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EFFECT OF MECHANICOCHEMICAL TREATMENT ON
THE ACTIVITY OF K,PdCls IN THE HETEROGENEOUS
CATALYTIC HYDROCHLORINATION OF ACETYLENE

S. A. Mitchenko,'? T. V. Krasnyakova,! and I. V. Zhikharev>* UDC 547.224:542.941.7°944.546.924

A heterogeneous catalyst for the hydrochlorination of acetylene using gaseous HCI was obtained by prior
mechanical activation of K;PdCl, powder in an atmosphere of acetylene or propylene. Active sites are formed
during the mechanical treatment in the surface layers of the catalyst, which are Pd(Il) complexes with a
coordination vacancy.
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One area in the development of green chemistry, which has recently become the predominant trend in the advancement
of science [1, 2], is the chemistry of mechanically activated reactions involving solids. Examples of such processes include
stoichiometric [2, 3] and catalytic reactions [4, 5]. In the latter case, a heterogeneous catalyst undergoes mechanical treatment.
Catalytically activated states are generated on the surface of solid-state catalysts as a result of mechanical activation. Some of
these states are retained on the relaxed surface, which permits us to carry out catalytic transformations on a catalyst subjected to
prior mechanical activation without the continual input of mechanical energy, thereby significantly simplifying the process [6].

In previous work [7], we discovered the catalysis of the hydrochlorination of acetylene using gaseous HCI on the
surface of K,PtCl, subjected to prior mechanical activation in an atmosphere of acetylene, ethylene, or propylene. The role of
the active states is carried out by complexes with a coordination vacancy generated by prior mechanical activation of the
catalyst:

mechanical activation

KoPICL—XRxaa~KaPtCly + CI )

Such species are capable of coordinating acetylene virtually at the rate of diffusion to give m-complexes, which are key
intermediates in the catalytic transformations of acetylene. In the mechanical activation of the platinum salt in an atmosphere of
the gases mentioned above, equilibrium (1) is shifted to the right due to stabilization of the coordination-unsaturated species by

means of m-coordination of the unsaturated hydrocarbons to them.
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In recent work [8], we found that mechanical activation of a similar palladium salt, namely, K,PdCl,, also leads to the
formation of an acetylene hydrochlorination catalyst. As in the system with K,PtCl,, the reaction on the surface of K,PdCl,
mechanically activated in the air proceeds very slowly. Prior mechanical activation of K,PdCl, in an atmosphere of acetylene,
ethylene, or propylene is necessary to obtain a more active catalyst. In the present work, we elucidated the nature of the active
states of the catalyst generated by prior mechanical activation of K,PdCl,.

EXPERIMENTAL

The preparation of the catalyst and the kinetic study with gas-liquid monitoring of the substrate and product
concentrations were carried out as in our previous work [8]. The relative acetylene concentration ¢(RH) was defined as the ratio
of the areas of the chromatographic peaks for acetylene and the internal standard (ethane). The observed reaction rate constant
was found using the equation k.= —d(In 9(RH))/dt. The specific dose of the mechanical energy absorbed by the powder (D)
was determined using the equation Dy, = /¢ [9], where / is the specific energy intensity of the mill (~15 W/kg [8]) and ¢ is the
mechanical activation time. The specific surface was determined by the BET method relative to argon desorption.

Gaseous CO was obtained according to Rapoport and II’inskaya [10]. At the end of the mechanical activation, the
reactor holding the K,PdCl, powder was flushed with argon. Then, 60 mL CO was introduced. The reactor was sealed and
maintained for 1.5 h. Then, the reactor contents were removed. The diffuse scattering IR spectra of palladium carbonyl
complexes were identified using a Bruker Tensor 27 spectrometer with a Specac attachment and a program permitting
integration of the IR signal.

The surface morphology was studied using a JEOL JSM-6490LV scanning electron microscope manufactured in
Japan. The chemical analysis was carried out using an Oxford Instruments INCA Penta FETx3 energy dispersion spectrometer
manufactured in Great Britain. The X-ray studies were carried out on a DRON-3 diffractometer with monochromatic
CuK, radiation and a nickel filter.

The pyridinium NMR spectra of were taken on a Bruker BioSpin Avance-11-400 spectrometer at 400 MHz. A sample
of 10 uL pyridine was introduced into the sealed reactor containing 0.25 g K,PdCl, subjected to prior activation in an acetylene
atmosphere and flushed with dry argon. The reactor was left for 1 h. Then, the reactor contents were removed and a weighed
portion of the powder was dissolved in 1 M DCI in D,0. A commercial sample of sodium benzoate was used as the internal
weighting standard.

RESULTS AND DISCUSSION

X-ray Phase Analysis. Studies of the crystal structure of the samples of the initial palladium salt and samples obtained
after mechanical activation in the air (sample 1) and in an acetylene atmosphere (sample 2) showed the presence of all the X-ray
diffraction maxima corresponding to the monophasic K,PdCl, salt. Comparison of the diffraction patterns of the K,PdCl,
samples mechanically activated in the air and in an acetylene atmosphere suggests that the composition of the dispersion
medium does not significantly alter the texture of the samples. Mechanical activation in an acetylene atmosphere leads only to a
decrease in particle size and partial amorphization of the surface layer. Estimation using the Scherrer equation and the widths of
the corresponding X-ray reflections indicates that the crystallites sample 2 are smaller than in sample 1 by a factor of 1.6, which
corresponds to an increase in the interparticle surface by a factor of 2-3.

Catalyst activity at the end of the mechanical activation of the initial palladium salt increases with increasing time of
the prior mechanical activation of K,PdCl, in an acetylene atmosphere (Table 1). This finding may result from an increase in
the specific catalyst surface and increase in the number of active sites generated by mechanical treatment. The increase in the
specific surface relative to the specific dose of mechanical energy absorbed by the catalyst (Fig. 1a) corresponds to the equation

S =Sy +S5p(1—e ") )

sp
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TABLE 1. Effect of the Time of Prior Mechanical Activation of K,PdCl, in an Acetylene Atmosphere on the
Catalytic Activity k.rand Properties of the Catalyst Surface: Specific Surface Sp, Atomic Ratio of Cl and Pd
in the Surface Layers, Amount of Chemisorbed Pyridine v(PyH) and 4, the Integral Optical Density of the
Stretching Bands of the Carbonyl Ligands after Chemisorption of Carbon Monoxide

£, min Sep, M’/g ke 10°, 57! Cl/Pd v(PyH), pmol/g A
0 ~0.02 0 - 0 0
15 47+0.5 23+0.1 3.9+0.1 20+2 53+0.5
30 6.0+0.6 59403 3.8+0.1 35+4 10.1+1.0
60 5.9+0.6 9.0+0.7 3.7+0.1 5445 104+1.0
90 6.9+0.7 10+1 3.7+0.1 5545 121+1.2
120 72+0.7 12+1 3.6+0.1 70+ 7 -
60* - 12+0.1 3.9+0.1 941 -

*Mechanical activation of the salt in the air.

where S, is the specific surface of the initial K,PdCl, powder, S, + S :p is the limiting value of the specific surface, and 1, is a

term inverse to the work of forming the new surface.

In order to exclude the effect of the increase in surface on the catalytic activity of K,PdCl,, let us consider the reaction
rate constant relative to a unit of catalyst surface, k* = kef(SSpm)*l, where m is the catalyst mass. The dependence of £* on the
specific dose of mechanical energy absorbed by the powder corresponds to the following equation (Fig. 1b)

k* = k;knax(l - e_nDsp ) (3)

where & is the maximum value of k* and 1 is a constant inverse to the work of formation of the active catalyst sites during

prior mechanical activation.

Equations (2) and (3) satisfy the experimental values for n = (8 + 2)- 102 g/Tand n = (3.2 +0.6)-10 2 g/J. The finding
that  is about three times larger than n indicates that the increase in the specific surface of the salt and the increase in the
amount of active catalyst sites are independent processes.

The mechanical activation of K,PdCl, powder in an atmosphere of acetylene or propylene is accompanied by the
release of vinyl chloride or isopropyl chloride. The source of the chlorine atoms in the organic chlorides can only be the
K,PdCl, complex. In other words, the formation of palladium(II) complexes deficient in chloride ligands (Pd*) along with the
indicated products is a stoichiometric consequence of such tribochemical reactions. The typical kinetics of vinyl chloride
accumulation in the tribochemical reaction of K,PdCl, with acetylene is sigmoid in shape (Fig. 1a). The initial portion of the
kinetic curve corresponds to the period, in which the introduced mechanical energy is transformed predominantly into
development of the surface. At the end of the initial period of vinyl chloride accumulation, the mechanical activation proceeds
more efficiently, which indicates the transformation of the mechanical energy mainly into the formation of Pd* complexes.

These observations suggest that catalyst activity is predominantly a function not of the increase in the specific surface
of the catalyst but rather by the amount of active sites generated during the prior mechanical activation of K,PdCl, represented
by palladium(II) complexes deficient in chloride ligands.

Scanning Electron Microscopy. The mean diameters of the K,PdCl, powder particles obtained by the mechanical
activation of the initial palladium salt in the air (sample 1) and in acetylene (sample 2) are 220 and 160 nm, respectively. The
difference in the diameter of the microparticles by a factor of approximately 1.4 corresponds to an approximate doubling of the
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Fig. 1. a) Dependence of the specific surface S, of the
catalyst (1) and the amount of vinyl chloride liberated
during treatment v (2) on the specific dose of mechanical
energy absorbed by the K,PdCl, powder (the points on
curve 1 correspond to experimental values of S, the
envelope curve was obtained by calculation using Eq. (2)
with ng = (8 +2)-107 g/J and S, = 6.7 + 0.3 m’/g),

b) dependence of the observed rate constant for acetylene
consumption k* relative to a unit of catalyst surface
area (1) and fraction & of the surface palladium
complexes deficient in chloride ligands (2) on the
specific dose of mechanical energy absorbed by the
K,PdCl, powder (the points on curves 1 and 2 correspond
to experimental values of £* and e, the envelope curves
were obtained by calculation using Eqgs. (3) and (4) for
n=(32%06)102%g/J, k* =68+ 0.4 and n.=22=
0.6)-102 g/I, & = 0.41 + 0.04, respectively).

max

specific surface of sample 2. This result is similar to the value obtained by X-ray diffraction, which is clearly a consequence of
change in the same direction of crystallite size and microparticle size.

Microelemental analysis showed the presence of elements corresponding to K,PdCl, in the composition of the catalyst
samples. Increasing the time of mechanical activation of the starting salt in an acetylene atmosphere leads to a steady decrease
in the chlorine/palladium ratio in the catalyst surface layer (Table 1). The dependence of the fraction of surface palladium
complexes deficient in chloride ligand € = N(Pd*)/ [N(PdCli‘) + N(Pd*)] on the specific dose of mechanical energy absorbed

by the powder is a curve with saturation (Fig. 1b) and corresponds to the equation

35



q a q
E10f - J 110
g R=0.974 '
3. 8r 1 i 18 "
S 2 =)
6 | {6 %
R=0.986
4t : 14
2t 12
0 01 02 03 04c¢

§ 10 20 30 40 50 60 70
v(PyH), umol/g

Fig. 2. Linear correlations between: a) the surface
concentration of chemisorbed pyridine ¢ (1), observed
acetylene consumption rate constant £* reduced to a unit of
catalyst surface area (2), and value of the fraction of surface
palladium complexes deficient in chloride ligands e;
b) integral optical density of the stretching band of carbonyl
ligands 4 and amount of coordinated pyridine v(PyH).

€= Smax(l - e_nSDsp) (4)

where g, is the maximum value of parameter €, 1, is a constant characterizing the efficiency of the transformation of
mechanical energy upon mechanical activation of the catalyst into the formation of Pd(II) complexes deficient in chloride
ligands. Equation (4) corresponds to the experimentally obtained equation n, = (2.2 £ 0.6)- 102 g/J. The values of constants Me
and m are identical within experimental error. Thus, there should be a linear correlation between k* and €, which is indeed
observed (Fig. 2a). The existence of such a correlation between catalyst activity and the fraction of surface Pd* complexes is in
accord with the assumption that these complexes are the active sites of the heterogeneous catalysts.

Nature of the Active States of Pd*. Complexes of palladium with coordination vacancies may be, as in the K,PtCl,
system, the active states of the palladium catalyst. Another possibility is tetracoordinated palladium(II) complexes containing a
ligand other than a chloride ion or a bridging chloride ligand. Distinguishing between these two possibilities is feasible, for
example, by exposing the surface of the freshly-treated catalyst in an atmosphere of gas containing M molecules, which may
coordinate with the metal ion to give strong complexes.* Surface palladium complexes with coordination vacancies should
chemisorb gas to form species [PdCI;M] . Carbon monoxide and pyridine vapor were used as such gases.

*Ligand exchange is usually accomplished through a dissociative mechanism but the dissociation of ligands is unlikely in the
absence of salvation [11].
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Such chemisorption actually occurs. The diffuse scattering IR spectra of the catalyst samples exposed in a carbon
monoxide atmosphere show bands at 1907 and 1972 cm™', corresponding to CO stretching vibrations. The IR spectra of
similarly prepared samples but maintained for 8 h at 120 °C or maintained at room temperature for six months contain only the
band at 1907 cm ™. We may conclude that the high-frequency band corresponds to stretching vibrations of physically adsorbed
CO molecules, while the band at 1907 cm™ corresponds to stretching vibrations of carbonyl ligands. The value for the integral
optical density of the band at 1907 cm ', 4, steadily increases with increasing specific dose of mechanical energy absorbed by
the catalyst (Table 1).

Pyridine adsorbed by the catalyst samples was extracted with 1 M DCl in D,O and identified as the pyridinium cation
using 'H NMR spectroscopy. The amount of extracted pyridine is the same within experimental error for freshly-prepared
samples and samples maintained at 120 °C for 1.5 h, which indicates strong bonding of this compound. The amount of
extracted pyridine increases with increasing time of prior mechanical activation of K,PdCl, (Table 1). In order to exclude the
effect of the increase in the surface on pyridine adsorption, let us examine the amount of pyridine reduced to a unit of catalyst
surface ¢ = v(PyH)/S,. The linear dependence of the surface pyridine concentration ¢ on ¢ (Fig. 2a) is in accord with the
assumption that the palladium(II) complexes with coordination vacancies are the active catalyst sites. As expected, there is a
correlation between the integral optical density of the carbonyl ligand bands 4 and the amount of coordinated pyridine
(Fig. 2b).

We note that propylene and acetylene, whose molecules are capable of occupying vacant coordination sites, were used
as gases in systems with K,PtCl, in our previous work [7]. In the case of acetylene, the formation of n-acetylene complexes was
confirmed by diffuse scattering IR spectroscopy as a band at 2095 cm™', corresponding to stretching vibrations of the C—C
triple bond. This band is lacking in the IR spectrum for the system with K,PdCl,. This discrepancy can probably be attributed to
the lower stability of palladium(II) t-acetylene complexes [12] so that such complexes could not be detected directly.

Thus, mechanical activation of the heterogeneous catalyst for acetylene hydrochlorination in the palladium system
examined, as well as in the previously studied system with K,PtCl,, leads to the formation of active sites which are complexes
with coordination vacancies:

mechanical activation

KoPdClL -~ KoPdCl; + CI %)

Dispersion of the catalyst in an atmosphere of acetylene or propylene in contrast to dispersion in the air creates a higher
surface concentration of complexes with coordination vacancies due to shifting of Eq. (5) to the right as a consequence of
binding of the chloride ions into the corresponding organic chlorides, namely, vinyl chloride or isopropyl chloride. This
hypothesis may account for the differences between the catalytic activities of K,PdCl, samples treated in an atmosphere of
these “active” gases and samples treated in the air. The question concerning the origin of the protium entering vinyl chloride or
isopropyl chloride formed in the tribochemical reaction of acetylene or propylene with K,PdCl, remains open. The protium
source could be, for example, water molecules adsorbed in the reactor and on the catalyst surface. However, we could not detect
monodeuterated vinyl chloride by "H NMR spectroscopy. The formation of monodeuterated vinyl chloride would be expected
in the tribochemical reaction of acetylene with K,PdCl, in the presence of 1 pL D,O: the vinyl chloride isolated did not contain
deuterium. Nevertheless, this result may be the result of a high kinetic isotope effect of the tribochemical reaction and small
amount of accumulated product.

This work was carried out with the support of the National Academy of Sciences of Ukraine (Grant No. 0101U008137)
and the Ukraine Ministry of Education and Science (Grant No. 01031003614).
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