
Introduction

Chloroorganic compounds are generally considered a
priority pollutant due to their widespread presence in the
environment. The chemical industry still continues to pro-
duce different groups of halogenated organic compounds
constituting undesirable waste or by-products. Most atten-
tion has been paid to chlorinated aromatic compounds
harmful to living organisms that tend to accumulate in the
natural environment [1].

In years past, industrial products containing
chloroarenes, in particular polychlorinated biphenyls
(PCBs), have been used widely as electroinsulating fluids,
hydraulic and lubricating fluids as well as heat exchanger

fluids. Despite withdrawal of use and restriction on the pro-
duction of PCBs, large amounts of these compounds con-
tinue to be present in environment, either in use or as waste.
Electrotechnical equipment containing PCBs is a constant
emission source of these compounds to the environment.
Therefore, the quick and safe method of PCB degradation
is a subject of broad research. A similar problem arises with
chlorine derivatives of benzene and its homologues.

At present, organic waste containing chlorine deriva-
tives are commonly being destroyed by high-temperature
incineration due to its universalism, relative technical sim-
plicity and availability of reliable technology. A basic
problem is the proven possibility of yielding harmful prod-
ucts including chloroarene derivatives such as polychlori-
nated dibenzodioxins and polychlorinated dibenzofurans
[2-4]. Moreover, in the process of incineration the whole
material is irreversibly lost. Although there is a possibility
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of using the energy and hydrochloric acid resulting from
burning, this does not affect the economic viability signifi-
cantly.

Biological treatment is capable of degrading halo-
organics but conversion is low and the process requires
expensive reactors [5]. However, biological methods are
irreplaceable for decontamination of large areas of soils and
water reservoirs. 

A widely recommended method of dechlorination of
chloroorganic compounds, which is environmentally safe,
is degradation under reductive conditions. In a reduction
process, toxic by-products such as derivatives of dioxins,
furans, and phosgene are not produced. The main reaction
product is HCl, which can be easily separated.

The dechlorination of organic chlorinated compounds
such as chlorinated benzenes and chlorinated phenols using
hydrogen as a reducing agent and catalysts containing differ-
ent active elements: Pd, Pt, Rh and Ni has been widely
reported [6, 7]. It is commonly accepted that noble metal cat-
alysts are active at low temperatures, even at room tempera-
ture. However, they are easily irreversibly deactivated by
hydrochloric acid, which is formed during dechlorination [8].

Catalytic hydrodechlorination (HDCl) is in a certain
sense an adaptation of widely applied refinery processes
such as hydrodesulphurization, hydrodenitrogenation and
hydrodearomatisation. Due to low operating temperature
and the recovery of the products, the HDCl process is eco-
nomically advantageous with respect to incineration [9,
10]. Catalysts with Ni-Mo as an active phase constitute a
very efficient system for hydrodechlorination [11]. The
main advantages of Ni-Mo catalysts are low price, stability
and duration. Such catalysts, when converted to sulphided
forms, are characterized by their optimum high activity
[12].

A number of supports were tested, including TiO2,
MgO, ZrO2 and Al2O3. A major disadvantage of these mate-
rials is that they are susceptible to destruction caused by
hydrohalogens. Activated carbon has an advantage over
them in this aspect, and is stable in acidic media [13]. In
addition, organic compounds, especially arenes, show
affinity to polyaromatic carbon surfaces in contrast to min-
eral supports. A very important aspect from the economy of
using precious metal catalysts, especially a highly loaded
one, is recovery, refining and recycling of the metal.

The nature of carbon material used as a catalyst support
for the HDCl process is also important. It was reported that
activated carbon and carbon fibres are suitable for this pur-
pose, but not graphite [8].

In non-catalyzed processes, such as hydrodechlorina-
tion of chlorobenzene, the temperature has to be in the
range of about 900ºC [14]. Activated carbon alone can
already promote the dehalogenation of arene derivatives
[15]. Chlorobenzene derivatives are dehalogenated to a
high extent below 600ºC, thus, at a temperature lower than
needed for the non-catalyzed reaction [16-18]. Therefore,
the ability of activated carbon to adsorb especially aromat-
ic compounds can assist in the target dehalogenation
process.

It is widely known that catalytic dehalogenation of aro-
matic compounds is an electrophilic substitution reaction
[19, 20]. The fact that 1,2,3,4,5-pentachlorobenzene, in
reaction with hydrogen, is first attacked at position 3, i.e. on
the atom of greatest electron density, supports the elec-
trophilic substitution mechanism of hydrodechlorination of
chloroaromatics [21]. In the products of the reaction men-
tioned above, chlorine derivatives with the chlorine atom in
position 3 are always absent. Generally, the presence of
electron donating substituents (NH2, CH3) and electrowith-
drawing substituents (Cl, CF3), as well as their position,
affects the hydrodechlorination reaction rate according to
the electrophilic mechanism theory [22-24]. However, in
some cases the sterical and electronic effects can also over-
lap. For chlorodiphenyl congeners the chlorine atom in the
-orto position is the least susceptible to hydrogen substitu-
tion [25]. 

The aim of this work was to evaluate the suitability of
activated carbon as a support of Ni-Mo catalyst in the HDCl
process of chloroaromatic compounds. Commercial acti-
vated carbons and laboratory-prepared activated carbons of
different porous structures were tested in this study.

Materials and Methods

Chlorobenzene, chloronaphthalene, chloroanthracene,
chlorocyclohexane, heptane, nickel nitrate (Ni(NO3)2·6H2O),
and ammonium molybdate ((NH4)6Mo7O24·4H2O) were
purchased from Aldrich (Steinheim, Germany). The com-
mercial-activated carbons CWZ-22 (CG) and Norit SX
ULTRA CAT (CN) were obtained from Gryfskand and
Norit companies, respectively. 2- and 4-chlorodiphenyls
were delivered by Riedel-de Haën The initial concentration
of chloroorganic substrates tested was 500 mg/L.
Chlorocyclohexane was diluted with heptane. Aromatic
chloroorganic compounds were dissolved in heptane with
the addition of toluene (10%) to avoid their selective
adsorption on the carbon surface of activated carbon. When
an aliphatic-aromatic mixture is used as a solvent, this phe-
nomena is not observed (as proven in our work that has not
yet been published).

Preparation of Carbon Support

The activated carbon ACP was produced by chemical
activation of oak with phosphoric acid. The wood pre-
cursor was impregnated with 50% H3PO4 solution and
subsequently heated to 480ºC at 1ºC min-1 in a mixed
steam-nitrogen atmosphere. The soaking time was 20
min. The product was washed with distilled water to
remove chemicals and dried at 105-110ºC for 2h. ACP1
was obtained by exhausted washing of ACP with distilled
water.

Commercial activated carbons CG and CN were pre-
treated with 5% HCl prior to their use as a support of cat-
alyst.
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Catalyst Preparation

Ni-Mo catalysts were prepared by incipient wetness
technique using activated carbon as a support. Nickel
nitrate and ammonium molybdate were used for catalyst
loading. Activated carbon was impregnated with molybde-
num salt, dried at 105-110ºC and afterwards the sample was
heat treated at 300ºC for 3 h in argon atmosphere.
Subsequently, the Mo-loaded sample was impregnated with
an aqueous solution of Ni salt. After drying, the Mo- and
Ni-loaded activated carbon was heat-treated at 400ºC in
flowing argon for 3 h. The composition of the active phase
was the same for each carbon-supported catalyst, i.e. 5 wt%
NiO and 15 wt% MoO3.

Analyses

The porous structure parameters of the supports and cat-
alysts were determined from nitrogen adsorption and des-
orption isotherms measured at 77 K with a NOVA 2200 gas
sorption analyzer (Quantachrome). The specific surface
area (SBET) was calculated using the BET method. The
Gurvich rule and Kelvin condensation theory [26], were
applied to establish the extent of microporosity (pores with
a width < 2 nm) and the pore size distribution of mesopores
(pores with a width of 2-50 nm) volume (Vmes), respective-
ly. The amount of nitrogen adsorbed at the relative pressure
of p/p0=0.98 was employed to determine the total pore vol-
ume (Vt), which corresponds to the sum of the micropore
and mesopore volumes. The micropore volume (Vmic) was
calculated as the difference between total pore volume and
mesopore volume. The mesopore fraction was expressed as
the ratio of mesopore volume to total pore volume
(Vmes/Vt).

Scanning electron microscopy with energy dispersive
X-ray analysis (Jeol JSM 5800LV, Oxford Link ISIS 300)
was applied to monitor the metal distribution and the sur-
face morphology of catalyst.

Hydrodechlorination Process

The HDCl reactions were conducted in microautoclave
under hydrogen pressure of 3 MPa at 260ºC for 1 h. 2 ml of
substrate solution and 50 mg of catalyst were placed into a
reactor in each experiment. Before the HDCl process, the
catalyst had been sulphided with 75 μl of diethyl sulphide
at 320°C for 45 min. Afterwards the reactor was cooled to
the temperature required for the process, and the reaction
substrate was injected into the reactor. The reaction mixture
was kept homogenous with a magnetic stirrer. After the
reaction the reactor was immediately cooled to room tem-
perature. The HDCl degree was determined as an average
of two runs. 

The reaction products and substrates were analyzed by
means of gas chromatography (GC) using a Hewlett
Packard HP5890 equipped with a flame-ion detector and
column HP-1 (30 m x 0.25 mm ID, 0.25 μm film thick-
ness). A split 1:10 was set and the volume of injected sam-
ple was 1 µl. The injector temperature was 280ºC. After
injection the oven was heated at 5ºC min-1 from 120ºC to a
final temperature of 290ºC and held for 10 min. Two inde-
pendent measurements were performed for each sample.
Hexadecane was used as an internal standard for the quan-
titative analysis.

Results and Discussion

Characteristics of Carbon Supports 

Porous structure parameters for carbon supports and Ni-
Mo/C catalysts are given in Table 1. The activated carbons
used as catalyst support have a well-developed porous
structure. They show total pore volume in the range of
0.488-1.374 cm3/g with the mesopore fraction of 0.33-0.54.
The SBET surface area ranges from 836 to 2178 m2/g.
Commercial activated carbons CN and CWZ-22 are char-
acterized by both lower BET surface area and total pore
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Carbon sup-
port/catalyst

Ash content
(wt %)

SBET

(m2/g)
Vmic

(cm3/g)
Vmes

(cm3/g)
Vt

(cm3/g)
Vmes/Vt

CG 0.6 836 0.328 0.160 0.488 0.33

Ni-Mo/CG - 714 0.294 0.114 0.408 0.28

CN 3.9 1020 0.372 0.437 0.809 0.54

Ni-Mo/CN - 840 0.355 0.405 0.760 0.53

ACP 9.7 2178 0.800 0.403 1.203 0.33

Ni-Mo/ACP - 1007 0.377 0.154 0.531 0.29

ACP1 3.3 1718 0.630 0.744 1.374 0.54

Ni-Mo/ACP1 - 1194 0.448 0.457 0.905 0.50

Table 1. Porous structure characteristics of activated carbons and activated carbon-supported Ni-Mo catalysts.



volume, compared to the carbons produced by chemical
activation with phosphoric acid (ACP, ACP1). The carbon
supports used differ in terms of the amount of inorganic
constituents (Table 1). They are characterized by low ash
content (0.6-3.9 wt%), except for ACP. An exhausted wash-
ing of ACP results in a significant decrease of ash content
from 9.7 to 3.3 wt % due to the removal of most phospho-
rous compounds. This leads to a change in porous structure
parameters. An increase in the total and mesopore volumes
can be observed, whereas both the BET surface area and the
micropore volume are decreased (ACP vs. ACP1).

Characteristics of Ni-Mo/C Catalysts

It can be clearly seen that metal loading reduces both
the internal surface area and total pore volume, but to dif-
ferent extent depending on the activated carbon used (Table
1). This is accompanied by a decrease in the micropore and
mesopore volumes. The largest changes in the porous struc-
ture due to metal loading can be observed for ACP with the
most developed microporosity among carbon supports
used. 

The prepared Ni-Mo/C catalysts are characterized by
internal surface area from 714 to 1194 m2/g and total pore
volume from 0.408 to 0.905 cm3/g. For all catalysts the
mesopore contribution to the porous structure is lower com-
pared with carbon support. 

Fig. 1 shows the comparison of pore volume distribu-
tion for Ni-Mo/C catalysts and carbon supports alone. The
Ni-Mo/CG and Ni-Mo/ACP catalysts contain mainly
micropores, about 70%, reflecting the microporous nature
of supports. For Ni-Mo/CN and Ni-Mo/ACP1, the microp-
ores constitute approximately 50% of their total pore vol-
ume. It can be seen in Fig. 1 that for all catalysts the contri-
bution of mesopores of different size is similar to that of
carbon support used. This means that no preferential block-
age of mesopores with a given size range by metal precur-
sors has been occurred. As far as micropores are concerned,
a tendency of increasing extent of blockage with micropore
volume of carbon support can be observed.

SEM-EDX examination of Ni-Mo/C catalysts prepared
by incipient wetness method reveals that nickel and molyb-
denum are homogeneously distributed on the surface of
activated carbon. As an example, Fig. 2 shows these char-
acteristic homogeneous metal dispersions for the Ni-Mo/
CN catalyst.

Hydrodechlorination of Monochlorodiphenyls

The results of the catalytic HDCl process carried out on
selected monochlorodiphenyls are shown in Table 2. The
conversion degree of monochlorodiphenyls to diphenyl in
the presence of Ni-Mo/C catalyst is in the range of 71.2-
99.1%, whereas for non-catalytic process does not exceed
16%. The lowest chlorine removal is observed for the Ni-
Mo/ACP catalyst, which was prepared using activated car-
bon with high ash content (9.7 wt%). It was found that 4-

chlorodiphenyl was distinctly more reactive compared to 2-
chlorodiphenyl in the presence of Ni-Mo/C catalysts tested.
This fact can be explained by steric reasons. In the case of
2-chlorodiphenyl, the presence of the large phenyl ring
placed in the position adjacent to the chlorine atom results
in a decrease in the rate of its elimination. For 4-
chlorodiphenyl the phenyl group, three bonds away from
the chlorine atom, does not hinder the dechlorination reac-
tion.

The obtained results show that the catalytic activity of
Ni-Mo/C catalysts does not exhibit any significant correla-
tion with their porous structure. The size of molecules,
which were used as substrates in HDCl process, does not
exceed 0.5 nm [27]. Therefore, the whole micropore system
can be considered as accessible for the substrate molecules.
In that case, the activity of the catalyst can be related to the
internal surface area. High surface area of the catalyst
ensures the availability of the substrate to active phase and
in that way favors the progress of the reaction. Moreover,
the presence of activated carbon-derived mineral matter can
influence the conversion degree in the HDCl reaction. It is
well known that some mineral constituents inhibit activity
of a catalyst as can be observed, for example, in the case of
nickel catalysts [28, 29]. Nickel atoms in the aluminate
form can create the undesirable microcrystal phase, which
is reduced to a more difficult free metal, being the active
phase of the catalyst.

Ni-Mo/ACP shows the lowest catalytic activity among
catalysts tested. For 2- and 4-chlorodiphenyl the HDCl
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Catalyst 2-chlorodiphenyl 4-chlorodiphenyl

Ni-Mo/CG 85.3 99.0

Ni-Mo/CN 84.7 98.7

Ni-Mo/ACP 71.2 93.7

Ni-Mo/ACP1 86.1 99.1

no catalyst 5.1 15.2

Table 2. Conversion degree of monochlorodiphenyls during
catalytic and non-catalytic HDCl processes (260ºC, hydrogen
pressure 3 MPa, reaction time 1 h).
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degree is 71.2 and 93.7%, respectively. Presumably, it can
be explained by an enhanced amount of ACP-derived inor-
ganic constituents in the carbon support (Table 1). A
decrease in ash content achieved by exhausted washing of
ACP resulted in an increase in the conversion degree of
monochlorodiphenyls in the HDCl process. This suggests
that phosphorous compounds left after activation of wood
play a detrimental role in catalyst activity in the HDCl reac-
tion. 

A comparable dechlorination degree of mono-
chlorodiphenyls is achieved for the remaining three Ni-
Mo/C catalysts in spite of the fact that they differ in terms
of porous structure to a high extent (Table 1). For 2-
chlorodiphenyl and 4-chlorodiphenyl, the HDCl degree in
the presence of Ni-Mo/CG, Ni-Mo/CN and Ni-Mo/ACP1 is
in the range of 84.7-86.1% and 98.7-99.1%, respectively.
The ash content in the carbon supports used for the prepa-
ration of the above catalysts was between 0.6 and 3.9 wt%.

The results similar to those obtained in our work were
reported by Gioia and Murena [11]. In their study
decachlorodiphenyl was totally dechlorinated at 300ºC in
the presence of an Ni-Mo/Al2O3 catalyst.

Hydrodechlorination of Chlorobenzene 
and Its Homologues

The results of hydrodechlorination of chlorobenzene,
chloronaphthalene and chloroanthracene are given in
Table 3. All the tested catalysts were found to be very effec-
tive in the removal of chlorine, with a yield of 83.0-98.5%
at 260ºC. Again, differences in their porous structure do not
exhibit any significant influence on the extent of dechlori-
nation under process conditions studied in this work.

The Ni-Mo catalysts tested show a considerably higher
activity compared to monometallic Ni/Al2O3. To achieve a
comparable dechlorination degree, the latter requires a
higher temperature, 350ºC [15, 29]. The susceptibility of
chlorinated aromatics to dechlorination in the presence of
Ni-Mo/C catalysts increases as follows: chlorobenzene<
chloronaphthalene<chloroanthracene. This relation is quite
surprising. Taking into account the sterical aspect only, the
order is expected to be in the opposite direction. The most
likely reason for this behavior is related to the degree of
aromaticity of the studied compounds. The values of aro-
maticity indices for polyacenes decrease with increasing ring
numbers [30-32]. Benzene is characterized by the strongest
aromatic properties among benzenoidoic hydrocarbons.
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Catalyst Chlorobenzene Chloronaphthalene Chloroanthracene Chlorocyclohexane

NiMo/CG 83.0 90.0 97.6 97.7

NiMo/CN 83.2 89.2 98.5 95.5

NiMo/ACP1 85.5 90.0 96.2 94.0

Table 3. Conversion degree of chlorobenzene, chloronaphthalene and chloroanthracene1) and chlorocyclohexane2) in the catalytic HDCl
process.

1) 260ºC;  3 MPa, 1 h
2) 180ºC; 3 MPa, 1 h

       a 

10 m

b

10 m

c

10 m

Fig. 2. SEM-EDX analysis of Ni-Mo/CN catalyst. (a) SEM
image, (b) Ni distribution, (c) Mo distribution.

a

b

c



The same relationship can be predicted in the case of its
chlorine derivatives.

Products such as cyclohexane and cyclohexane deriva-
tives formed on hydrodechloration of chloroaromatic com-
pounds were not observed in this work. The activation ener-
gy over catalyst is not sufficient for disruption of the reso-
nance of aromatic ring [33, 34].

Chlorinated aromatic hydrocarbons are generally less
susceptible to dechlorination compared with chloroalkanes
and chloroalkenes [35]. To confirm the hypothesis that the
susceptibility of monochloroaromatic hydrocarbon is relat-
ed to the degree of its aromaticity, chlorocyclohexane was
subjected to hydrodechlorination in the presence of tested
Ni-Mo/C catalysts. The results of these experiments are
included in Table 3. It can be clearly seen that chlorocyclo-
hexane is dechlorinated with a yield over 94% at 180ºC,
whereas for chlorobenzene at much higher temperatures
(260ºC) the removal of chlorine is only about 83%. This
observation arises from a different reaction mechanism.
Dechlorination of chloroarenes is electrophilic
hydrodechlorination. Dehydrochlorination of chlorocyclo-
hexane involves intramolecular elimination E2 of HCl,
where the external hydrogen source is necessary only to
limit deactivation [36]. Śrębowata et al. [37] have reported
that 1,2-dichloroethane can be selectively converted to
ethene using activated carbon-supported Ni catalyst at
210ºC.

Conclusions

A sulphided carbon-supported Ni-Mo catalyst appears
to be very effective in the hydrodechlorination of mono-
chlorodiphenyls, chlorobenzene, chloronaphthalene and
chloroanthracene. The activated carbons used as support for
the Ni-Mo catalyst were characterized by a well-developed
porous texture with different pore volume distribution.
Pretreatment of phosphoric acid-promoted activated carbon
of enhanced ash content improved the catalytic activity of
resultant carbon-supported Ni-Mo catalyst due to the
removal of considerable parts of inorganics left after acti-
vation. The obtained results show that 4-chlorodiphenyl is
more easily dechlorinated when compared with 2-
chlorodiphenyl, in which the phenyl group, in the position
next to the chlorine atom, possesses a steric hindrance.
Chlorobenzene homologue susceptibility to chlorine
removal in the HDCl process increases as the aromatic
character of the compound decreases, i.e., chlorobenzene<
chloronaphthalene<chloroanthracene. A clear relationship
between the porous texture of the Ni-Mo/C catalysts and
chlorine removal efficiency in the HDCl reaction has been
not observed in this study. 
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