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Abstract—Liquid-phase hydrodechlorination of hexachlorobenzene was kinetically studied in the presence of
both nickel (Ni/C) and palladium-promoted nickel (2%PdNi/C) catalysts under different reaction conditions.
Molecular hydrogen (at 1 and 20 atm) and sodium borohydride (NaBH,) were used as reducing agents. In the
presence of the nickel catalyst, the hydrodechlorination of C¢Clg occurs via a consecutive mechanism (removal
of one chlorine atom from the substrate at each stage), whereas with the 2%PdNi/C catalyst, the transformation
of C¢Clg occurs via both consecutive and multiplet mechanism (with the elimination of several chlorine atoms
without desorption of the chloroaromatic substrate from the catalyst surface). The promotion of the nickel cat-
alysts with palladium substantially changes the selectivity of formation of intermediate products of CgClg
dechlorination. The mechanism of hydrodechlorination of hexachlorobenzene was suggested that explained the
presence of only certain products of partial dechlorination of hexachlorobenzene in the reaction medium.

INTRODUCTION

In recent years, because of increasing contamination
of the environment, great attention has been given to
the problems of practical application of processes for
the removal of chlorine-containing organic com-
pounds. In this respect, catalytic hydrodechlorination is
of special interest. This process allows one not only to
decompose organochlorine compounds, but also in
many cases, to obtain useful products [1].

As shown by analysis of the published data, many
works (e.g., [2]) have been devoted to catalytic hydro-
dechlorination over the last two decades. However,
despite the progress achieved, many aspects of the
mechanism of catalytic hydrodechlorination remain
unclear. In addition, depending on the reaction condi-
tions and catalysts, the mechanisms of dechlorination
of organochlorine compounds can be different in par-
ticular cases [3-6].

We have previously shown that carbon-supported
nickel and palladium compounds are efficient catalysts
for hydrodechlorination of chloroaromatic compounds
in ethanol-containing solvents under mild reaction con-
ditions [7].

The purpose of this work is a kinetic study of the lig-
uid-phase hydrodechlorination of hexachlorobenzene
in the presence of both nickel and Pd-promoted nickel
catalysts.

EXPERIMENTAL

Hexachlorobenzene (reagent grade) was used in
experiments. Solvents, toluene (special purity grade)
and 95% ethanol, were used after preliminary distilla-

tion. Sodium borohydride and transition metal chlo-
rides of reagent grade were used.

Mono- and bimetallic catalysts were prepared as
follows: calculated amounts of transition metal chlo-
rides were dissolved in water and deposited onto a car-
bon carrier by evaporation. Next, the samples were
reduced by an ethanol solution of NaBH, and washed
three times with a water—ethanol mixture (ethanol :
water=1:1).

Nickel catalysts with a metal content of 1.7 x
10* (g-atom Ni)/(g Cat) (Ni/C) and promoted
nickel catalysts with a total metal content of 1.7 X
10~ (g-atom M)/(g Cat), where M = Ni + Pd, were
used. The palladium-promoted nickel catalyst is desig-
nated as 2%PdNi/C, and the atomic percentage (2%) of
the promoter (Pd) is equal to the ratio of the number of
moles of palladium to the total number of moles of
nickel and palladium (in percentage).

The carbon material known as Sibunit, which was
described in detail in [8, 9], was used as the support.
The Sibunit used in this work had the following param-
eters. Composition (wt %): carbon, 99.4; sulfur, 0.03;
ash content, 0.2. The surface area with respect to argon
was 350 m*/g, and the average pore diameter was 7 nm.

Hydrodechlorination was carried out at a constant
hydrogen pressure in a thermostatted glass reactor with
a magnetic stirrer or in a thermostatted autoclave. In
standard experiments, the freshly prepared catalyst
containing 0.1 mmol metal was added to hexachlo-
robenzene (0.5 mmol) dissolved in a mixture (10 ml) of
95% ethanol and toluene or heptane (ethanol : toluene =
3:2). When NaBH, was used as the hydrogen source,
NaBH, (6 mmol) dissolved in 95% ethanol was added
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Table 1. Degrees of dechlorination (x) of hexachlorobenzene in the presence of mono- and bimetallic catalysts

YAKOVLEV et al.

No. | Catalyst(Ca) | g _gg‘f’é‘at:H Py, atm T,°C Time, h x
1 Ni/C 30:1:- 1 70 13 0.24
2 29PdNi/C 30:1:- i 70 6.5 0.42
3 Ni/C 30:1:- 20 50 7 0.25
4 29PdNi/C 30:1:- 20 50 5 0.89
S Ni/C 30:1:60 - 20 6 0.22
G+ 29%PdNi/C 30:1:60 - 20 5.5 0.58

* For determination of the substrate (S) to metal (Cat) ratio, the amount of the substrate was estimated by the C~CI fragment.
** NaBH, was used as the reducing agent at the atmospheric pressure of argon.

in portions to the reaction mixture. The ethanol solution
contained an excess of NaOH necessary for binding the
HCI evolved during the reaction. The mixture was
intensely stirred (700 rpm). Samples for GLC analysis
were taken from the reaction mixture during the reac-
tion. Undecane was used as the internal standard.

Qualitative and quantitative analyses of the reaction
products were carried out on an LKhM-80 chromato-
graph (a 2 m X 3-mm stainless-steel column packed
with 5% SE-30 on Chromaton N-AW-DMCS; a flame-
ionization detector; argon as the carrier gas, 60 ml/min)
and an LKB 2091 gas chromatograph—-mass spectrom-
eter (a glass capillary column, 40 m X 0.3 mm, with the
stationary phase SE-30).

RESULTS AND DISCUSSION

The data on the degrees of dechlorination (x) of
hexachlorobenzene in the presence of mono- and bime-
tallic catalysts are presented in Table 1. Both molecular
hydrogen and NaBH, dissolved in 95% ethanol were
used as hydrogen sources. The x parameter, which
determines the degree of dechlorination, was calculated
as follows:

6
Y. iC
_i=0

6C,

where C; is the molar concentration of the substrate
containing i chlorine atoms in the molecule, and C is
the initial concentration of hexachlorobenzene.

It follows from the data in Table 1 that the highest
(in the experiments performed) degree of dechlorina-
tion of C4Clg was achieved in the presence of the palla-
dium-promoted nickel catalyst (2%PdNi/C) at an ele-
vated hydrogen pressure (20 atm). Note that the use of
NaBH, as the hydrogen source resulted in higher x val-
ues than those obtained at the atmospheric pressure of
hydrogen.

The GC-MS analysis showed that only the follow-
ing eight main products of dechlorination were
detected in all experiments with hexachlorobenzene:

x=1

pentachlorobenzene, 1,2,4,5- and 1,2,34-tetra-
chlorobenzenes, 1,2,3- and 1,2,4-trichlorobenzenes,
1,2-dichlorobenzene, chlorobenzene, and benzene.
1,2,3,5-Tetrachlorobenzene, 1,3,5-trichlorobenzene, and
1,3- and 1,4-dichlorobenzenes were presented in the
liquid phase as traces.

The presence of biphenyl, other products of reduc-
tive coupling, and products of the hydrogenation of the
solvent or the aromatic ring was not detected during the
whole study.

The distributions of the reaction products (molar
fractions) as functions of the degree of dechlorination
of hexachlorobenzene in the presence of the Ni/C and
2%PdNi/C at 70°C and atmospheric pressure, and at
20 atm of hydrogen are presented in Figs. 1 and 2,
respectively.

A similar distribution of the products of dechlorina-
tion of C¢Clg on Ni/C and 2% PdNi/C at 20°C in the
presence of sodium borohydride as the reducing agent
is presented in Fig. 3.

The simplest reaction scheme that is consistent with
the experimentally observed distributions of products
may be the following (Scheme 1).

In Scheme 1, the addition of one H, molecule fol-
lowed by the removal of HCl is implied at each stage of
hydrodechlorination. However, this reaction mecha-
nism does not completely agree with the data obtained
in experiments using the 2%PdNi/C catalyst, because
Figs. 1b, 2b, and 3b exhibit slopes that differed from
zero for the curves corresponding to the formation of
tetrachlorobenzene and trichlorobenzene isomers,
dichlorobenzene, chlorobenzene, and benzene at the
initial stage of dechlorination. If these reaction prod-
ucts were formed only by successive stages of elimina-
tion of one chlorine atom, the initial slopes of the
curves corresponding to the formation of these sub-
strates should be zero. Therefore, the reaction scheme
describing the liquid-phase hydrodechlorination of
hexachlorobenzene using 2%PdNi/C should include
stages with multiplet elimination of chlorine atoms,
i.e., stages in which more than one chlorine atom is
eliminated without desorption of the dechlorinated sub-
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Fig. 1. Dependences of the distribution of the products of
hydrodechlorination of C¢Clg (molar fractions) on the
degree of dechlorination (x) in the presence of (a) Ni/C and
(b) 2%PdNi/C at atmospheric pressure of hydrogen and
70°C: (1) hexachlorobenzene; (2) pentachlorobenzene;
(3) 1,2,4,5-tetrachlorobenzene; (4) 1,2,3,4-tetrachloroben-
zene, (5) 1,2,4-trichlorobenzene; (6) 1,2,3-trichlorobenzene;
(7) 1,2-dichlorobenzene; (8) chlorobenzene; and (9) ben-
zene. Points indicate the experimental data, and curves rep-
resent the calculation by Scheme 3.

strate from the catalyst surface. The complete scheme
of the reaction for this case is presented below (Scheme 2).

A variety of mechanisms for consecutive and mul-
tiplet dechlorination makes this scheme inappropriate
for the estimation of the rate constants of all dechlori-
nation routes. Therefore, we used a simplified scheme
(Scheme 3) that describes only the initial part of this
extended scheme, including hexachlorobenzene, pen-
tachlorobenzene, and 1,2,3,4- and 1,2,4,5-tetrachlo-
robenzenes.
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Fig. 2. Dependences of the distribution of the products of
hydrodechlorination of C¢Clg (molar fractions) on the
degree of dechlorination (x) in the presence of (a) Ni/C and
(b) 2%PdNi/C at 20 atm of hydrogen and 70°C: (/) hexachlo-
robenzene; (2) pentachlorobenzene; (3) 1,2,4,5-tetrachlo-
robenzene; (4) 1,2,3,4-tetrachlorobenzene; (5) 1,2,4-trichlo-
robenzene; (6) 1,2,3-trichlorobenzene; (7) 1,2-dichloroben-
zene; (8) chlorobenzene; and (9) benzene. Points indicate
the experimental data, and curves represent the calculation
by Scheme 3.

Here the stages of consecutive dechlorination
accompanied by the desorption of intermediates are
designated by solid arrows, and the stages including the
multiplet removal of chlorine atoms are designated by
dotted lines; k¢, and ks_,, are the overall rate constants
of dechlorination of C4Cly and C¢ClsH, respectively,
via stages that are not included in Scheme 3.

It has previously been shown for chlorobenzene that
the hydrodechlorination reaction has a pseudo-first
order with respect to the substrate under similar condi-
tions. Therefore, it was assumed that the hydrodechlo-
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rination rate of polychlorinated benzenes is also
described by the pseudo-first-order equation with
respect to the concentrations of these compounds.

It was also assumed that the type of the dependence
of the reaction rate (r,;) used is a consequence of the
description of the reaction system in terms of the Lang-
muir-Hinshelwood theory. The rate of each direct stage
of hydrodechlorination i — j is expressed as follows:

kKK CPY

-} 2°

(1 + Ky, Py, + ZK,.C,.)

where C; is the concentration of the ith component of

the reaction mixture, k;_; is the rate constant of the

stage that describes the transformation of the ith spe-
cies into the jth species, K is the equilibrium constant
of adsorption for the ith species in this system (the equi-
librium constants of adsorption of substrates that do not

react at this stage are included in the formula), Ky is
the equilibrium constant of hydrogen adsorption,
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Py, is the partial pressure of hydrogen, and n is the

reaction order with respect to H,. Since all experiments
were carried out at an unchanged pressure with a large

excess of hydrogen, the P;'{2 term was included in the
effective rate constant (k;;), which is the product of
ki;, Ku,. K;, and Py, . Taking into account that the
adsorption conditions are the same for all components
of the reaction mixture, the term (1 + Ky Py, +

ZK iC;)* is reduced when the rate constants (r, ) are
divided by each other.

The reaction route of hexachlorobenzene hydro-
dechlorination corresponding to Scheme 3 is described
by a system of normalized differential first-order equa-

tions, where C; is the concentration of the ith species in
the liquid phase, and k; ; is normalized k;;, i.e., the nor-

malized effective rate constant of the stage i — j:
k6—5+k6-4a+k6—4b+k6—m = l,

d_C;s _ ke 5Ce~ (ks gn+ ks ap+ks_,)Cs
dCs ~(kos+ kg s+ ko ap+kem)Cs’

dc,, ko 42Co+ ks 4,Cs —kyy;Ca,

dCs —(kos + kg a4q + ke ap + ks )Cs’
dCy - ke 45Co + ks 4, Cs— kyp_Cay,
dCs  ~(kes+kgaa+ ke ap + ke m)Co
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This system was solved numerically by the fourth-
order Runge—Kutta method.

The normalized effective rate constants k;
were selected in such a way that the mean-square devi-
ations of the calculated data from the experimental val-
ues (R;) were minimum. The R; values were calculated
by the equation

1/2

[zw:ff-cf?ff}

R. = =1

4

b

ng Y (Co+ CEF)

j=1

where Ci? and C{f are the experimental and calcu-

lated amounts of the ith component converted into the
jth component, and #; is the number of experimental
points for the ith component of the reaction medium.

The unambiguous array of the k;; constants at which the

best coincidence of the calculated and experimental
data is achieved was determined by the successive min-
imization of all R;. The accuracy of determination of &, ;

was 5-20%. These constants are summarized in Table 2.

Curves describing the transformations of hexachlo-
robenzene, pentachlorobenzene, and 1,2,4,5- and
1,2,3,4-tetrachlorobenzenes at a set of k,~_j constants cor-
responding to minimum R; values are shown in Figs. 1-3
by solid lines; these curves were calculated by the
above procedure.
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Fig. 3. Dependences of the distribution of the products of hydrodechlorination of CsClg (molar fractions) on the degree of dechlo-
rination (x) in the presence of (a) Ni/C-NaBH, and (b) 2%PdNi/C-NaBH, systems at 20°C in an inert atmosphere (Ar):
(I) hexachlorobenzene; (2) pentachlorobenzene; (3) 1,2,4,5-tetrachlorobenzene; (4) 1,2,3,4-tetrachlorobenzene; (5) 1,2,4-trichlo-
robenzene; (6) 1,2,3-trichlorobenzene; (7) 1,2-dichlorobenzene; (8) chlorobenzene; and (9) benzene. Points indicate the experimen-

tal data, and curves represent the calculation by Scheme 3.
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Table 2. Normalized effective rate constants (k;;) for hydrodechlorination of hexachlorobenzene

kij NVC, 1 atm H, 2‘17";‘;%?* Ni/C, 20 atm H, 22%":“"1“{% Ni/C, NaBH, 20’;‘1}2‘1‘3{‘1 G,

ke s 1.0000 0.9091 1.0000 0.8261 10000 0.3714
ke 4a 0 0 0 0.0435 0 0.0286
ke 4t 0 0 0 0.0435 0 0.1714
ke 0 0.0909 0 0.0869 0 0.4286
ks 4a 0.0571 0.0545 0.1719 0.0435 0.3000 0.0571
ks 0.0245 0.5000 0.0937 0.0652 0.1000 0.1143
ks 0 0.0909 0 0.0652 0 0.1429
Kios 0.0735 0.0682 0.0938 0.3043 0.8125 0.0286
Kap. 0.0816 11360 0.0625 0.3043 0.4375 0.2857
Kotaths e 2.3300 0.1090 1.8300 0.8000 3.0000 0.3700
ke_ap+ ks_ap . ' ' ' ' '

Y 0 0.1240 0 0.2560 0 1.4210

Analysis of the normalized effective rate constants
is also presented in Table 2.

The ratio of the sum of k44, and ks_4, to the sum of
k¢4, and ks_qp is an indicator of the selectivity of forma-
tion of 1,2,3,4-tetrachlorobenzene depending on the
catalyst nature and reaction conditions. The data in
Table 2 show that 1,2,4,5-tetrachlorobenzene mainly
forms at the stage of formation of tetrachlorobenzene
isomers in the presence of the nickel catalyst, whereas
1,2,3,4-tetrachlorobenzene mainly forms in the pres-
ence of the 2%PdNi/C catalyst at both atmospheric

pressure of hydrogen and Py, = 20 atm. The use of
NaBH, as the source of hydrogen does not change this
regularity.

The parameter Y, which is the ratio of the sum of the
rate constants of stages with multiplet elimination of
chlorine atoms to the sum of the rate constants of con-
secutive stages for hexa- and pentachlorobenzene, was
calculated as follows:

Y = ke _sa +ko-ap + ke + Ks_m
ke s+ ks_sa+ ks_ap

It follows from the data in Table 2 that the promoter
(Pd) increases the contribution of the multiplet stages to
the hydrodechlorination of hexachlorobenzene as com-
pared to the nonpromoted nickel catalyst (Ni/C), in the
presence of which the process occurs almost com-
pletely via the consecutive route. When the pressure of
hydrogen increases from atmospheric to 20 atm, the
contribution of the multiplet stages approximately dou-
bles in the presence of the promoted catalyst.

The data in Table 2 show that, when NaBH, is used
as the hydrogen source, the hydrodechlorination in the
presence of the 2%PdNi/C catalyst proceeds mainly via
the multiplet route.

It is known that the C—Cl bond length in alkyl chlo-
rides is 0.177 nm, and that in aryl chlorides is 0.169 nm
due to the interaction of a lone electron pair of the chlo-
rine atom with the n-cloud of the aromatic ring. Thus,
the bond of chlorine with the aromatic ring has the
character of a double bond [10]. Based on this fact, we
suggest a reaction mechanism that explains our data
and the results of other researchers.

As shown in [11], the catalytic hydrodechlorination
of chlorobenzene is accelerated by electron-withdraw-
ing substituents. This fact can be interpreted as the abil-
ity of electron-withdrawing groups to stabilize the
C=Cl double bond due to the withdrawal of the electron
density from the aromatic ring. Krans and Bazant [11]
also showed that adsorption of chloroaromatic com-
pounds is not dissociative. The presence of hydride spe-
cies on VIII Group metals and protons formed during
hydrogen adsorption was also assumed in [11].

Based on similar considerations, La Pierre et al.
[12] suggested a mechanism for hydrodechlorination of
aryl chlorides (Scheme 4), according to which, at the
first stage, adsorbed particles bound to two surface sites
are attacked by a hydride ion to form an adsorbed phe-
nyl anion, which is rapidly associated with a proton.

The chlorine atom is an electron acceptor in chloro-
aromatic compounds. Thus, the more chlorine atoms in
the ring, the stronger the stabilization of the C=Cl bond.
In addition, for multicentered adsorption of a polychlo-
roaromatic compound on the catalyst surface, electrons
of chlorine and the aromatic ring are partially with-
drawn by d-orbitals of a transition metal (Pd, Ni),
which also stabilizes the C=Cl bond. Therefore, two
C=Cl bonds can be formed, and two chlorine atoms can
be removed without desorption of the polychloroaro-
matic substrate from the catalyst surface after elimina-
tion of the first chlorine atom. This multiplet mecha-
nism is presented in Scheme 5.
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It can be assumed that adsorbed tetrachlorobenzene ACKNOWLEDGMENTS

isomers formed from hexachlorobenzene can undergo
further dechlorination without desorption from the cat-
alyst surface.

Evidently, a mechanism of the consecutive removal
of chlorine, which is similar to that described in [12],
occurs in parallel to the multiplet mechanism. How-
ever, in this case, 1,2,3,5-tetrachlorobenzene was also
not formed from pentachlorobenzene. For pentachlo-
robenzene, 1b and 2a species, in which the negative
charge is located at the carbon atom attached to the
hydrogen atom, are the most stable resonance struc-
tures that appear during the formation of the C=Cl bond
in different positions relative to the hydrogen atom
(Scheme 6). In all other structures, the negative charge
is located at the carbon atom bound to the negatively
charged chlorine atom. Thus, taking into account the
Coulomb repulsion of like charges, we believe that the
formation of 1,2,3,5-tetrachlorobenzene is improbable.

Similar consideration of the resonance structures of
tetra- and trichlorobenzene isomers explains the
absence of products of partial dechlorination of C4Clg,
such as 1,3,5-trichlorobenzene and 1,3-dichloroben-
zene, in the reaction mixture.

Thus, the mechanism suggested for the transforma-
tion of hexachlorobenzene explains completely the
experimentally observed composition of the products
of partial dechlorination of hexachlorobenzene.
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