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bstract

Catalytic hydrodechlorination has been intensely studied recently since it seems to be a promising method for treating toxic organochlo-
ine residues. In this context, the aim of this work is to study the reaction conditions for pentachlorophenol hydrodechlorination, conducted
n a three-phase media with palladium catalysts. The study was carried on a commercial Pd/C catalyst and a Pd/TiO2 catalyst, which was
repared by the dry impregnation technique from the PdCl2 precursor. Preliminary catalytic tests indicated that for both catalysts, previous
eduction significantly reduced their catalytic activities, while calcination at 573 K leads to active catalysts in the reaction. Owing to the

ndesirable retention of pentachlorophenol observed using the Pd/C catalyst, the Pd/TiO2 system was used to study reaction conditions by
eans of a 26−2 fractional factorial design. One combination of levels of this design permitted establishing suitable reaction conditions for this

ydrodechlorination.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The endless quest for human welfare is an intrinsic charac-
eristic of mankind. However, humanity has paid a high price
or these activities, since the generation and inadequate discard
f toxic compounds has accompanied the obtention of wor-
hy final products [1]. To cope with this situation, communities
round the world recently started movements to pressure their
overnments to establish rules for controlling the discharge of
oxic matter into the environment. Among the toxic substances

hey try to control, a group that deserves special attention is
he one formed by organochlorine compounds [2]. Such com-
ounds present low biodegradability and are highly cumulative,
fact that may result in serious damages to human health and to
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he environment [3]. Within that group, chlorophenols are one
f the more important source of ambient contamination [4,5],
ecause that, their production and applications are been slowed
own in recent years [6]. Currently, a great deal of effort is
eing directed to destroy unwanted stocks and to depollute soils,
round and waste waters in which these compounds have accu-
ulated. Among the most common processes for the destruction

f these compounds are those based on electrochemistry, radi-
tion, photochemistry and biotechnology, which result in low
onversions and impractical scaling-up [7,8]. Also, there are
he thermal methods, which include pyrolysis, hydrogenolysis,
hat need high energy inputs [9,10] and incineration, which can
enerate harmful dioxins/furans [11]. On the other hand, cat-
lytic hydrodechlorination using palladium catalysts has been
ntensely studied over the last decade and is one of the most
romising methods for treating toxic organochlorine residues
12–14].
In this context, the aim of this work is to study the reaction
onditions, using factorial design, for the hydrodechlorination
f pentachlorophenol (PCP) performed in a three-phase media
n palladium catalysts.

mailto:jwilson@ufma.br
dx.doi.org/10.1016/j.cej.2006.12.005
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. Experimental

.1. Catalysts preparation

Two types of palladium catalysts were used in the present
tudy: a commercial Pd/C and a prepared Pd/TiO2, both with
% nominal content in mass. The commercial Pd/C catalyst
sed in this study was kindly donated by the Degussa Com-
any (reference E101 O/W, load no E1123L). On the other
and, the Pd/TiO2 catalyst was prepared from commercial tita-
ia (Aldrich, 99%), with a specific surface area of 15 m2 g−1

n an anatase crystalline phase. The titania was treated so as to
solate particles with sizes varying from 37 to 88 �m. That size
ange was adopted taking into account that for catalyst particles
arger than 100 �m, resistance to mass transfer intraparticles
an be dominant [15]. After size separation, the support was
ried at 393 K, for about 48 h. The PdCl2 (Aldrich, 99%) was
he palladium precursor used in the preparation of the Pd/TiO2
ystem, which was carried on by dry successive impregnation.
fter impregnation, the solid Pd/TiO2 was dried at 393 K, dur-

ng 12 h. Next, a fraction of the dried solid was calcinated with
flow of synthetic air (30 cm3 min−1), starting from room tem-
erature until reaching 573 K with a 5 K min−1 heating rate.
nce attaining this final calcination temperature (573 K), the

atalyst was maintained at 573 K for 3 h. With this procedure,
he Pd/TiO2 calcinated catalyst was obtained. In order to check
hether this thermal treatment had any effect on the catalytic
erformance on the pentachlorophenol hydrodechlorination, a
educed Pd/TiO2 catalyst was prepared, i.e., without previous
alcination. This catalyst was obtained in a similar way to the
d/TiO2 calcinated catalyst, starting from solid Pd/TiO2 dried
t 393 K and at a heating rate of 5 K min−1, from room tem-
erature to 573 K under the flow of a 2 vol.% H2/N2 mixture
30 cm3 min−1). Finally, the reduced Pd/TiO2 catalyst was kept
t a final reduction temperature of 573 K for 3 h.

The drying, calcination and reduction procedures had con-
itions defined based upon the studies conducted by Sales [16]
nd da-Silva [17], on the Pd/TiO2 system and the TiO2 support,
espectively.

.2. Catalytic tests

Liquid phase exploratory catalytic tests were conducted in
stainless steel stirred autoclave, by PARR Instruments Co,
ith 300 cm3 total capacity. In those tests, the commercial Pd/C

atalyst as well as the prepared Pd/TiO2 catalyst was used.
uch tests assisted in the evaluation of these catalytic sys-

em behaviors for pentachlorophenol hydrodechlorination. In
articular, exploratory tests were aimed at estimating the cata-
yst hydrodechlorination capacities, the diversities of products
ormed in the reaction and, also, the catalyst yields for chlorine
ree products.

The following reaction conditions were used for the

xploratory tests: 393 K reaction temperature, 2.0 MPa hydro-
en pressure in the reactor, 800 mg catalyst mass, 1000 rpm
tirring rate, 4.0 mmol dm−3 pentachlorophenol initial concen-
ration and 3 h of total reaction time. The choice of these reaction
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c
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onditions was based upon the fact that all compounds (substrate
nd products) proved to be stable at these conditions, for blank
ests performed without catalyst. The experimental procedure
dopted to conduct the exploratory catalytic tests was similar
o the one used for the catalytic tests of the factorial design,
etailed next.

For some exploratory tests, the commercial Pd/C catalyst was
ctivated inside the reactor (in situ activation) before reaction
nset. In this case, the in situ activation was conducted under
ydrogen atmosphere following the already mentioned reaction
onditions, but in the absence of the pentachlorophenol reagent.
his treatment lasted 1 h, because, according to Sales [16], this
uffices time to reduce the oxide layer that appears when metallic
atalysts are exposed to air.

A factorial design was performed for the tests on the Pd/TiO2
alcinated catalyst aimed at studying the reaction conditions
or the pentachlorophenol hydrodechlorination conducted in a
hree-phase media. These designs provide a systematic, econom-
cal and robust statistical strategy for studying how potentially
elevant experimental factors affect the properties of systems
eing studied [18,19]. The effects of six factors, listed in Table 1,
n the pentachlorophenol conversion and the phenol yield were
etermined in this work. The choice of these factors as well
s their respective levels, also given in Table 1, was based
pon information available in the relevant literature [20] and
n experience acquired by our research group on liquid phase
atalytic reactions. Only two levels symbolically identified as
he lower (−) and higher (+) ones for each factor were stud-
ed so that the number of necessary experiments would not
e excessively high. Two level factorial designs involve the
xecution of experiments corresponding to all possible com-
inations of the low and high levels of all the factors. This
ermits the accurate determination of all possible main and inter-
ction effects of the factors on the pentachlorophenol conversion
nd the phenol yield assuming these responses vary linearly
ith the changes in factor levels. Since a complete 26 facto-

ial design would necessitate the performance of 64 experiments
nly a fraction of these experiments was performed. A quarter
raction requiring only 16 experiments, a 26−2 fractional fac-
orial design, was chosen since it permits the estimation of the

ain effects of all factors as well as possible synergistic and
ntagonistic effects due to the interaction of any two of these
actors. The experiments performed for this fractional factorial
esign listed in standard order along with the corresponding
esults for pentachlorophenol conversion and the phenol yield
re included in Table 1. It should be noted that the actual exe-
ution of these experiments was carried out in random order in
ccordance with recommended statistical procedure. In this way
ossible systematic error is not confounded with any of the factor
ffects.

The choice of the two blocks depicted in this design is due
o the fact that the Pd/TiO2 catalyst, prepared by means of the
ited procedure, was obtained from repeated preparations. In

rinciple, since the catalyst is the same, we expect that the block
ffect calculated for this design is not significant, which would
onfirm that the catalysts, obtained from repeated preparations,
resent the same performance, thus highlighting the efficiency
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Table 1
26−2 factorial design: pentachlorophenol conversion (X) and phenol yield (R) results obtained using Pd/TiO2 catalyst

Factor Level

(−) (+)

1 Temperature (K) 333 383
2 H2 pressure (MPa) 0.5 2.0
3 Pd/TiO2 mass (mg) 500 800
4 Stirring rate (rpm) 200 1000
5 PCP concentration (mmol dm−3) 2.0 4.0
6 Reaction time (h) 1 3

Block effect 10 preparation 20 preparation

Run Ordera Factors Responses

1 2 3 4 5b 6c Blockd X (%) R (%)

1 10 − − − − − − − 40 0
2 80 + − − − + − + 70 100
3 130 − + − − + + + 77 81
4 100 + + − − − + − 78 56
5 160 − − + − + + − 87 100
6 30 + − + − − + + 100 100
7 50 − + + − − − + 60 76
8 110 + + + − + − − 62 62
9 140 − − − + − + + 100 100

10 90 + − − + + + − 100 100
11 150 − + − + + − − 74 86
12 20 + + − + − − + 78 87
13 40 − − + + + − + 95 100
14 60 + − + + − − − 100 100
15 70 − + + + − + − 100 100
16 120 + + + + + + + 100 100

a Run sequence.
b I5 = 1235.
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c I6 = 2346.
d Iblock = 124.

f the preparation method. All factor effects as well as the block
ffect were calculated from the equation:

ffect = R̄+ − R̄− (1)

here R̄+ and R̄− are the averages of all experiments at their
igh and low levels for the factors involved. For main factor
ffects and the block effect of Table 1 the signs used in this
quation are the same as those in the corresponding columns
n Table 1. For binary interaction effects the signs in the above
quation are determined by multiplying the signs in the columns
orresponding to the factors involved in the interaction. The
ctual calculations and corresponding graphs were carried out
sing software developed in our laboratories [21] as well as
ommercial software [22].

Catalytic tests based on the factorial design were also con-
ucted in liquid phase in the same reactor used in the exploratory
ests. Such tests were manipulated in accordance with the
ollowing procedure: the desired mass of pentachlorophenol
Aldrich, 98%) was dissolved in a base-aqueous solution of

aOH (Merck, 99%) with 0.35 mol dm−3 concentration. In the

equence, the resultant solution was transferred to the reactor’s
ot and afterwards the Pd/TiO2 catalyst was added to it. Finally,
he reactor was firmly locked and purged with nitrogen and, next,

R

w
r

ith hydrogen. After the reaction temperature stabilized, the
eactor was pressurized with hydrogen (99.999%), and the stir-
ing was fixed at the desired value. This moment was considered
he reaction onset.

Samples were collected from the reaction mixture at peri-
dic intervals and their chemical compositions were established
y gaseous chromatography [23]. The chromatograph HP 5890
eries II, by Hewlett-Packard, was equipped with FID and an
V-1701 capillary column (30 m × 0.25 mm × 0.25 �m).

Starting from the concentration values determined for the
ifferent components present in reaction media, the pen-
achlorophenol conversion (X) and the phenol yield (R) were
alculated. The conversion is a measurement easily understood
hich indicates the catalytic activity for a certain reaction time,
hile the yield expresses the catalyst selectivity to obtain the
esired product. The calculation of the conversion was done
sing its classical definition. As such, the expression adopted to
alculate the yield was:
(%) = [POH]t
[PCP]0 − [PCP]t

× 100 (2)

here [PCP]0 is the pentachlorophenol concentration at the
eaction onset, [PCP]t and [POH]t are, respectively, the pen-
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achlorophenol and phenol concentrations for a given reaction
ime.

. Results and discussion

.1. Exploratory catalytic tests with Pd/C catalysts

Exploratory catalytic tests conducted with the in situ activated
d/C catalyst revealed that it is a less active catalyst for the
entachlorophenol hydrodechlorination. In this case, there may
ave occurred a fast deactivation of the catalyst by chloride ions
ormed at the reaction onset [24].

In view of the poor performance obtained with the in situ acti-
ated Pd/C catalyst, the catalytic exploratory tests were repeated
ithout any previous activation of the catalyst. At the end of

hat exploratory test, cyclohexanol was the only final product of
he reaction, indicating that non-activated Pd/C catalyst, besides
–Cl bond hydrogenolysis, is also capable of performing ben-
ene ring hydrogenation of pentachlorophenol. Nevertheless, the
ass balance for the reaction confirmed that almost 40% of the

entachlorophenol fed into the reactor was neither present in
he reaction media at the end of the reaction nor turned into any
ther product, even after 10 h of continuous reaction. Thus, the
ctivated carbon capacity for retaining the pentachlorophenol
as evaluated by means of an adsorption isotherm (Fig. 1).
This isotherm analysis revealed that for a Pd/C catalyst

ass equal to the one used in the catalytic exploratory tests
800 mg), about 38% of the pentachlorophenol fed into the reac-
or would be retained by the activated carbon of that catalyst.
his value is very close to the estimated pentachlorophenol

etention (40%) determined by the exploratory catalytic test with
he non-activated Pd/C catalyst. Even though the retention of sig-
ificant amounts of components from the reaction media is not
general rule for the Pd/C catalysts [25], it is well known that
his can occur in various types of activated carbon [26]. There-
ore, results obtained with this particular Pd/C catalyst revealed
hat this support would not be proper, as a model catalyst, for
stimating the pentachlorophenol hydrodechlorination reaction

Fig. 1. Pentachlorophenol retention by activated carbon.

a
p
P
t
w
c
v
w
t
s
a
c
e
a
o
p
t
c
r
t
r
t

ering Journal 131 (2007) 59–64

onditions due to its high capacity for retaining, irreversibly, that
ubstrate.

.2. Exploratory catalytic tests with Pd/TiO2 catalysts

Initially aiming at estimating the titania retention of pen-
achlorophenol, the adsorption isotherm for this chlorophenol
as determined. The results obtained showed that the amount
f pentachlorophenol retained by titania was less than 2%, being,
hus, considered negligible for this study. This result is in accor-
ance with other similar ones published in the literature [27].

Results of the exploratory catalytic tests using the reduced
d/TiO2 catalyst were similar to the ones presented by the Pd/C
atalyst activated in situ, i.e., the catalytic activity was very low
nd the amount of dechlorinated products formed was also small.
nce titania is stable in both, acid and basic medium [28,29],

t is suitable for using in hydrodechlorination reactions [24,30].
hat way, the behavior showed by the reduced Pd/TiO2 catalyst,

s likely the result of a fast deactivation of the referred catalyst by
eans of chlorine ions present in reaction media. Such a behav-

or is similar to the one shown by the Pd/C catalyst activated in
itu. On the other hand, results of the catalytic tests using the
alcinated Pd/TiO2 catalyst showed that it has high performance
n the pentachlorophenol hydrodechlorination. Besides that, and
pposite to the commercial Pd/C catalyst non-activated in situ,
hich demonstrated selectivity to cyclohexanol, the calcinated
d/TiO2 tested catalyst was selective for the obtention of phe-
ol. Therefore, this is likely a strong indication that the support
ature may affect the type of dechlorinated compound that is
btained.

.3. Catalytic tests for the 26−2 factorial design

Based upon the results of the exploratory catalytic tests pre-
iously introduced, the experimental design techniques were
pplied to evaluate the more suitable reaction conditions for
entachlorophenol hydrodechlorination using the calcinated
d/TiO2 catalyst. Observation of the values in Table 1 shows

hat the tests number 6, 9, 10, 14, 15 and 16 led to conditions in
hich the pentachlorophenol hydrodechlorination occurred with

atalyst maximized performance (100% pentachlorophenol con-
ersion and 100% phenol yield). Nevertheless, prior to defining
hich of those tests presents the most adequate reaction condi-

ions, it is instructive to check which of the investigated factors
ignificantly affects the responses. This was done constructing
cumulative probability graph [18,19]. Statistically insignifi-

ant effects are expected to have small values caused by random
xperimental error and will be represented by points falling on
straight line passing close to the origin of the graph. On the

ther hand, the significant and most important effects will have
oints displaced from this line. These then indicate the factors
hat are important in the optimization process. Fig. 2 presents the
umulative probability graph for the effects of the 26−2 facto-

ial design for pentachlorophenol conversion. Factors 1 (reaction
emperature), 2 (hydrogen pressure), 3 (catalyst mass), 4 (stirring
ate), 6 (total reaction time) and the block effect (124) influence
he pentachlorophenol conversion, while the pentachlorophenol
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ig. 2. Cumulative probability graph of the factor effects on the pentachlorophe-
ol conversion using the Pd/TiO2 catalyst.

nitial concentration (factor 5) shows no effect at all on conver-
ion. This result indicates that, probably, there are no limitations
or pentachlorophenol mass transfer towards the catalyst surface
31], independent of the reaction conditions utilized in this work.

The cumulative probability graph of the factors effects on the
henol yield showed linear behavior centered close to the ori-
in, indicating that none of the investigated factors significantly
ffect the phenol yield. This result states that the preferential
ormation of phenol is an intrinsic property of the Pd/TiO2
atalyst.

Results presented in Table 2 allowed estimation of the degree
f influence of each factor on the pentachlorophenol conver-
ion. As it can be verified, the stirring rate (factor 4) and the
otal reaction time (factor 6) present higher effect values (above
0), strongly influencing the conversion. For both cases, since
he value of the corresponding effect is positive, their higher
evel must be selected, i.e., 1000 rpm and 3 h, respectively for

aximum conversion. Note that of the six results in the facto-
ial with 100% conversion all have high levels for both these
actors except for the low level for the stirring rate in run 6
nd the lower retention time in run 14. In particular, the stirring
ate’s remarkable influence on conversion may indicate that at
00 rpm, hydrogen mass transfer, from the gaseous phase to the
iquid phase [32], limits the reaction.

Moreover, the rest of the investigated factors have little effect
n the pentachlorophenol conversion, especially in the case
f the block effect (124), related with the repetition of the
reparation of the Pd/TiO2 system. This result indicates good

eproducibility in catalyst preparation.

Consequently, according to the results of this factorial design
nd adopting economical criteria, run number 9 offers more
dvantageous reaction conditions. It has higher stirring rate

able 2
actors effects on the pentachlorophenol conversion using Pd/TiO2 catalyst

actor Effect value

3.44
−3.94

5.44
10.8
10.2

24 (block effect) 2.44

[
[
[
[
[

[

ring Journal 131 (2007) 59–64 63

alues (1000 rpm) and reaction time (3 h), while the reaction
as conducted at the lower temperature (333 K) and pressure

0.5 MPa), also using the smallest amounts of catalyst (500 mg)
nd pentachlorophenol (2.0 mmol dm−3).

. Conclusions

Results obtained with the Pd/C system indicated that this
olid is not adequate, in the condition of a model catalyst, to
ttain the objective aimed in this work due to its high capacity
or retaining, irreversibly, pentachlorophenol.

Reduced Pd/C and Pd/TiO2 catalysts are weakly active
or pentachlorophenol hydrodechlorination in the liquid phase.
owever, the commercial Pd/C catalyst (non- activated in situ)

s selective for cyclohexanol formation, while the calcinated
d/TiO2 catalyst is selective for phenol obtention.

The 26−2 factorial design showed that the stirring rate and
he reaction total time had the most important influences on the
entachlorophenol conversion. On the other hand, none of the
nvestigated factors had any influence whatever on the phenol
ield.

The most adequate reaction conditions to perform the pen-
achlorophenol catalytic hydrodechlorination were established
ccording to the factorial design results and economical criteria.
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