–60°

 

.

RESULTS AND DISCUSSION

Figure 1 shows the isotherms of low-temperature
nitrogen adsorption; these isotherms indicate that the
test samples were characterized by developed micro-
and mesoporosity. Table 1 summarizes the main struc-
ture parameters calculated from the sorption data by a
comparative method. For a correct comparison, the
parameters (

 

P

 

) in Table 1 are referred to a gram of zeo-
lite in the catalyst in accordance with the relation 

 

P

 

(1 + 

 

X

 

)

 

,
where 

 

X

 

 is the weight ratio between cobalt and zeolite,
(g Co)/(g zeolite). As follows from Table 1, zeolite
modification with Co

 

2+

 

 compounds resulted in a notice-
able change in the micropore component of the texture
(a decrease in the micropore volume 

 

V

 

µ

 

), whereas the
mesopore structure (probably, space between zeolite
crystallites) changed to a much lesser degree (

 

V

 

cum

 

and 

 

S

 

in

 

).
Figure 2 compares the isotherms of desorption for

the parent zeolite HZSM-5 and the modified
Co(

 

n

 

)ZSM-5 samples. It can be seen that, in the major-
ity of cases, the comparative isotherm plots exhibited
two linear portions 

 

I

 

 and 

 

II

 

. In accordance with the
pressure ranges of sorbate vapor, the former and latter
portions correspond to sorption in the micropore and
mesopore spaces of the zeolite, respectively. An analy-
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Fig. 1.

 

 Isotherms of nitrogen adsorption on (

 

1

 

) parent zeo-
lite HZSM-5 and modified Co(

 

n

 

)ZSM-5 samples contain-
ing (

 

2

 

) 0.5, (

 

3

 

) 2.0, (

 

4

 

) 3.0, and (

 

5

 

) 5.0 wt % Co at 77 K.
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sis of the slopes of these portions (see Table 1) indi-
cated that the slope of the former portion noticeably
decreased in the course of modification (this corre-
sponds to a relative decrease in the micropore volume
of these samples), whereas the slope of the latter por-
tion changed to a lesser extent to demonstrate the reten-
tion of the major portion of the pore space of mesopo-
res. Note that, in a sample with a minimum concentra-
tion of the modifying component, the slopes of both of
the portions were somewhat greater than unity; this
suggests an increase in the micro- and mesopore vol-
umes as compared with those of the parent zeolite. An
analogous increase in the mesopore volume of this
sample also follows from data on Vcum (Table 1). This
fact remains to be explained.

The insert in Fig. 2 shows a correlation of the slope
of portion I (relative decrease in the micropore volume)
with the Co content of modified Co(n)ZSM-5 samples.

A stable linear correlation (except for the sample with
a minimum cobalt content, which is not shown in the
insert of Fig. 2) suggests an approximately constant
effective density of the modifying component arranged
in zeolite micropores.

Figure 3 shows differential mesopore-size distribu-
tion curves calculated by the BJH method. A compari-
son between the curves indicates that the volumes of
the finest mesopores (D < 5 nm) decreased as the total
amount of the modifying component was increased. In
this case, the volume of fine mesopores in a sample
with 0.5 wt % Co was higher than the corresponding
volume in the parent zeolite (see VD < 5 in Table 1). At
the same time, the pore space volume with D > 5 nm
remained almost unchanged.

An analysis of the above experimental data allowed
us to conclude that, depending on the concentration of
introduced cobalt, the modifying additive was localized

Table 1.  Texture parameters of parent zeolite HZSM-5 and modified Co(n)ZSM-5 samples

Cobalt concentration
in HZSM-5, % Vµ, cm3/g Sα, m2/g Vpore, cm3/g Sin, m2/g

Slope*
Vcum, cm3/g VD < 5, cm3/g

portion I portion II

0 0.122 77 0.153 32 1 1 0.098 0.046

0.5 0.111 95 0.151 36 1.12 1.10 0.111 0.055

2.0 0.098 79 0.135 28 0.90 0.88 0.096 0.046

3.0 0.097 64 0.128 27 0.76 0.89 0.094 0.040

5.0 0.079 53 0.103 26 0.61 0.81 0.080 0.034

Note: Vµ is the micropore volume, Sα is the mesopore surface area, Vpore is the total pore volume, Sin is the macropore surface area, Vcum
is the cumulative mesopore volume calculated by the BJH method, and VD < 5 is the volume of mesopores with D < 5 nm.
* See the text for comments.
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in both the micropore volume and the mesoporous por-
tion of the zeolite structure, mainly, with the pore sizes
D < 5 nm. The quantitative relationship between the
volumes of the modifying component arranged in zeo-
lite micro- and mesopores will be analyzed below.

Let us consider the experimental data on the elec-
tronic state of the cobalt-containing modifying compo-
nent in the pore space of ëÓ(n)ZSM-5 samples.

The electronic states of cobalt ions in various coor-
dination environments have been much studied [15].
Together with the results of the previous study [12] of
zeolites CoZSM-5, these published data [12, 15] form
a basis for the reliable interpretation of the diffuse
reflectance electronic spectroscopy data given below.

At 0.5–3.0 wt % cobalt concentrations in the sam-
ples, the modifying component almost completely
occurred in the micropores (channels) of zeolite
HZSM-5 (see Table 1). Because the size of cylindrical
channels in HZSM-5 crystals is ~0.55 nm, it is reason-
able to consider the modifying component in this
region of ëÓ(n)ZSM-5 sample compositions to be
composed of one-dimensional nanoclusters. At a cobalt
content of the samples higher than 3.0 wt %, a portion
of this component is arranged in mesopores (see
Table 1). In these samples, two- and three-dimensional
nanoparticles of the cobalt-containing modifying com-
ponents are formed along with one-dimensional nano-
particles.

Figure 4 shows the diffuse reflectance electronic
spectra of zeolite HZSM-5 and the samples prepared by
zeolite modification with cobalt cations with concentra-
tions from 0.5 to 5.0 wt %. The parent zeolite (Fig. 4,
curve 1) was characterized by the appearance of the
fundamental absorption edge in the UV region at
37500 cm–1 due to the occurrence of a band gap, which
is typical of dielectric oxide structures, in the zeolite
[16]. The absence of absorption bands due to the

absorption of zeolite as a whole from the visible region
of the diffuse reflectance electronic spectra of parent
HZSM-5 allowed us to unambiguously interpret
absorption bands, which characterize the electronic
state of cobalt in the modifying component of
Co(n)ZSM-5 samples.

The diffuse reflectance electronic spectrum of a
Co(0.5)ZSM-5 sample (Fig. 4, curve 2) exhibited an
absorption band at 27500 cm–1, whose intensity
decreased as the cobalt content of the modified sample
was further increased. It is likely that this absorption
band appeared due to the state of Co2+, which is difficult
to interpret unambiguously. Note that the diffuse reflec-
tance electronic spectrum of the Co(0.5)ZSM-5 sample
also exhibited two low-intensity broad absorption
bands in the visible region at 13000–17000 and 17500–
20000 cm–1. The broadening of these absorption bands
allowed us to assume the occurrence of heterogeneously
distributed Co2+ cations in both tetrahedral and octahe-

dral ( ) oxygen coordinations in zeolite channels. It

is likely that  cations were localized at ion-
exchange positions in the zeolite channels. Taking into
account that the intensity of absorption bands due to

 ions was higher than that of absorption bands due

to  ions by two orders of magnitude, we can con-
clude that cobalt cations in the Co(0.5)ZSM-5 sample

mainly occurred in the  state.

As the cobalt content was increased to 2.0 wt % or

higher (Fig. 4, curves 3 and 4), the distribution of 
ions at ion-exchange positions in the pore space of
Co(n)ZSM-5 samples became more homogeneous, as
evidenced by the appearance of a narrowed absorption
band at 17800 cm–1 in the diffuse reflectance electronic
spectrum [12]. Moreover, the diffuse reflectance elec-
tronic spectrum of a Co(2.0)ZSM-5 sample (Fig. 4,
curve 3) additionally exhibited a pair of absorption
bands in the visible region at 15300 and 16000 cm–1

due to the d–d transition of  cations, which are sta-
bilized in HZSM-5 channels because of the interaction
with extraframework Al3+ cations as one-dimensional
CoAl2O4 nanoanalogs [12]. These one-dimensional
Co2+ nanoaluminates were also formed at a 3.0 wt %
cobalt content (Fig. 4, curve 4). It is likely that a shoul-
der at 21000 cm–1, which appeared in the diffuse reflec-
tance electronic spectra of Co(2.0)ZSM-5 (Fig. 4,
curve 3) and Co(3.0)ZSM-5 samples (Fig. 4, curve 4),
was due to the d–d transition of Co2+ ions in an octahe-
dral coordination in the structure of one-dimensional
clusters with the CoO stoichiometry. The absorption
band at 13000 cm–1 in the diffuse reflectance electronic
spectrum of the Co(2.0)ZSM-5 sample (Fig. 4, curve 3)
is difficult to interpret unambiguously because we were
the first to observe its simultaneous appearance with the
shoulder at 21000 cm–1.
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Fig. 4. Diffuse reflectance electronic spectra of (1) parent
zeolite HZSM-5 and modified Co(n)ZSM-5 samples con-
taining (2) 0.5, (3) 2.0, (4) 3.0, and (5) 5.0 wt % Co.
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Previously, the interaction of Co2+ and Al3+ salts
with the formation of a Co2+ hydroxoaluminate (CHA)
was observed in mixed aqueous solutions even at pH
~7.5 [17]. Note that CHA with the constant cationic
ratio Co/Al = 2 : 1 was formed upon varying the Co/Al
ratio in starting solutions from 2.5 : 1 to 1 : 4. In the
course of thermal treatment at T ≥ 250°ë, the ëÓAl2é4
spinel and CoO were formed from bulk CHA. Accord-
ing to our data, the Co2+ ions in the spinel exhibited
mainly (~85%) tetrahedral and partially (~15%) octa-
hedral coordinations or an octahedral oxygen coordina-
tion in the CoO oxide. It is believed that the interactions
of Co2+ ions with extraframework Al3+ ions analogous
to those described by Taraban et al. [17] occur in
HZSM-5 channels after the incipient wetness impreg-
nation of the zeolite with a solution of a Co2+ salt fol-
lowed by an alkaline treatment. In this case, one-
dimensional CHA nanoclusters are formed in zeolite
micropores, whereas the formation of two- and three-
dimensional CHA nanoparticles in mesopores would
be expected. After thermal treatment at 450°ë, the
CHAs were converted into one- and three-dimensional
nanoaluminates and Co2+ oxo compounds, respectively.

An absorption band multiplet at 15800, 17000, and
18300 cm–1 (Fig. 4, curve 5), which corresponds to the
diffuse reflectance electronic spectrum of bulk
ëÓAl2é4 [12], appeared in the diffuse reflectance elec-
tronic spectrum of zeolite Co(5.0)ZSM-5, which exhib-
ited the maximum filling of mesopores with the modi-
fying component among the entire sample series (see
Table 1). It is likely that this multiplet masked absorp-
tion bands due to one-dimensional Co2+ nanoalumi-
nates arranged in zeolite micropores in the diffuse
reflectance electronic spectrum.

Thus,  ions are stabilized in the following two
forms in the pore space of modified Co(n)ZSM-5 sam-
ples: at isolated ion-exchange positions and as one-
dimensional CoO nanoclusters. Moreover, a very small

fraction of  can occur in three-dimensional CoO
or CoAl2O4 nanoparticles, the presence of which is evi-

denced by X-ray data given below. The  cations in
zeolite micropores are stabilized in the structure of one-
dimensional CoAl2O4 nanoclusters and, partially, as
CoAl2O4 nanocrystals in mesopores.

From an analysis of the entire set of diffuse reflec-
tance electronic spectroscopy data, it follows that the
stoichiometry of cobalt–oxygen fragments in the mod-
ifying component corresponds to CoO regardless of the
nature and localization of this component in the zeolite
pore space.

Figure 5 shows the diffraction patterns of the parent
zeolite HZSM-5 and the samples with Co contents of
3.0 and 5.0 wt % in the range of angles 2θ = 5°–40°.
These data indicate that the cobalt-modified samples
did not exhibit detectable shifts of peaks with respect to
those of the parent zeolite. However, a redistribution of
line intensities depending on Co content can be seen;

CoOh
2+

CoOh
2+

CoTd
2+

for example, the intensity of the strongest lines corre-
sponding to the interplanar distances d/n = 11.19,
10.06, 3.86, 3.83, 3.76, 3.73, and 3.66 Å decreased with
cobalt content. According to the above diffuse reflec-
tance electronic spectroscopy data, the isomorphous

replacement of  by Co2+ cations was not observed.
Thus, it is believed that the redistribution of line inten-
sities in the diffraction patterns was due to the filling of
the zeolite pore space with the modifying component;
this is also consistent with sorption data. However, this
process did not result in a detectable deformation of the
zeolite framework.

Figure 6 shows the fragments of diffraction patterns
in the range of angles 2θ = 35°–45°, in which the most
intense lines due to oxides and cobalt aluminate
occurred: ëÓ3é4, d/n = 2.44 Å (100%); CoO, d/n =
2.46 Å (67%) and d/n = 2.13 Å (100%); CoAl2O4, d/n =
2.44 Å (100%). In Fig. 6, it can be seen that oxide phase
impurities can occur in small amounts in the samples
with cobalt contents of 3.0 and 5.0 wt %. A comparison
between the adsorption and X-ray diffraction measure-
ments and diffuse reflectance electronic spectroscopy
data allowed us to conclude that the Co(3.0)ZSM-5 and
Co(5.0)ZSM-5 samples contained three-dimensional
CoAl2O4 and CoO impurity nanocrystals arranged in
zeolite mesopores with D < 5.0 nm.

The experimentally found change in the pore vol-
umes of samples as a result of modification allowed us
to evaluate the effective density of the modifying com-
ponent in the pore space of a matrix. In this case, it
should be taken into account that, according to the dif-
fuse reflectance electronic spectroscopy data, the sto-
ichiometry of cobalt–oxygen fragments in modifying
component nanoparticles is close to CoO. Correspond-
ingly, the modifier weight should be increased, as com-

AlTd
3+

3500

40302010
2θ, deg

1

2
3

3.
66

3.
73

3.
76

3.
83

3.
86

10
.0

6
11

.1
9

3000

2500

2000

1500

1000

500

0

Intensity, arb. units

Fig. 5. Diffraction patterns of (1) parent zeolite HZSM-5
and Co(n)ZSM-5 samples containing (2) 3.0 and
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pared to the calculated value (given in sample designa-
tions), proportionally to a change in the molecular
weight on going to the CoO stoichiometry: (59 +
16)/59 = 1.27.

Table 2 summarizes the estimations of the effective
densities of the modifying component in the cobalt-
containing samples (ρeff = mëÓé/∆Vs) and the volume
fractions of the modifying component in the micropore
volume of zeolite HZSM-5 (γ = ∆Vµ/∆Vs), where the
parameter Vs corresponds to the limiting volume of the
sorption space and ∆Vs is the change in this parameter
for modified samples, as compared with that of the par-
ent zeolite. Correspondingly, ∆Vµ is the change in the
zeolite micropore volume upon modification.

In Table 2, it can be seen that the nanodispersed
modifying component in the zeolite pore space had a
much lower (by a factor of 6) effective density than that
of the bulk phase (e.g., 5.7–6.7 g/cm3 for CoO [18]),
and it was mainly arranged in the micropore volume
(zeolite channels) as one-dimensional nanoclusters.
The value of γ noticeably decreased with increasing
concentration of the modifying component because of

the arrangement of three-dimensional CoAl2O4 and
CoO nanocrystals in the mesoporous portion of the zeo-
lite structure with pore sizes D < 5 nm.
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Fig. 6. Fragments of the diffraction patterns of (1) parent
zeolite HZSM-5 and Co(n)ZSM-5 samples containing (2)
3.0 and (3) 5.0 wt % Co.

Table 2.  Texture parameters of the samples and the effec-
tive density of the nanodispersed cobalt-containing modify-
ing component

Cobalt concentration
in HZSM-5, %

Vs ,
cm3/g

∆Vs ,
cm3/g

ρeff ,
g/cm3 γ

0 0.224 – – –
0.5 0.242 – – –
2.0 0.199 0.025 1.0 0.96
3.0 0.190 0.034 1.1 0.73
5.0 0.160 0.064 1.0 0.67
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