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INTRODUCTION

The future of industrial organochlorine synthesis is
associated with the creation of highly active, selective,
and stable catalysts. Conventional quasiadsorption and
impregnation methods for the preparation of supported
salt catalysts (CuCl

 

2

 

–

 

Al

 

2

 

O

 

3

 

, 

 

ZnCl

 

2

 

–

 

Al

 

2

 

O

 

3

 

, 

 

and HgCl

 

2

 

–
active carbon) are based on the impregnation of support
by the aqueous solutions of active salt components
(SC) under static conditions or under the conditions of
vigorous stirring of supports and solutions with further
drying.

These methods have several shortcomings from the
standpoint of formation of optimal catalysts: SC
hydrolysis, the hydration of the developed surface of a
support, and a change in the initial localization of SCs
due to the capillary carry-over of the solution and the
formation of coarsely-dispersed phases during drying.

The formation of multicomponent heterophase salt
catalytic systems based on copper, zinc, and mercury
chlorides on different supports is carried out along the
following three main lines [1–5]: (a) the formation of
bulk near-surface phases with different degrees of order
due to the intercalation of metal ions into vacant octa-
hedral and tetrahedral sites of a support (alumina) lat-
tice or into the interplane spaces of graphite-like crystal
lattice of the carbon support (activated carbon); the
immobilization of SCs on different active sites of sup-
port surface and the formation of linked two-dimen-
sional nonstoichiometric disordered structures; and (c)
the growth of islands of isolated surface three-dimen-
sional clusters of excess SCs or the products of its
hydrolysis and thermolysis followed by agglomeration.

It depends on the methods and conditions for catalyst
preparation which of the system states would dominate
and which of them would determine its activity and sta-
bility.

Salt catalytic systems obtained under mild condi-
tions by supporting dissolved SCs are at an unsteady
state. They are capable of relaxation in the reaction
medium at the temperatures of catalysis, and this relax-
ation may result in a decrease in the activity and stabil-
ity [6, 7].

We develop new procedure for the catalyst prepara-
tion based on radically different methods for support-
ing SCs:

– spraying of an SC solution into a fluidized bed of
support together with fast simultaneous drying ensures
uniform supporting of salt (the method of supporting
into fluidized bed, SFB);

– adsorption of salt with a high vapor pressure from
the gas phase by support (the method of dry thermal
treatment, DTT); and

– direct contacting of SCs and support in the pres-
ence of a solvent in the discrete isothermal mode (the
DTT method).

We expect that, under these conditions, the interac-
tion between SC and support will intensively occur
even at 

 

150–250°ë

 

 because the developed surface of
the boundary between two phases, which are at the state
of phase transitions, is highly reactive in topochemical
reactions (according to the Headwall principle [8, 9]).
The formation of catalytic systems is possible where
SC is at different, more active and stable states.
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Abstract

 

—The formation of heterogeneous mercury-, zinc-, and copper-containing catalytic systems obtained
by supporting salt components (SCs) without a solvent is studied. It is shown that due to strong interaction
between SC and support, the size of salt clusters on the surface and their relative contribution decrease. That is,
the concentration of excess salt phases decreases. The dispersity increases up to molecular distribution. When
surface-linked two-dimensional disordered structures are formed, the state of salt phases in the compositions
of catalytic systems changes. The surface mobility of salt clusters during the contact with the reaction medium
is found. Compared to the systems obtained by impregnation with aqueous solutions, the proposed systems are
2–3 times more thermally stable, their surface is enriched in defect structures that are active in catalysis, and
the processes of organochlorine synthesis become more efficient.
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The goal of this work is to study the processes of
formation of supported salt catalysts on supports with
different chemical natures in the absence of a solvent
and to study the relations between catalyst genesis and
their performance characteristics.

EXPERIMENTAL
The samples of model catalytic systems were stud-

ied, including HgCl

 

2

 

, 

 

ZnCl

 

2

 

, KCl

 

–

 

ZnCl

 

2

 

, CuCl

 

2

 

, and
KCl

 

–

 

CuCl

 

2

 

 on different supports. Henceforth, these
samples are denoted by first symbols of chemical for-
mulas and the phase composition of the support. For
instance, CuAl

 

(

 

γ

 

)

 

 denotes the CuCl

 

2

 

–

 

γ

 

-

 

Al

 

2

 

O

 

3

 

 system.

 

HgCl

 

2

 

–activated carbon (HgAC).

 

 Samples prepared
according to the DTT method by adsorption of HgCl

 

2

 

vapors on AGN-2 active carbon contained 10 and 20 wt %
of HgCl

 

2

 

 (10HgAC and 20HgAC). The sample
obtained by impregnation by an aqueous HgCl

 

2

 

 solu-
tion using a standard technique with further drying at

 

110°ë

 

 had 10 wt % HgCl

 

2

 

. The specific surface area 

 

S

 

sp

 

of AGN-2 active carbon was 840 m

 

2

 

/g.

 

ZnCl

 

2

 

–

 

Al

 

2

 

O

 

3

 

 (

 

ZnAl

 

(

 

γ

 

))

 

. Samples with 14 wt % Zn
were prepared by both the standard impregnation of
AOA-1 alumina (

 

S

 

sp

 

 = 190 m

 

2

 

/g) by an aqueous solu-
tion of ZnCl

 

2

 

 or by the equimolar mixture of KCl and
ZnCl

 

2

 

 with further drying at 150

 

°

 

C and using the DTT
method. According to XPS, the support was 

 

γ

 

-Al

 

2

 

O

 

3

 

 with
some insignificant admixture of pseudoboehmite [5].

 

CuCl

 

2

 

–

 

Al

 

2

 

O

 

3

 

 (

 

CuAl

 

)

 

. Samples with 4–5 wt % Cu
were prepared by the standard impregnation of 

 

α

 

-

 

Al

 

2

 

O

 

3

 

(

 

S

 

sp

 

 

 

= 10 m

 

2

 

/g) or 

 

γ

 

-

 

Al

 

2

 

O

 

3

 

 (

 

S

 

sp

 

 = 120 m

 

2

 

/g, IKT-02-6M
from AO Katalizator) by an aqueous solution of CuCl

 

2

 

(or the equimolar mixture of KCl and CuCl

 

2

 

) with fur-
ther drying at 

 

150°ë

 

, as well as using the DTT and SFB
methods.

Alumina contained admixtures of different phases
according to XPS.

To compare with the CuAl samples, we used the
commercial MEDC catalyst from Süd

 

–

 

Chemie

 

–

 

MT,
which contained 4% Cu.

The diffraction patterns of polycrystalline samples
were recorded using a Dron-2 instrument (Cu

 

K

 

α

 

 irradi-
ation; Ni filter). Reflexes were identified using data
reported in [10]. Several diffraction patterns were
obtained using an UVD-2000 high-temperature X-ray
chamber. The samples were heated from 20 to 

 

500°ë

 

.
To obtain the small-angle X-ray scattering (SAXS)

spectra, a KRM-1 chamber was used (Cu

 

K

 

α

 

 irradiation;
Ni filter). The intensity was measured at scattering
angles of 6–600

 

9

 

. To exclude interference effects due to
the coincidence of scattering centers (support pores and
SC in them), the pores of support were filled with glyc-
erol. The indicator functions of scattering were found
using the method described in [11].

To determine the electron states of copper ions and
their coordination to the surface, we used diffuse-
reflectance electron spectroscopy. MgO was used as a

reflectance standard. Spectra were registered using a
Hitachi-330 spectrophotometer with an integrating
sphere and a Shimadzu MPS 50L spectrophotometer
equipped with an attachment for recording reflectance
spectra in the regime of the optical density relative to air.

Topochemical and phase transformations in the
near-surface layer with a thickness of the Debye radius
of charge shielding (10–100 nm) was studied by the
method of thermal vacuum electric conductivity by
measuring the direct current conductivity (

 

σ

 

) of the
sample in a vacuum at a stepwise increase in tempera-
ture and the activation energy of conductivity (

 

E

 

σ

 

) [12].
SC desorption was determined under dynamic

conditions using neutron-activated analysis. For that
catalyst grains were irradiated by a neutron flow of

 

3 

 

× 

 

10

 

13

 

 cm

 

–2

 

 s

 

–1

 

 in a reactor. The activity was mea-
sured using an IN-96B 

 

γ

 

-spectrometer.
HCl adsorption was measured using a vacuum setup

with samples treated beforehand in a vacuum [5]. The
distribution of surface regions over probe HCl mole-
cule adsorption heats was calculated from the experi-
mental adsorption isotherm at iterations. The contribu-
tion from clean surface was taken into account [5, 8].

Prepared catalysts were tested in the following pro-
cesses:

– Copper-containing catalysts were tested in the oxida-
tive chlorination of ethylene (in an integral fluidized-bed
reactor, 

 

T

 

 =

 

 

 

220°

 

C

 

, 

 

C

 

2

 

H

 

4

 

 : 

 

HCl

 

 : 

 

O

 

2

 

 = 1.07 : 2 : 0.7

 

);
– Zinc-containing catalysts were tested in the reac-

tion of methanol with HCl (in an integral fluidized-bed
reactor, 

 

T

 

 =

 

 

 

250°

 

C

 

, 

 

CH

 

3

 

OH

 

 : 

 

HCl

 

 = 1 : 1.25

 

); and
– Mercury-containing catalysts were tested in acet-

ylene hydrochlorination (in a differential reactor with a
vibrofluidized bed, 

 

T

 

 = 180°

 

C

 

, 

 

C

 

2

 

H

 

2

 

 : 

 

HCl

 

 = 1 : 1.3).

RESULTS AND DISCUSSION
HgAC. Figure 1 shows the fragments of diffraction

patterns of some samples (2θ = 10–30°). Reflexes
belonging to HgCl2 were not seen even in the case of
20HgAC (the maximum at 2θ = 26.7° belongs to
α-quartz admixed in active carbon). Therefore, the salt
phase on the surface of active carbon is X-ray amor-
phous (disordered) or highly dispersed. At 2θ angles
ranging from 20 to 30°, all diffraction patterns has a
diffuse maximum, which can be interpreted as a (002)
reflex corresponding to the interplanar distance d(002)
between lengthy graphite-like lattices [13]. The calcu-
lated values of d(002) equal to 0.367 nm for active car-
bon and 0.375 nm for 10HgAC, are close. For the
20HgAC, the maximum corresponds to d(002) =
0.414 nm. An increase in the interlayer distances in the
catalyst samples points to the localization of HgCl2 in
the graphite-like lattice with the formation of an inter-
calation compound [14].

As follows from SAXS data, described as a depen-
dence of the logarithm of the scattered light intensity on
the logarithm of scattering angles ϕ (ϕ changes from 6
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to 6009), the difference in the scattering intensity over
the 10HgAC sample and over the support is small
despite substantial difference in the electron densities
of HgCl2 and active carbon (Fig. 2). The intensity of
scattering over HgCl2 in the HgAC system is approxi-
mately half the intensity of scattering over active car-
bon. On the other hand, the intensity of platinum scat-
tering in the PtAC systems is twice as high as scattering
of supported platinum, whereas platinum exists on the
surface in the form of 0.4–2.0-nm clusters [15]. Pro-
vided that sizes of particles of the active phase in both
systems are about the same, comparison of these data
for two systems suggest that HgCl2 mostly exists on the
surface in the molecularly dispersed state, and the
amount of agglomerated HgCl2 is 10–15% on the sur-
face.

Figure 3 shows the normalized curves of the volume
distribution of active phase particles over inertia radii
(Ri) (the latter characterize the distribution of the scat-
tering substance relative to the center of gravity of a
specific particle). These data suggest that the sizes of
salt agglomerates and their relative volume primarily
depend on the method of supporting. As calculation
using the spherical-cluster model shows, each cluster
may include up to one hundred HgCl2 molecules. The
10HgAC sample obtained by the DTT method (Fig. 3,
curve 1) is the most dispersed. Comparison of relative
cluster volumes proportional to their weights (relative
volumes are determined using the areas under the dis-
tribution curves in Fig. 3) shows that the weight portion
of clusters in the latter case is approximately half that
in the sample obtained by impregnation (the relative
volumes are 510 and 930, respectively). The cluster
radius corresponding to the maximum on the distribu-
tion curve and the average cluster radius in the DTT
sample is lower than in the sample obtained by impreg-
nation (Fig. 3, curves 1 and 3).

Under the reaction conditions, clusters become
mobile. This is reflected in a change in the distribution
of clusters over sizes. The maximum on curves shifts
toward higher Ri values; that is, the size of clusters
increases (Fig. 3, curves 2 and 4). At the same time, the
weight fraction of clusters decreases because of HgCl2
thermal desorption in the reaction medium. Thus, the
relative volume of clusters in the DTT sample
decreases from 510 to 400, and the relative volume of
clusters in the samples prepared by impregnation
decreases from 930 to 630. The dispersity of the salt
phase probably directly affects this process. This
hypothesis agrees with the fact that the rate of HgCl2
desorption from the highly dispersed sample decreases
from 0.22 to 0.8% per hour.

Thus, during the reaction in the catalytic system,
salt clusters grow simultaneously with salt phase des-
orption from the surface. Experiments showed that the
loss of salt phase due to desorption is greater than the
amount of initially aggregated salt. The removal of the
salt component from small surface clusters is more dif-
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Fig. 1. Fragments of the diffraction patterns of support and
catalysts: (1) 20HgAC (DTT), (2) 10HgAC (impregnation),
(3) 10HgAC (DTT), and (4) active carbon support.

Fig. 2. Intensity I of small-angle X-ray scattering on differ-
ent samples: (1, 1') 10HgAC (impregnation), (2, 2') active
carbon support, (3, 3' the salt component of the catalyst
HgCl2; (1', 2', 3') samples with pores filled with glycerol.
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ficult than the removal from large mercuric chloride
clusters (that is, HgCl2 desorbs from large aggregates).
Therefore, we conclude that, during the reaction, the
coalescence of small clusters and their replenishment
by molecularly dispersed phase compensate for the loss
of large clusters [16].

A decrease in the fraction of salt clusters as the dis-
persity of the salt phase increases up to the molecular
distribution results in the stabilization of the catalytic
HgAC system. The catalyst prepared by the DTT
method, unlike the catalyst prepared by impregnation,
does not change its activity for a long time in acetylene
hydrochlorination. On the DTT sample, the conversion
remains constant (80%) for 100 h. On the sample
obtained by impregnation the conversion decreases to
40%.

ZnAl(γ). When the solvent is heated in a high-tem-
perature X-ray chamber at 300–400°ë, the pseudoboe-
hmite lines disappear from the diffraction pattern
because of the pseudoboehmite  γ-Al2O3 phase
transition [5]. After supporting the salt component onto
Al2O3 by impregnation (the XPS phase composition
includes ZnCl2, ZnO · ZnCl2 · 2H2O, ZnCl2 · 1.33H2O,
and 4ZnO · ZnCl2 · 4H2O), a diffraction pattern appears
that has a nonadditive nature: it does not contain
reflexes from the ZnCl2 phase and reflexes from
hydroxychlorides are weak. This pattern points to sig-
nificant disorder of zinc-containing excess phases on
the support surface.

Further heating of the sample from 200 to 500°ë
results in the disappearance of reflexes from hydroxy-

chlorides and in an increase in the intensity of reflexes
at 2θ 31.2–36.8°. These correspond to the formation of
a solid solution when Zn2+ occupies vacant tetrahedral
positions of γ-Al2O3. Similar structures cover 5 to
20 layers [17].

When SCs are supported by the DTT method with
heating to 300°ë, the activity of pseudoboehmite
phases increases near the phase-transition point (the
Headwall effect). Simultaneously, the state of zinc-con-
taining phases changes due to dehydration and dehy-
droxylation, and this change is favorable for the more
active interaction of zinc-containing phases with meta-
stable phases of support. The diffraction patterns of the
sample heated in the high-temperature X-ray chamber
at 100– 500°ë point to a successive increase in the
intensity of reflexes from zinc–aluminum spinel. The
latter is formed as a result of solid Zn2+–Al2O3 solution
transition into the phase of nonstoichiometric spinel.

In the diffuse-reflectance electronic spectra of zinc-
containing systems, we observed bands at 268, 360,
and 520 nm (Fig. 4, curves 2–4), and the spectrum of
ZnCl2 dehydrated in a flow of HCl contains a narrow
absorption band at 255 nm and bands at 360 and
520 nm (Fig. 4, curve 1).

These bands cannot be assigned to either Zn2+ (d10)
or Zn+, which is characterized by bands near 300 nm
[18]. However, in the visible region of the spectrum, the
sample had a color characteristic of nonstoichiometric zinc
oxide, which has an acceptor level at 2.5 eV in the forbid-
den zone. This level refers to transition between zinc

vacancy and the conduction band    +  [19].V Zn
–      VZn
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 salt clusters over sizes: (
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) 10HgAC catalysts prepared by the DTT method and
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) the same catalysts after working in the reaction medium.
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According to [20], the negatively charged zinc vacancy

 

V

 

Zn

 

 in ZnS and ZnSe has optical transitions with 2.65
and 1.4 eV, and such vacancies are stable at room tem-
perature. Thus, the band at 520 nm corresponding to the
energy of optical transition equal to 2.4 eV can be
assigned to a cationic vacancy, which appears during
the process of proper ZnCl

 

2

 

 disordering.
The bands at 255, 268, and 360 nm are in the region

of charge-transfer bands. Comparison of curves 

 

2

 

 and 

 

4
suggests that the intensities of these bands increase
with an increase in the degree of salt–support interac-
tion. According to [21], the structure of zinc chloride
and zinc–potassium chloride systems (crystalline and
amorphous) can be described as a set of structures
obtained by a combination of elementary ZnCl4 cells
bound to each other in a specific manner, wherein each
cell has a certain contribution. The fact that the intensi-
ties of absorption bands at 268 and 360 nm change sim-
ilarly and the high values of these intensities, which are
not typical of the DTT method, suggest that these are
largely charge-transfer bands that can be assigned to
the structures whose concentration increases with an
increase in the degree of amorphism and in the disper-
sion of the excessive salt component.

Proceeding from the structure of the salt component
[21], the charge-transfer band at 268 nm should be
assigned to a charge-transfer complex that involves an
oxygen-containing fragment and the zinc ion in the iso-
lated tetrahedron. The band at 360 nm should be
assigned to a charge-transfer complex with zinc ions in
associated tetrahedrons. The bands at 255 and 360 nm
observed in the spectrum of the model sample of zinc
chloride are probably due to charge transfer from struc-
tural hydroxyls to specially coordinated zinc ions.

Our data are suggestive of the formation of zinc
chloride catalytic systems with charge transfer. These
systems involve surface hydroxyls or lattice oxygen as
ligands. An increase in the intensity of the correspond-
ing adsorption bands in the ZnAl(γ) system obtained by
the DTT method (Fig. 4, curve 2) is due to strengthened
SC–support interaction.

The above findings allow us to explain the behavior
of zinc-containing catalysts, which work in methyl
chloride synthesis from methanol and HCl for a long
time. An increase in the stability of the ZnAl(γ) catalyst
obtained by the DTT method while preserving high
conversion (the conversion of methanol was 98–99%)
is due to a decrease in the SC desorption rate and the
absence of salt phases (from 0.06 to 0.02% per hour)
and to the formation of surface solid solutions and
linked surface structures that are active in catalysis

CuAl. Comparison of thermal vacuum electric con-
ductivity (TVEC) curves (Fig. 5) points to a substantial
difference between model KCuAl(α) systems obtained
by impregnation and the DTT method (curves 1 and 4).
Curve 1, which describes the dependence of the activa-
tion energy Eσ of conductivity on the temperature of
evacuation Tevac, is stipulated by the presence of several

phases that are formed when KCl and CuCl2 are sup-
ported on the surface of contacting particles by impreg-
nation. The analogous DTT system (curve 4) is charac-
terized by the presence of two branches on the curve.
The existence of a high-energy branch points to the seg-
regation of the salt system on the surface and to the
presence of disordered phases close to those formed in
the KCl–KCuCl3 system. Analysis of TVEC curves
[22] shows that, at low Tevac, SCs are distributed over
the surface in the form of island, but heating to 200°ë
(the Huttig temperature of surface mobility for CuCl2)
is favorable for the interaction between SCs supported
on different adsorption sites. In this case, the corre-
sponding phases and structures are formed of which a
decrease in Eσ with an increase in Tevac is characteristic.
Because pre-melting processes may occur at 350°ë in
the CuCl–CuCl2 system, which appears in the process
of KCl–CuCl2 segregation and which forms an eutectic
mixture with a melting point of 380°ë [9], the appear-
ance of the low-temperature branch of Eσ can reason-
ably be associated with the existence of this surface
phase.

In the model KCuAl(γ) system, the CuCl2 phase
(curves 2 and 3) exists separately from KCl up to Tevac =
150°C. With an increase in Tevac, a portion of CuCl2 is
thermolyzed to form an X-ray amorphous phase with
many defects. This is reflected in the appearance of
low-energy branches of curves 2 and 3. Another portion
of CuCl2 reacts with KCl and produces the
KCl−KCuCl3 system to which the high-energy branch
of curve 2 belongs. The difference in the behavior of
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Fig. 4. Diffuse-reflectance electron spectra of the model and
catalytic systems: (1) ZnCl2 treated with HCl; (2) ZnAl(γ)
prepared by the DTT method; (3) ZnKAl(γ) prepared by
impregnation; and (4) ZnAl(γ) prepared by impregnation.
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systems obtained by impregnation (curve 2) and the
DTT method (curve 3) (the value of Eσ decreases to the
value at 300°ë rather than 350°ë) points to the differ-
ent states of SCs in these cases. In the case of a sample
prepared by impregnation, the KCl–KCuCl3 system
(m.p.  280°C [1]) is formed. In the case of the DTT
method, the KCl–K2CuCl4 system (m.p. 320–330°C
[1]) is formed. The absence of melting effects on deri-
vatograms of KCuAl(γ) [9] means that SCs at the pre-
melting state react with the support and forms surface
solid solutions and linked surface structures with the
closest order. These are characterized by a low value of
Eσ by analogy with KCu melts on silica gels [22].

Analysis of the diffuse-reflectance electron spectra
of the model systems under study (Fig. 6) points to the
existence of some relation between the method of SC
supporting and the state of copper ions. In the
KCuAl(γ) system, considerable portion of copper ions
is distributed independently of KCl over octahedral
vacancies of the support. This is reflected in the absorp-
tion bands at 810 and 830 nm in the region of d–d tran-

sitions of C , which differ from the bands of the salt
component and KCuAl(α) catalysts [23]. The salt com-
ponent that does not enter the lattice bulk contains the

C  ion (an absorption band at 950 nm and a shoulder
at 340 nm). This ion enters the composition of struc-
tures linked to the support surface, which are close to
those available in the KCl–CuCl2 system. However, the
main portion of copper is distributed over the surface

uOh
2+

uTh
2+

either in the form of isolated ions with a charge transfer
band at 265 nm (which is due to the charge transfer
from the chlorine ligand to Cu2+ or in the form of
Cu2+−X–Cu2+ associates characterized by a charge-
transfer band at 365 nm.

As follows from the spectra with low concentrations
of the active component, Cu2+ ions exist on the devel-
oped surface in octahedral and tetrahedral positions of
the support lattice and in tetrahedral structures that
probably appear when SC is linked via anionic
hydroxyl group exchange for chlorine from the coordi-
nation sphere of Cu2+.

The spectrum of the KCuAl(α) system contains the
bands reflecting different states of copper ions. The
charge-transfer band at 365 nm points to the presence
of associated Cu2+ ions on the surface. A charge-trans-
fer band at 510 nm is due to the presence of copper ions
in the chain structure of excess KCuCl3. If a sample is
prepared by the DTT method using a temperature
higher than usual temperature of drying after impregna-
tion, then all absorption bands become more intense in
the KCuAl(α) system. This points to an increase in the
number of chromophores and to the dispersing of SC.
The centroid of the d–d transition 2Eg  2T2g band
shifts to 810–830 nm, which is characteristic of Cu2+ in
the octahedral vacancies of γ-Al2O3.

In the KCuAl(α) system prepared by the DTT
method, the intensity of absorption bands in the region
of d–d transitions is higher than in an analogous system
prepared by impregnation. In the region of charge-
transfer bands, the disappearance or shift of a number
of bands is observed: the band at 265 nm, which is char-
acteristic of isolated Cu2+ ions shifts to 262 nm; the
intensity at 340 nm decreases; and the band at 365 nm
from associated copper ions becomes a shoulder.
Apparent changes in the spectra point to strengthened
interactions between the copper-containing component
and support, which results in the partial transfer of
associated and isolated Cu2+ cations to the support lat-
tice and in an increase in the concentration of linked
surface copper-containing structures.

Diffraction patterns obtained in the study of real
copper-containing catalysts, based on microspherical
IKT-02-6M support, for the oxidative chlorination of
ethylene (Fig. 7, curves 2 and 3) were different depend-
ing on the preparation procedure (impregnation or
DTT). The support contained the phase of γ-Al2O3 with
an admixed θ-Al2O3 phase. Relative concentrations of
γ- and θ phases can be estimated from the relative inten-
sities of the bands 2θ = 44.9° (d = 0.021 nm) for the
θ phase and 2θ = 45.9° (d = 0.1977 nm) for the γ phase
[10]. The upper estimate of the γ-Al2O3 phase concen-
tration is 70%. The CuAl(γ) catalyst prepared by
impregnation contained different copper-containing
phases which were formed during the interaction of
support surface groups with copper chloride. In
addition to Cu2(OH)3Cl, which is usually present,
we detected the Cu(OH,Cl) · 2H2O hydrate and
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Fig. 5. Curves of thermal vacuum electric conductivity for
the model catalytic systems: (1) KCuAl(α) prepared by
impregnation; (2) KCuAl(γ) prepared by impregnation;
(3) KCuAl(α) prepared by the DTT method; and
(4) KCuAl(γ) prepared by the DTT method.
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the   products of support surface chlorination, e.g.
AlCl3 · 4Al(OH)3 · 4H2O. The formation of these com-
pounds can be explained by the chemical corrosion of
incompletely crystallized γ-Al2O3. Several lines in the
diffraction pattern from the support of the catalyst are
better resolved than in the diffraction pattern of the sup-
port because they are superposed with lines from the
defect spinel solid solutions of copper in the latter case.

It is known that the selective formation of bulk
Cu2(OH)3Cl occurs during impregnation of γ-Al2O3,
which has a basic surface, by an aqueous solution of
salt. This support probably contains basic hydroxyls on
the surface, but the diffraction pattern of the dried cat-
alyst does not contain reflexes that are characteristic of
CuO. This points to not very high basicity of these cen-
ters. The formation of CuO is stipulated by the forma-
tion of Cu(OH)2 during the exchange of the Cl– ion with
very basic OH group on the surface and further decom-
position of copper hydroxide to copper oxide during
catalyst drying (the maximum of hydration peak at
144°ë) [9].

Depending on the preparation procedure of the
CuAl(γ) catalyst, different states of SCs are formed in
all copper-containing structures in the composition of
this catalyst. These include the states that are formed
during bulk interaction with the support lattice, the
states linked to the surface, and excess SC. For both
preparation procedures, considerable X-ray amorphism
of SCs is typical. However, in the case of DTT samples,
copper-containing complex anions form anionic cop-
per–chlorine sublattices with structures in which
order/disorder transition occurs in the temperature
range close to that for the salt systems K2CuCl4 and
KCuCl3 (despite the absence of KCl in the system) [2].

Due to the participation of anionic surface hydrox-
yls in the formation of anionic hydroxychlorides highly
dispersed β-Cu2(OH)3Cl is formed instead of the
α phase. In general, when the catalyst is prepared by
the DTT method, more active interaction between the
support and SCs are observed. The salt system is dis-
persed and becomes X-ray amorphous. The surface is
enriched in the linked and bulk disordered phases of
aluminates.

The diffraction pattern of the known commercial
MEDC catalyst for the oxidative chlorination of ethyl-
ene (curve 4) also contains the lines of disordered alu-
minates. Although the salt component is at the highly
dispersed state, we observed weak reflexes from CuCl2
phases and hydroxychlorides like Cu2(OH)3Cl and
CuCl2 · 3[Cu(OH)2]. We also observed reflexes corre-
sponding to d equal to 0.729, 0.429, 0.363, and
0.273 nm, which point to the presence of disordered
multiple surface layers of SC with structures of anionic
chlorine–copper sublattice close to the K2CuCl4 and
KCuCl3 phases.

Thus, the DTT method makes it possible to obtain
the catalyst with a surface structure close to that of the
MEDC catalyst. This is only possible when the SC–

support surface interaction is strong. The presence of
different copper containing phases is responsible for
the energetic nonuniformity of the catalyst surface with
different adsorption sites.

Figure 8 shows the distribution of catalyst surface
regions over the heats of adsorption of probe HCl.
According to [5], the peaks of adsorption heats corre-
spond to the spectrum of the states of nonuniform sur-
face. Highly dispersed intercalation structures like cop-
per aluminates and different surface-linked and excess
disordered states of copper-containing salt phases with
close but different structures are present on the catalyst
surfaces. This is reflected in the discreteness of adsorp-
tion heats. The MEDC catalyst and the CuAl(γ) catalyst
prepared by the DTT method differ from the CuAl(γ)
sample prepared by impregnation: the contribution of
peaks corresponding to intercalation structures (Q >
90 kJ/mol) and defect, surface-linked copper-contain-
ing phases with the anionic sublattices close to sublat-
tices of KCuCl3 and K2CuCl4 (Q = 60–70 kJ/mol) is
much more pronounced.

For the distribution curve of the heat of HCl adsorp-
tion on the catalyst prepared by impregnation, the larg-
est peak is in the region of Q = 70–80 kJ/mol. This peak
reflects the interaction of HCl with excess (bulk) sur-
face salt phases characterized by X-ray diffraction.

Thus, for the formation of catalytic copper-contain-
ing salt systems (as well as zinc- and mercury-contain-
ing systems described above) some general regularities
are seen, but the DTT method maintains the localiza-
tion of active salt component supported on the surface
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systems treated thermally at 250°C: (1) KCuAl(α) prepared
by impregnation; (2) KCuAl(α) prepared by the DTT
method; (3) KCuAl(γ) prepared by impregnation; and
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that favors the formation of linked defect structures
with perturbed long-range order and highly dispersed
intercalation structures due to the strengthened interac-
tion between SCs and support.

The presence of the above states of copper-contain-
ing phases predetermines high performance character-
istics of a catalyst prepared by the DTT method in the
process of the oxidative chlorination of ethylene. The
catalysts prepared by DTT or SFB methods show better
characteristics in this process under standard condi-
tions than the catalyst prepared by impregnation. Spe-
cifically, their fluidized bed is more homogeneous, and
the selectivity to dichloroethane is higher (the average
concentration of 1,2-dichloroethane in the product is
0.2–0.3% higher than in the case of a traditional sample
prepared by impregnation when oxygen is used as an
oxidant). The efficiency of ethylene conversion at 215–
220°ë on these catalysts reaches 96% and approaches
the efficiency of the MEDC catalyst. We also found that
the process can be carried out on these catalysts under
the conditions that model the “oxygen regime” (the oxi-
dant is oxygen).

Thus, the catalysts prepared by the DTT and SFB
methods on IKT-02-6M support are better than the cat-
alyst prepared by impregnation. However, to create a
catalytic system which is not worse than the MEDC
catalyst, further improvement of the support is needed.

Our experimental study allowed us to find that the
formation of catalytic systems in the absence of a sol-
vent (the DTT method) is determined by a high reactiv-
ity of the boundaries between disordered solid phases
in topochemical reactions. As a result of stronger (than
in the case of conventional impregnation) interaction
between SC and support, the sizes and fraction of salt
clusters on the surface decrease. That is, the amount of
excess salt phases decreases and the dispersity of SC
approaches the molecular level. The state of salt phases
in the catalyst composition changes. Because of this,
the thermal stability of the catalysts increases by a fac-
tor of 2–3, and their surfaces are enriched in linked and
bulk defect structures, which are active in catalysis.
This is favorable for an increase in the activity and
selectivity of the catalytic systems in the process of
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organochlorine synthesis. When contacting with the
reaction medium, salt clusters show surface mobility.

Based on this study, we developed new technologies
for catalyst preparation.
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