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Abstract

A series of nickel (2—15 wt.%) catalysts supported on niobia were prepared. Their catalytic efficiency in the vapour phase hydrodechlorination
of 1,2,4-trichlorobenzene was studied. The catalyst samples were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), temperature programmed desorption of hydrogen (TPD), temperature programmed reduction
(TPR) and hydrogen chemisorption method. Hydrogen chemisorption studies suggest that the hydrogen spillover culminates at 6 wt.% of
Ni/Nb,Os. The partial hydrodechlorination ability of 6 wt.% Ni/B®s was also found to be the highest. Niobia supported nickel catalysts
were found to be highly active for the partial hydrodechlorination of 1,2,4-trichlorobenzene. It was also found that the catalytic properties are
related to dispersion of nickel on niobium oxide.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction heterogeneous cataly$&. Niobia can be used as a support,
promoter and solid acid and is easily reducible over a wide
The gas phase catalytic hydrodechlorination of chlori- temperature range. Niobia is also known as a typical strong
nated and polychlorinated aromatic compounds is a far bettermetal support interacting (SMSI) oxifig], Ko et al.[8] have
method of treatment of organic wastes than the conventionalreported that for hydrocarbons, the niobia supported nickel
ones like incineration. Catalytic hydrodechlorinatjér3]is catalysts exhibited higher conversion and selectivity during
now emerging as an alternative, economically viable processFischer—Tropsch synthesis than the nickel catalysts sup-
for more efficient, ecological treatments of chlorinated ported on alumina or silica. Nickel catalysts are extensively
organic wasteg4,5]. Information on hydrodechlorination  used in hydrogenation reactions but there are only few reports
processes of complex polychlorinated aromatic compounds[1,4,9,10]regarding their application in hydrodechlorination
is difficult to find. Catalytic hydrodechlorination of organic reactions. In the present study we report for the first time
halides produce the corresponding hydrocarbon and hydro-some interesting results on the use of niobia supported nickel
gen chloride. The produced hydrogen chloride can be readily catalysts for hydrodechlorination of 1,2,4-trichlorobenzene.
separated while the hydrocarbon can be recycled to minimize
the waste. Niobium-based materials have been recently
employed as catalysts in numerous catalytic applications.
There are various functions of niobium compounds in 5 1 Catalyst preparation

2. Experimental

* Corresponding author. Tel.: +91 40 27193162; fax: +91 40 27160921.  Niobium(V) oxide was prepared by calcination of nio-
E-mail addresskvrchary@iict.res.in (K.V.R. Chary). bium pentoxide hydrate (Niobia HY-340, AD/1227, CBMM,
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Brazil) in air at 773 K for 5 h. Subsequently, a series of nickel (30 mImin~1) with calibrated loop doses. The doses were
catalysts (nickel loadings ranging from 2 to 15wt.%) sup- continued till no further uptake of hydrogen was observed.
ported on niobium(V) oxide (surface area 55g11) were
prepared by impregnation with an aqueous solution con- 3.5 Temperature programmed desorption of hydrogen
taining Ni(NQ3)2-6H20 (Fluka). The catalysts were subse-
quently dried at 383K fOI’ 16 h and CaICined in air at 773K Temperature programmed desorption (TPD) Studies were
for5h. carried out on an AutoChem2910 (Micromeritics, USA). In
a typical TPD experiment about 500 mg of the sample was
taken in a U-shaped quartz sample tube supported on a quartz

3. Catalyst characterization wool bed. The sample was reduced in a flow of hydrogen
_ _ (50 mimin1) at a temperature of 673K to remove all the
3.1. X-ray diffraction (XRD) physisorbed hydrogen for 40 min. The oven was heated from

. room temperature to 1073 K. The hydrogen concentration in
XRD patterns of pure N5 and Ni/NOs samples  the effluent stream was monitored with the thermal conduc-
were recorded on Siemens D5000 X-ray diffractometer using tjvity detector and the areas under the peaks were calculated
nickel-filtered Cu Kx radiation. using GRAMS/32 software.

3.2. Temperature programmed reduction 3.6. Scanning electron microscopy (SEM)

The catalysts were characterized by temperature pro-  scanning electron micrographs are obtained with a JSM
grammed reduction (TPR), pulse hydrogen chemlsorptlon'5410 scanning electron microscope operating at an accelerat-
and BET surface area measurements. The above eXperiing voltage of 15 kV and a work distance (WD) of 16 mm and
ments were conducted on AutoChem2910 (Micromeritics, magnification values in the range of 10,000-50,000his
USA) and the details of the instrument are given elsewhere ochnique was used to study the morphology and measure the
[11]. Temperature programmed reduction was carried out on gjze of the NiO particles.

100 mg of the catalyst sample using 5%/Ar (50 mI min~1)
from ambient temperature to 1073K at a heating rate of 5 7 Catalytic experiments
10 Kmin~L. Prior to TPR experiments the catalyst sample

was pretreated with helium (S0 ml mi) at 473K for2h. A down flow fixed bed reactor operating at atmospheric
The peak areas were quantified using reduction of silver oxide pressure was used for testing the catalyst for hydrodechlori-
as areference. nation of 1,2 4-trichlorobenzene. About 2 g of the catalyst,
mixed with an equal amount of quartz spheres were placed
3.3. X-ray photo electron spectroscopy (XPS) into the reactor (2 cm internal diameter and 20 cm length)

) _and were supported by a glass wool bed. Prior to introduc-
_The XPS spectra of the calcined samples were obtaineding the reactant 1,2,4-trichlorobenzene with a syringe pump,
with a Kratos-Axis 165 spectrometer using magnesium an- ye catalyst was reduced at 673K for 3h in hydrogen flow
ode at 75W |Qv = 1253:§ ev). The speptra were analyzed in (60 mImin~1). The catalytic measurements were made at an
terms of relative intensities and chemical displacement of Nb o\ a4l gas hourly space velocity of 50,205t Each cat-
and Ni. Charge correction for the powdgrsamples was r‘?latedalytic run was repeated four times using different samples
to the C 1s peak at 284.6 ev. Calculations of the atomic ra- from the same batch of the catalyst and the measured con-
tios (Ni/Nb) were performed by determining the Nb §34 versions did not deviate by more than 2-3%. The reaction
and Ni (2p/2) peak areas, after subtracting the inelastic back- |45 carried out at a temperature of 523K for a period of
ground and correction intensities multiplied by the respective 5, \which is sufficient to get the steady state activity. The

sensitive factors. reactor effluent was frozen in a liquid nitrogen trap for sub-
, ) sequent analysis, which was made using HP5973 quadrupole
3.4. Hydrogen chemisorption GC-MSD system with a HP-1MS capillary column.

Hydrogen chemisorption was measured by the pulse
method to estimate dispersion of nickel on J9lg sup- 4. Results and discussion
port. Prior to hydrogen chemisorption measurements, ap-
proximately 350 mg of the sample was reduced in a flow of 4.1. X-ray diffraction (XRD)
10% Hy/Ar (30 mImin~1) at 673 K for 2 h and subsequently
flushed with argon (30 mImint) at the same temperature The XRD patterns of pure N5 and Ni/NkpOs catalysts
for 1 h and then cooled down to ambient temperature. Hy- with varying nickel contents on the support are shown in
drogen chemisorption was measured at room temperatureFig. 1 In all the Ni/NkOs samples NiO peaks, indicated by
by introducing pulses of 10% 4#Ar in pure argon stream  an asterisk (*), appeared dt= 2.088A, (20 = 43.3) along
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Fig. 1. XRD profiles of (a) pure NiDs, (b) 2wt.% Ni/NOs, (c) 6 wt.%
Ni/Nb20Os, (d) 10 wt.% Ni/NOs and (e) 15 wt.% Ni/NbOs.

with the intense peaks of pure pBs. The XRD of pure
Nb2Os (due to TT phase NIDs, a less crystalline form of T

(T from the German “tief” for low) stabilized by impurities)

is in agreement with the structure of Mbs reported by Ko
and Weissmafil2]. This phase is the low temperature phase
of NbpOs (it is formed at 773 K). The intensity of NiO peak
increases with Ni loading on NBs. The XRD patterns also
reveal that there is no mixed oxide phase formed between

NiO and NBkOs. Fig. 2. SEM pictures of (a) 2wt.% Ni/Ni®s, (b) 10 wt.% Ni/NBkOs and
(c) 15wWt.% Ni/NOs.

4.2. Scanning electron microscopy (SEM)
Table 1 TPR profiles of various Ni/NfOs and pure NbOsg

The morphology of the samples was investigated by scan-are shown irFig. 3. Pure NbOs (Fig. 3a) has not shown any
ning electron microscopy. The micrographs show that the reduction peaks up to 1073 K. However, NiA0x samples
catalysts samples exhibited homogeneous NiO particles be-have shown broad reduction peaks between 673 and 720K,
tween 3000 and 5008, are shown inFig. 2. As the nickel ~ which are attributed to the reduction ofito Ni®. How-
loading increases there is an increase in the size of the NiOever from the results obtained from XPS we see peaks corre-

particles. sponding to NiO, NiOs that is not the case in TPR because
TPRis a bulk technique whereas XPS is a surface technique.
4.3. Temperature programmed reduction (TPR) From the same figure it can be seen that the intensity of the

reduction peak increases with nickel loading. Tihgx po-
The temperature programmed reduction and chemisorp-sitions during TPR and hydrogen consumption results are
tion properties of various Ni/NiDs catalysts are given in  reported inTable 1 As seen from this table, the hydrogen
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Table 1
Results of BET surface area, temperature programmed reduction, hydrogen chemisorption and dispersion for varigsdgiidNists
wt.% of BET surface Tmax (K)  H2 consumptiof H> uptaké % Dispersiof ~ TOFYx 102 (s 1)  Metal area (Ag™?1)
Ni/Nb,Os area (Mg?1) (mlgcat?) (nmolgcatl)
2.0 50.0 720 79 767 4.50 6.0 0.6
6.0 44.6 755 26 9.37 1.83 7.4 0.73
10.0 40.8 673 408 897 1.05 5.5 0.70
150 29.2 670 58 115 0.90 5.3 0.90

@ H, consumption obtained from TPR.

bH, uptake and metal area obtained from pulse hydrogen chemisorptigision= 673 K.
¢ Dispersion = fraction of nickel atoms at the surface assuming H/Ni = 1.

4 TOF = turn over frequency.

consumption during TPR also increases with nickel loading Keane[18] reported similar observations in TPR of Ni/SIiO

on niobia. The amount of hydrogen consumed during TPR catalysts.

for the reduction of the nickel exceeded the theoretical value

due to spillover of hydrogefiL3-17]from the metal to the  4.4. Hydrogen chemisorption

support. This spillover is considerable in the case of 2 and

6 wt.% Ni/NbpOs sample but it was found to decrease with Both, the BET surface area and the metal dispersion were
increasing Ni loading. It is interesting to note that thgux found to decrease with increasing metal loading shown in
during TPR Table J also increases with nickel loadingupto Table 1 However, although the amount of chemisorbed hy-
6 wt.% Ni and decreases at higher nickel loading. The shift drogen was significantly higher in the 6 wt.% Ni/ps, the

of Tmax values with nickel loading might be due to the ex- nickel surface area of the same sample was found to be only
istence of strong metal support interaction (SMSI), which is marginally higher than the one of 10 wt.% Ni/pbs sam-
also further reflected in catalytic properties of these catalysts.ple. This indicates that hydrogen is not only chemisorbed
on nickel but is also taken by the niobia support. These
results were thus attributed to the hydrogen spillover. Hy-
drogen spillover was found to decrease as the nickel load-
ing increased above 6 wt.%. In recent past many researches
[1-3,15,16,19have investigated the influence of hydrogen
chemisorption properties of nickel catalysts. Factors like
reduction temperature, nature of reducing gas, flow rate;
inert atmosphere and the duration of reduction might in-
fluence the hydrogen chemisorption properties of nickel
catalysts.

(©
4.5. Temperature programmed desorption of hydrogen

/) To obtain information about structural surface differences
among several niobia supported nickel catalysts hydrogen

TPD was performed. The number and approximate popu-
lation of the various kinds of adsorbed species depend on
many factors, the method of catalyst preparation, the kind
of support, weight of the catalyst, flow rate of the carrier gas
and the shape of the reactor system affect the conditions for

the removal of desorbed hydrogi@). Fig. 4shows the peaks

observed on desorption of hydrogen for the catalysts samples.
TPD curves for 2 wt.% catalyst sample show a low tempera-
ture broad peak at 371 K and a high temperature less intense
@ peak at 763 K. The low temperature region below 625K has
e —r been associated with different adsorption states of the hydro-
R e TR 91}3 gen (pre'sumably.related to a different morph_ology and size
Tempersture(®) of the nickel particles) for other' supported nickel cgtalysts

[20,21] However a hydrogen spillover phenomenon is more

Fig. 3. TPR profiles of (a) pure Ns, (b) 2wt.% NilNBOs, (c) 6wt  Ikely to occur with the TPD peaks below 680[R2,23]
Ni/Nb2Os, (d) 10 wt.% Ni/NBOs and (e) 15 wt.% Ni/NpOs. Various authors have explained the appearance of high tem-

H, Consumption (a.u)

(b)
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Fig.6. XPS profiles of Nb 3¢/ (a) 2 wt.% Ni/NIpOs, (b) 6 wt.% Ni/NipOs,

(a) (c) 10 wt.% Ni/NkpOs and (d) 15 wt.% Ni/NbOs.

2pz/2) with E, = 856.18, 855.16 and a satellite peakEat
= 862 ev corresponding to NiO, pDs existing as N+ and

0 T 10'0 ' 2(1)0 ' 3100 ! 4(')0 ' (l)o T 6(!)0 T 2)0 ' 2o Ni3*+ which compare reasonably well with the reported bind-
> ! ing energie$24,25] The absence of a peak at 852.7 ev, which
Temperature corresponds to j may be because the catalyst under study is

an unreduced catalyst. In the lower loading nickel is present
in the form of NpOs and in the higher loadings nickel is
present in the form of NiO, NO3. Fig. 6 shows the peaks
due to Nb 3d,, with two peak maximae, = 207.1, 209.9,
Svhich compare reasonably well with the reported binding en-
ergies of N9, NbO, NpOs. For all the catalyst samples the
amount of surface nickel was estimated from the XPS results.
4.6. X-ray photoelectron spectroscopy (XPS) The Ni/Nb surface atomic ratios are depictedable 2and
Fig. 7. The surface Ni/Nb ratio increases marginally up to

XPS spectra of the calcined Ni/hOs catalysts shown  10wt.% but there is a drastic increase in the 15 wt.% catalyst

in Fig. 5with varying nickel content shows two peaks (Ni sample. However from hydrogen chemisorption results we

Fig. 4. TPD profiles of (a) 2wt.% Ni/NtDs, (b) 6wt.% Ni/NkOs, (c)
10 wt.% Ni/NbOs and (d) 15wt.% Ni/NBOs.

perature peaks due to the hydrogen spillover that takes plac
at the high temperature region during TPD r{@2,23]
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Fig. 5. XPS profiles of Ni 2g (a) 2 wt.% Ni/NlpOs, (b) 6 wt.% Ni/NkpOs,
(c) 10wt.% Ni/NkOs and (d) 15 wt.% Ni/NbOs. Fig. 7. Relation between XPS intensity ratio Ni/Nb vs. nickel loading.
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Table 2

Results of X-ray photoelectron spectroscopy of various NilDgxatalysts

K.V.R. Chary et al. / Journal of Molecular Catalysis A: Chemical 223 (2004) 353-361

wt.% of nickel/niobia

Position and FWHM of Nb 3@

Position and FWHM of Ni 2g,

XPS intensitylni /Inp

2 207.1(1.45) 856.1(4.09) 0.08
6 207.2(1.43) 855.1(3.30) 0.36
10 207.5(1.55) 854.9(3.27) 0.72
15 207.3(1.46) 854.7(3.23) 2.18
Table 3
Activity results of hydrodechlorination of 1,2,4-trichlorobenzene on Ny catalysts
wt.% of Ni/NbyOs % Conversion Selectivity (%)
Benzene Chlorobenzene o-DCB p-DCB
20 42 11 17 36 36
6.0 63 18 6 50 26
10.0 55 12 2 60 26
15.0 45 13 3 56 28

Reaction temperature = 523 K, space velocity = 50,205 b-DCB = ortho-dichlorobenzengy-DCB= para-dichlorobenzene.

see a reverse trend this may be due to the difference in theany reaction temperatuf28,30] The results of our present
pretreatment conditions used in the hydrogen chemisorptionstudy on Ni/NbOs have been compared with hydrodechlo-
and XPS studies or there may however, be a difference in therination of 1,2,4-trichlorobenzene over Ni&D3 catalyst re-
growth of the crystal shapes that give this unusual effect asported by Cesteros et 4l]. It was found that the Ni/NfOs

the nickel loading increases.

4.7. Catalytic activity

shown in Table 3 This table shows the conversion of

catalysts used in the present study are more efficient than the
Ni/Al 2,03 catalysts.

Fig. 8 shows the relation between TOF (number of
molecules of 1,2,4-trichlorobenzene converted per second
The effect of Ni loading in these catalysts on the Per site) and nickel loading where TOF is found to be the
hydrodechlorination of 1,2,4-trichlorobenzene at 523K is highestfor 6wt.% Ni/NbOs. This clearly demonstrates that

the conversion of 1,2 4-trichlorobenzene is directly related to

1,2 4-trichlorobenzene and selectivities towards benzene,the total amount of hydrogen adsorbed on the nickel surface.
chlorobenzene and dichlorobenzene (including isomers) dur- The 6wt.% Ni sample exhibited higher activity than other
ing hydrodechlorination of 1,2,4-trichlorobenzene between Ni/Nb2Os samples. This is attributed to two factors, that is,

523 and 613 K. No other reaction products were observed like
cyclohexane, chlorocyclohexane aretadichlorobenzene
were detected as was the case with Rh, Pt and Pd cata:
lysts [26—28] The fact thatmetadichlorobenzene was not
observed and morertho-dichlorobenzene was formed than
para-dichlorobenzenes might be attributed to the inductive
and steric effects, which form the Phdbonds as proposed

by Coq et al[28] derived from the rate equations used for Pd
catalysts. At higher temperatures conversions and benzene

selectivity is high. The conversion of 1,2,4-trichlorobenzene T

depends on the nickel content. Shin et[2R] reported that
conversions depend not only on the surface metal area but
also on the amount of spilt over hydrogen, which being
hydrogenolytic in nature is responsible for promoting hy-
drodechlorination activity. A gradual decrease in the catalytic
activity was observed with reaction time due to formation of
HCI, which poisons the active sit§®6,10] For nickel cata-
lysts, this poisoning effect is stronger at low reaction temper-
atures (<423 K])3] producing total deactivation after forma-
tion of NiCl, at the nickel surface. However at temperatures
higher than 423K this poisoning effect is reversible and the
metal surface can be maintained partially active by hydrogen
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during the reaction. It is obvious that there is competition riy g Relation between turnover frequency (TOF) valued)(ss. wt.%

between both the poisoning and the regeneration reactions aki loading on niobia.
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Table 4
Effect of feed rate on the niobia supported nickel catalysts for the hydrodechlorination of 1,2,4-trichlorobenzene
Feed rate (mlh?) % Conversion Selectivity (%)

Benzene Chlorobenzene o-DCB p-DCB
0.4 63 26 6 50 18
0.5 45 28 13 31 28
0.7 49 30 2 20 48
1.0 37 29 19 30 22
15 35 23 16 29 32

Catalyst = 6 wt.% Ni/NbOs_ reaction temperature = 523 K, space velocity = 50,205 b-DCB = ortho-dichlorobenzengy-DCB= para-dichlorobenzene.

Table 5
Effect of temperature on the niobia supported nickel catalysts for the hydrodechlorination of 1,2,4-trichlorobenzene
Reaction temperature (K) % Conversion Selectivity (%)

Benzene Chlorobenzene o-DCB p-DCB
523 64 17 6 50 27
553 70 11 14 53 22
583 78 25 17 48 10
613 70 35 37 17 11

Catalyst = 6 wt.% Ni/NbOs, space velocity = 50,205#, o-DCB = ortho-dichlorobenzengy-DCB= para-dichlorobenzene.

Table 6

Effect of hydrogen flow on the niobia supported nickel catalysts for the hydrodechlorination of 1,2,4-trichlorobenzene

H, flow rate (Ihr1) % Conversion Selectivity (%)

Benzene Chlorobenzene o-DCB p-DCB

3.67 23 7 7 60 26
6.13 27 5 9 57 29
8.58 37 15 9 49 27

11.0 63 26 6 50 18

Catalyst = 6 wt.% Ni/NhOs, reaction temperature = 523 K, space velocity = 50,205 b-DCB = ortho-dichlorobenzengy-DCB= para-dichlorobenzene.

to the higher intrinsic activity (TOF) and to the greater num- to decrease as the feed rate increased. The selectivity towards
ber of active nickel sites as the hydrogen pulse chemisorp-the formation of benzene also decreased with the increase
tion technique showed ifable 1 Dispersion measurements in the feed rate. A 10% decrease in conversion is noticed
showed that the 6 wt.% Ni catalyst exhibited the highest in- as the feed rate varied from 0.4 to 1.5 mthThis indicates
trinsic activity (activity per site). The decrease of TOF at
higher loading is attributed to the presence of larger crystal-
lites of nickel as evidenced from hydrogen uptake and XRD
results.

100

4.8. Mass transfer

The mass transfer limitations in the hydrodechlorination
of 1,2,4-trichlorobenzene are estimated by plotting a graph
of conversion as a function of catalyst weight. A linear re-
lationship would indicate the absence of any diffusion lim-
itations during the reactiof29,30] The results presented
in the Fig. 9indicate that the resistance to mass transfer is 25 -
negligible. »

50 A

% Conversion

4.9. Effect of feed rate

ﬂ T T T
0 0.5 1 1.5 2 25

The results presented ifable 4 shows the effect of
feed rate on the conversion of 1,2,4-trichlorobenzene. The
feed rate was _Va”ed from 0.4 to 1.5mth _The major Fig. 9. Relation between catalyst weight and % conversion of 6wt.%
product waso-dichlorobenzene. The conversion was found Ni/Nb,Os.

Catalyst weight (g)
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that high hydrogen flow rates and low feed rates favour the 7. The 6wt.% Ni sample exhibited higher activity than

hydrodechlorination of 1,2,4-trichlorobenzene. other Ni/NpOs samples. This is attributed to two fac-
tors, that is, to the higher intrinsic activity (TOF) and to
the greater number of active nickel sites as the hydrogen
pulse chemisorption technique showed.

8. Thus niobia supported nickel catalysts were found to be
highly active for partial hydrodechlorination of 1,2,4-
trichlorobenzene. The hydrogen spilloveris highin 6 wt.%
Ni/Nb20Os due to optimum support interaction with the
metal. This was found to be a favourable environ-
ment for hydrogen to show higher hydrodechlorination

4.10. Effect of temperature

The results presented in thEble 5shows the effect
of temperature on the conversion and selectivity with
the reaction of 1,2,4-trichlorobenzene. The conversion of
1,2,4-trichlorobenzene is found to increase with increase
in temperature but is maximum at a temperature of 583 K.
The selectivity towards the formation of benzene increased

with increase in the temperature. There is a 10% increase in activity.
conversion as the temperature is varied from 523 to 583K
and there is a decrease in conversion at 613 K.
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