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Abstract

The activity and selectivity of a 1.9% Pd–3.7% Ag/SiO2 catalyst during selective hydrodechlorination of 1,2-dichloroethane into ethy
have been followed in the course of time. The deactivation curves show two distinct periods: an initial period at the very begi
catalyst operation, that is, during the first 20 operating hours, characterized by a sharp decrease of the rates of both reactions
the process (1,2-dichloroethane hydrodechlorination and undesired ethylene hydrogenation) and a second period, after the first 2
hours and investigated for more than 600 h, characterized by a clearly slower deactivation. During the initial period, the hydrodech
rate decreases less quickly than the hydrogenation rate and this results in a fast increase of ethylene selectivity which reaches a m
the end of this period. After the initial period, the hydrodechlorination rate decreases faster than the hydrogenation rate and this r
slow decrease of ethylene selectivity. A comparison between the physico-chemical properties of the fresh catalyst and of the deac
suggests a deactivation mechanism by poisoning or coking of silver sites at the surface of the active Pd–Ag alloy particles whereas
sites would remain intact. The selectivity evolution during the second period, that is, after the very first operating hours, is in agree
such a mechanism. However, the sharp ethylene selectivity increase during the initial operating hours suggests, in addition to the d
by silver sites disappearance, the presence of a further nonidentified phenomenon. The characterization of the catalyst after a r
treatment including an oxidation step followed by a reduction step shows that this treatment allows restoration near to the physico
properties of the fresh catalyst.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Catalysts lose frequently a large portion of their activ
during operation. Three main causes are generally resp
ble for catalyst deactivation [1–3]: solid-state transformat
in particular sintering of supported metal particles leadin
a loss of active surface and sintering of the support lea
to the disappearance of porosity and thus making active
inaccessible; poisoning which results from an irrevers
chemisorption of species from the gaseous or liquid ph
on active sites; and coking that is the deposition of carbo
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0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
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-

ceous residues on active sites or inside the support por
(fouling).

In the particular case of hydrodechlorination reactio
over supported metal catalysts, the deactivation causes
erally suggested are metal poisoning by chlorine [4–9], c
ing [5,6,10–18], metal sintering [8,19–21], and loss of me
due to formation of volatile chlorides [19].

In the present paper, the activity and selectivity tem
ral evolution of the cogelled sol–gel catalyst 1.9% Pd–3.
Ag/SiO2, named Pd–Ag (33–67) in the previous papers
this series [22–24], as well as its physico-chemical pr
erties before operation in the hydrodechlorination rea
(fresh catalyst already characterized in [22] and [23]),
ter operation (deactivated catalyst) and after a regener
treatment (regenerated catalyst) are described in detail.
study has a double purpose: on the one hand, by means

http://www.elsevier.com/locate/jcat
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perimental data, to find the possible deactivation causes
on the other hand, to examine the efficiency of the treatm
proposed for regeneration.

2. Experimental

Synthesis and characterization of the fresh catalyst Pd
(33–67) (1.9% Pd–3.7% Ag/SiO2) are detailed in [22,23,25
The experimental device and the measurement metho
rates of the reactions involved in 1,2-dichloroethane
drodechlorination are described in [24] and are briefly no
below.

2.1. Kinetic data acquisition

Reaction rates are measured in a fixed-bed tubular r
tor in which a low composition change between inlet a
outlet is maintained (differential reactor). The reactor is
with the four compounds that have an influence on kine
that is 1,2-dichloroethane (ClCH2–CH2Cl), hydrogen (H2),
ethylene (CH2=CH2), and hydrogen chloride (HCl), dilute
in helium. In addition to the rigorous differential react
model which allows calculation of reliable reaction rat
the way to operate the reactor offers two particular adv
tages in a deactivation study. On the one hand, all cat
pellets are identically deactivated along the reactor len
since they are all in contact with the same compound
reactants and products—at the same concentration an
allows a homogeneously modified catalyst sample for c
acterization to be obtained; on the second hand, that ca
sample has been homogeneously deactivated in a diffe
tial reactor in the presence of significant amounts of reac
products which is more realistic from an industrial point
view. Note that ethane, which is the third product formed
not introduced in the reactor feeding since it has been sh
in [24] that it plays no role in the catalytic mechanism. It
then reasonable to assume that it also plays no role in d
tivation.

For all kinetic measurements, the total pressure is m
tained at 0.3 MPa (2.96 atm) and the total flow rate is fi
at 0.5 mmol s−1. The temperature inside the reactor is s
cessively fixed at 573, 596, and 647 K. The 6.2-cm-h
catalytic bed is constituted of 0.25 g of Pd–Ag (33–67) ca
lyst pellets crushed and sieved between 250 and 500
Prior to the measurement campaign, the catalyst was red
in situ at atmospheric pressure in flowing H2 (0.025 mmol
s−1) while being heated to 623 K at a rate of 350 K h−1 and
was maintained at this temperature for 3 h.

The net production rate of ethylenerE and the net pro
duction rate of ethanerA during hydrodechlorination of 1,2
dichloroethane are calculated from chromatographic m
surements of C2H4 and C2H6 concentrations in the react
effluent and from the differential reactor equation which
d
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-
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s
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.
d

written as follows for ethylene and ethane net production

(1)rE = FE − FE0

W
and rA = FA

W
(FA0 = 0),

whererE = net ethylene production rate (mmol kg−1 s−1),
rA = net ethane production rate (mmol kg−1 s−1), FE =
molar flow rate of ethylene at the reactor outlet (mmol s−1),
FE0 = molar flow rate of ethylene at the reactor in
(mmol s−1), FA = molar flow rate of ethane at the reac
outlet (mmol s−1), FA0 = molar flow rate of ethane at th
reactor inlet (mmol s−1), andW = catalyst mass inside th
reactor (kg).

Measurements of net ethylene production raterE and
net ethane production raterA at 573, 596, and 647 K an
for various partial pressures of 1,2-dichloroethane (pD), hy-
drogen (pH), ethylene (pE), and hydrogen chloride (pHCl)
showed that a 1,2-dichloroethane hydrodechlorination r
tion scheme can be represented by two reactions that are
secutive with regard to ethylene [24]. Those two reacti
are hydrodechlorination of 1,2-dichloroethane into ethyl
and undesired hydrogenation of ethylene into ethane:

ClCH2–CH2Cl + H2 → CH2=CH2 + 2HCl

(hydrodechlorination, rater1);
CH2=CH2 + H2 → CH3–CH3 (hydrogenation, rater2).

Hydrodechlorination rater1 and hydrogenation rater2 are
obtained from mass balances:

r1 = rE + rA,

hydrodechlorination rate= ClCH2–CH2Cl consumption

rate;
r2 = rA,

hydrogenation rate= C2H6 production rate.

Ethylene selectivitySE is given bySE = rE/(rE + rA) =
(r1 − r2)/r1.

Two measurement campaigns with two different load
catalyst Pd–Ag (33–67) have been used to study deac
tion. During the first campaign, the catalyst spent 80 h
573 K inside the hydrodechlorination reactor whereas
ing the second campaign, it spent 662 h successively at
596, and 647 K. This second campaign corresponds to
experimental data acquisition for the kinetic study prese
in the previous paper of this series [24].

2.2. Regeneration and characterization of fresh,
deactivated, and regenerated catalyst

At the end of the 662 h stay inside the hydrodechl
nation reactor, the deactivated Pd–Ag (33–67) catalyst
been characterized in detail. Texture was analyzed by2
adsorption-desorption at 77 K. Metal particles were
amined by X-ray diffraction (XRD), transmission electr
microscopy (TEM), and carbon monoxide chemisorpt
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(CO) at 303 K. Palladium and silver contents were de
mined from inductively coupled plasma atomic emiss
spectroscopy (ICP-AES). Finally, the carbon content w
measured by combustion with oxygen and the chlorine c
tent was measured by combustion with sodium peroxide
below).

Deactivated sample Pd–Ag (33–67) then underwent a
generation treatment and the regenerated catalyst has
characterized by the same techniques as the deactivate

N2 adsorption at 77 K and CO chemisorption at 303 K
the deactivated catalyst and regeneration treatment as
as N2 adsorption at 77 K and CO chemisorption at 303
on the regenerated catalyst were carried out with a si
load of sample Pd–Ag (33–67). This load is introduced i
sample holder (Pyrex bulb) adapted on a Fisons Sorptom
1990 adsorption measurement device equipped with a
bomolecular vacuum pump which allows it to reach a h
vacuum of 10−6 kPa. The Pyrex bulb is connected to tw
stopcocks which allow gases to flow through the catal
bed for regeneration. During the various steps of rege
ation and pretreatments for adsorption measurements
sample holder is placed in temperature-programmed ov
During adsorption measurements, it is plunged in a 7
liquid N2 bath for N2 adsorption and in a 303 K thermosta
ically controlled water bath for CO adsorption.

The following method is applied: a 0.2054 g sample
deactivated Pd–Ag (33–67) catalyst is loaded in the s
ple holder and outgassed at 10−6 kPa at room temperatur
for 1 week. Sample holder is then plunged in a 77 K liq
N2 bath and N2 adsorption isotherm is measured. Sampl
then outgassed, naturally reheated up to room tempera
and maintained under vacuum at 10−6 kPa for 6 h at the end
of which it is plunged in a 303 K thermostatically controll
water bath. CO chemisorption isotherm is then determi
at 303 K according to the method described in [23]: a fi
CO adsorption isotherm is achieved so as to measure th
tal amount of adsorbed carbon monoxide (chemisorbe+
physisorbed). The catalyst is then outgassed on the mea
ments unit at 303 K during 2 h in a vacuum of 10−6 kPa
and a second CO adsorption isotherm is measured in o
to evaluate the amount of physisorbed CO. The chemis
tion isotherm is obtained by subtracting the second isoth
from the first one.

At the end of the measurement of the second CO ads
tion isotherm, the sample is outgassed at room tempera
and then undergoes the regeneration treatment. This reg
ation involves a calcination step and a reduction step. Un
0.037 mmol s−1 flowing air, the catalyst is heated to 703
at a rate of 120 K h−1 and is maintained at this temper
ture during 16 h. It is then naturally cooled to room te
perature and outgassed before hydrogen introduction.
der 0.037 mmol s−1 flowing hydrogen, the catalyst is ne
heated to 673 K at a rate of 120 K h−1 and is maintained
at this temperature for 16 h. It is then naturally cooled
room temperature. The sample holder filled with hydro
is next transferred on the outgassing unit where the cat
n
e.

l

.

,

-

-

r

r-

is heated under vacuum to 613 K at a rate of 120 K h−1,
maintained at 613 K and 10−6 kPa for 16 h, and cooled na
urally to room temperature.

The sample regenerated in this way is then submi
to N2 adsorption at 77 K and CO adsorption at 303 K
cording to a procedure identical to the one described ab
for the deactivated catalyst. After the second CO adsorp
isotherm, the catalyst is outgassed and recovered in ord
continue its characterization by other methods.

Devices and handling of samples for characterization
XRD, TEM, and ICP-AES were described in the two fi
papers of this series [22,23].

The measurement of carbon content in deactivated
regenerated Pd–Ag (33–67) catalyst was carried out by c
bustion of carbonaceous residues at around 1200 K
O2–He mixture and measurement of the amount of CO2 pro-
duced. The device is a Vario EL from Elementar equip
with a thermal conductivity detector (TCD) to analyze gas

The amount of chlorine coming from chlorinated orga
residues in the deactivated and regenerated Pd–Ag (33
catalyst was measured by combustion with sodium pero
(Na2O2) in a Wurzschmitt bomb. Combustion reaction o
curs explosively in an air-tight nickel bomb in presence
sodium peroxide and ethylene glycol for ignition. The
ganic Cl is converted in inorganic Cl in the form of sodiu
chloride NaCl. Combustion residues are dissolved in w
and the chloride concentration is measured by potentio
ric follow-up of the addition of a solution of silver nitrat
causing chloride precipitation. Chlorine present in the fo
of AgCl in the sample is not measured.

3. Results

3.1. Kinetic data

Fig. 1b shows kinetic measures obtained under refer
conditions that correspond to the center of the experime
design used for the kinetic study described in the prev
paper of this series [24] (note that in [24], the rates were
rected with regard to the catalyst deactivation so as to
correspond to the same activity level). Fig. 1a shows kin
measures at the center of a preliminary experimental
sign. This preliminary design is different from designs us
in [24]. Operating conditions (partial pressures in 1,2-
chloroethane (pD), hydrogen (pH), ethylene (pE), hydrogen
chloride (pHCl), and temperature) corresponding to the
ries of measures in Fig. 1a are thus different from th
corresponding the series of measures in Fig. 1b. They
given in Table 1. Partial pressure values given in this
ble correspond to reactor inlet. Let us remember that pa
pressures gaps between reactor inlet and outlet are low
ferential reactor).

The series of measures in Fig. 1a shows activity and
lectivity evolution during the first 80 h of catalyst operatio
whereas the series in Fig. 1b gives activity and selecti
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Fig. 1. Evolution of reaction rates and ethylene selectivity as a functio
time. (a) First series of measurements; (b) second series of measurem

Table 1
Operating conditions of both series of kinetic measurements

Operating conditions First series Second se

T (K) 573 573, 596, 647
pD (atm) 0.059 0.148
pH (atm) 0.444 0.148
pE (atm) 0.015 0.016
pHCl (atm) 0.018 0.036

evolution between 48 and 662 h of operation. For the sak
simplicity, the data set of Fig. 1a will be named first ser
and the data set of Fig. 1b will be named second series.

During the first 20 h of catalyst operation in the first
ries, a very fast decrease of hydrodechlorination rater1 and
hydrogenation rater2 is observed (Fig. 1a). Sincer2 de-
crease is faster thanr1 decrease, a considerable increase
ethylene selectivitySE = (r1 − r2)/r1 results:SE reaches
nearly 90% after 20 h.

In the second series which gives reactions rates be
48 h of operation (Fig. 1b), one observes, as it alre
appears in the first series beyond 20 h, a decrease o
drodechlorination rater1 that is faster than the decrease
hydrogenation rater2. As a result ethylene selectivitySE de-
creases. At 573 and 596 K, whereas hydrodechlorination
.

-

r1 clearly decreases, hydrogenation rater2 decreases onl
very weakly. At 647 K, the decrease of both rates is fa
than at lower temperatures.

3.2. Characterization of fresh, deactivated, and
regenerated Pd–Ag (33–67)catalyst

3.2.1. Metal particles characterization
Fig. 2 shows the diffractograms of Pd–Ag (33–67) ca

lyst at different stages: fresh, deactivated after 662 h of
eration in the hydrodechlorination reactor, and regenera
Particles compositions and sizes calculated from those
fractograms are given in Table 2.

In Fig. 2, the diffractogram of fresh Pd–Ag (33–67) ca
lyst was already examined in the first paper of this
ries [22]. Between the (111) Bragg lines of pure palladi
and silver, the fresh catalyst exhibits a broad peak which
dicates the presence of a solid solution in the form of sm
Pd–Ag alloy particles. This solid solution gives also a bro
peak between less intense (200) lines of Pd and Ag. H
ever, this second peak appears clearly after spectrum d
volution only (see example of deconvolution in [22]). T
presence of unalloyed silver is clearly evident in the fr
catalyst, two peaks, (111) and (200), being character
of this metal. Composition and mean size of alloy partic
were calculated [22] and are noted in Table 2. A bulk co
position of 54 at% Pd–46 at% Ag and a size of 2 nm
obtained. For pure silver particles, a clearly higher size
18 nm is obtained.

The diffractogram of deactivated Pd–Ag (33–67) cata
allows detection of silver chloride (chlorargyrite) in the fo
of 20 nm particles (Table 2) only.

The diffractogram of regenerated Pd–Ag (33–67) cata
shows that regeneration treatment allows restoration of a
particles that were present in the fresh catalyst. Indeed
broad diffraction peak located between (111) lines of p
Pd and pure Ag is found again which indicates the prese

Fig. 2. X-ray diffraction patterns of Pd–Ag (33–67) catalyst.



B. Heinrichs et al. / Journal of Catalysis 220 (2003) 215–225 219

orbed
Table 2
Characterization of metal particles in fresh, deactivated, and regenerated Pd–Ag (33–67) catalyst by XRD, TEM, and CO chemisorption

Catalyst Nature and composition of phases Particle size (nm) CO chemis

detected by XRD (at%) XRD TEM ns,m (mmol g−1
Pd )

Phase 1 Phase 2 Phase 1 Phase 2 Small Large

Fresh Pd–Ag (33–67) 54% Pd–46% Ag Ag 2.0 18 3.0 10 0.66
Deactivated Pd–Ag (33–67) –a AgCl –a 20 1.9 12 0.65
Regenerated Pd–Ag (33–67) 60% Pd–40% Ag Ag 2.0 6 3.0 12 0.80

a Not detected.
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of a Pd–Ag solid solution. After subtraction of pure Ag (11
peak by means of deconvolution, examination of the br
peak corresponding to the solid solution leads to 2-nm p
cles with a 60 at% Pd–40 at% Ag composition that is a s
and a composition nearly identical to those of alloy partic
in the fresh catalyst. The pure silver (111) peak correspo
to a mean size of 6 nm.

TEM micrographs obtained at a magnification of 106 of
fresh, deactivated, and regenerated Pd–Ag (33–67) cata
are shown in Figs. 3–5. Dark spots correspond to metal
ticles. Mean sizes of metal particles measured by TEM
given in Table 2. Let us note that, for the sake of simplic
the term “metal particles” will still be used, although, in t
deactivated catalyst, some particles could be constitute
least in part, of metal chloride instead of metals.

As in the case of the fresh Pd–Ag (33–67) catalyst [2
microscopy analysis of deactivated and regenerated sam
allows detection of metal particles that are distributed in
families of different size. These two families are clearly v

Fig. 3. TEM micrograph of fresh Pd–Ag (33–67) (original magnificatio
×106).
s

t

s

ible at a magnification of 2× 105, an example of which is
given in [22] with the fresh Pd–Ag (33–67) catalyst.

Mean sizes of large metal particles are similar in
fresh, deactivated, and regenerated catalyst and are a
10–12 nm. However, small metal particles exhibit me
sizes that are similar in the fresh and regenerated cat
(3.0 nm), but that seem to be smaller in the deactivated c
lyst (1.9 nm).

Isotherms of carbon monoxide chemisorption at 303 K
fresh, deactivated, and regenerated Pd–Ag (33–67) cat
are presented in Fig. 6. The amounts of CO needed to fo
monolayer chemisorbed on palladium sites,ns,m, that are ob-
tained by back-extrapolation [23,26–29]are given in Tabl
In order to avoid as much as one can a modification of
deactivated Pd–Ag (33–67) catalyst after its unloading fr
the hydrodechlorination reactor, the latter was outgasse
room temperature before CO adsorption measurements
Experimental). Concerning the fresh and regenerated Pd
(33–67) catalysts, they were outgassed at 613 K after the
drogen treatment ([23] and Experimental).

Fig. 4. TEM micrograph of deactivated Pd–Ag (33–67) (original magn
cation,×106).
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Fig. 5. TEM micrograph of regenerated Pd–Ag (33–67) (original mag
cation,×106).

Fig. 6. CO chemisorption isotherms at 303 K of Pd–Ag (33–67) cataly

In the case of fresh and regenerated samples in which
ladium is present in the form of Pd–Ag alloy particles
shown by XRD, it is admitted that CO is chemisorbed
palladium only [23]. In the case of deactivated sample, in
bimetallic particles were greatly modified but it will be st
assumed that, as in the case of Pd–Ag alloy, CO chemis
tion on the surface of those modified particles will still occ
on palladium atoms only. For this reason, the amount
chemisorbed CO are related to palladium mass that was
sured by ICP-AES and that is the same in fresh, deactiva
and regenerated samples (see below).

Chemisorbed amountsns,m given in Table 2 are quas
identical for fresh (0.66 mmol g−1

Pd) and deactivated
(0.65 mmol g−1) catalyst. The amount chemisorbed
Pd
-

-

-
,

Table 3
Carbon and organic chlorine contents in deactivated and regenerated P
(33–67) catalyst

Catalyst Carbon content Organic chlorine cont
(gC/gcata) (gorganic Cl/gcata)

Deactivated Pd–Ag 0.110 0.060
(33–67)

Regenerated Pd–Ag 0.005 0.002
(33–67)

regenerated sample is slightly higher (0.80 mmol g−1
Pd).

However, examination of Fig. 6 shows immediately t
isotherms of deactivated and regenerated catalyst are
regular than that of fresh sample. The more pronoun
instability of measurements with deactivated and rege
ated samples is due to the lower mass of those sam
available for chemisorption (about 0.2 g against 0.4 g
fresh catalyst). Chemisorbed amountsns,m given by inter-
section with theY -axis (uptake axis) of the regression li
fitted on a linear-assumed region of deactivated and reg
ated samples are characterized by a large error estima
0.10 mmol g−1

Pd.

3.2.2. Quantitative determination of chlorinated organics
and active metals

Carbon and organic chlorine weight contents in dea
vated and regenerated samples are given in Table 3.

Let us note that comparison between the weight
crease of deactivated sample calculated from weig
(0.174 gresidues/gcata) and the sum of carbon and organ
chlorine contents (0.170 gC+organic Cl/gcata) shows that thos
two species form the main part of the residues mass in th
activated catalyst. Contribution of inorganic chlorine in
form of AgCl and hydrogen masses to the overall resid
mass is very low. Assuming that the whole silver in the c
alyst is converted in AgCl, the maximum inorganic chlor
content is estimated at 0.012 ginorganic Cl/gcata.

It is observed that regeneration treatment allows elim
tion of almost the whole carbon and organic chlorine.

Active metals losses by formation and vaporization
metal chlorides in catalysts used for incineration of ha
genated volatile organic compounds (VOC) have been
ready observed. For example, a copper oxide-based ca
produces copper chloride which begins to evaporate be
723 K, thus leading to a considerable activity decrease [
Therefore, Pd–Ag (33–67) catalyst deactivation due to m
losses during hydrodechlorination is a conceivable poss
ity. So as to check this possibility, the palladium and sil
contents were determined by ICP-AES in deactivated
regenerated samples and compared to the contents i
fresh catalyst (1.9% Pd–3.7% Ag/SiO2). Values obtained
with fresh, deactivated, and regenerated samples show
no metal losses occur during hydrodechlorination or d
ing regeneration. In consequence, this possible deactiv
cause can be rejected.
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Fig. 7. N2 adsorption-desorption isotherms at 77 K of Pd–Ag (33–67) c
lyst.

3.2.3. Porous texture
N2 adsorption-desorption isotherms at 77 K of fresh,

activated, and regenerated Pd–Ag (33–67) catalyst are
sented in Fig. 7. The look of those isotherms was alre
discussed in [22]. Let us remember that they do not
long clearly to one of the five groups of the classificat
established by Brunauer et al. [30,31]. In the low-press
region, a very fast increase of adsorbed volume is obse
and is followed by a plateau, which corresponds to a ty
isotherm characteristic of microporous solids. In the dea
vated catalyst, this initial adsorption is much less import
than in the fresh or regenerated one, which indicates tha
deactivated sample contains less micropores than the
and regenerated ones as it will be confirmed by microp
volume values in the three samples (see below). As the
uration pressurep0 approaches, adsorbed volume increa
quickly again as in the case of type II or III isotherms c
responding to macroporous solids. Moreover, the three s
ples exhibit an hysteresis loop between adsorption and
orption which indicates N2 capillary condensation in meso
pores.

As already concluded in the case of fresh Pd–Ag (33–
xerogel (1.9% Pd–3.7% Ag/SiO2), and also in the case o
Pd (100) (3.3% Pd/SiO2), Pd–Ag (67–33) (2.2% Pd–1.1%
Ag/SiO2), Pd–Ag (50–50) (2.3% Pd–2.2% Ag/SiO2), and
Ag (100) (1.7% Ag/SiO2) xerogels [22], deactivated an
regenerated Pd–Ag (33–67) samples contain microp
(width <2 nm), mesopores (2 nm< width < 50 nm), and
macropores (width> 50 nm) all at the same time [32].
-

-

-

Fig. 8. Pore-size distributions of Pd–Ag (33–67) catalyst.

Quantitative analysis results of N2 adsorption isotherm
at 77 K are given in Table 4. Cumulative pore-size distri
tions in fresh, deactivated, and regenerated Pd–Ag (33
catalysts have been calculated from N2 adsorption isotherm
at 77 K by combining Brunauer’s method [33,34] applica
to micropores (width< 2 nm) with the Broekhoff–de-Boe
method [35] applicable to mesopores smaller than 30
[22,31]. Those distributions are given in Fig. 8.

At the end of its stay in the hydrodechlorination reacto
is observed that the catalyst has lost a considerable part
specific surface area. Indeed, the BET surface area ev
from 321 m2 g−1 for the fresh catalyst to 81 m2 g−1 for the
deactivated one (Table 4).

As explained previously in detail [22],t-plots (adsorbed
volume as a function of adsorbed N2 layer thickness,t) of
catalysts Pd (100), Pd–Ag (67–33), Pd–Ag (50–50),
Pd–Ag (33–67) are similar (see Fig. 9 (fresh) as well
Fig. 10 in [22]). They always exhibit a sharp downward d
viation at aroundt = 0.4 nm, which corresponds to filling o
micropores characterized by a very narrow size distribu
centered on 2t = 0.8 nm, followed by an upward deviatio
due to capillary condensation in mesopores. The microp
size distribution is then calculated by Brunauer’s meth
applied to the downward deviation. The result of that c
culation in the case of fresh Pd–Ag (33–67) catalyst is gi
in Fig. 8 in the microporous domain, that is for sizes low
than 2 nm. A steep volume increase is observed at aro
0.8 nm followed by a plateau, which corresponds indee
a narrow micropore-size distribution.
7
1
3

d

Table 4
Texture of fresh, deactivated, and regenerated Pd–Ag (33–67) catalyst

Catalyst SBET St Sw Smicro Vmicro V2–30
(m2 g−1) (m2 g−1) (m2 g−1) (m2 g−1) (cm3 g−1) (cm3 g−1)

Fresh Pd–Ag (33–67) 321 322 98 224 0.087 0.11
Deactivated Pd–Ag (33–67) 81 82 58 24 0.020 0.08
Regenerated Pd–Ag (33–67) 261 262 96 166 0.074 0.10

SBET, specific surface area obtained by the BET method;St , specific surface area obtained from the slope before the downward deviation in thet-plot;
Sw, specific surface area obtained from the slope after the downward deviation in thet-plot; Smicro = St − Sw; Vmicro, specific micropore volume calculate
by Brunauer’s method;V2–30, volume of mesopores between 2 and 30 nm calculated by the Broekhoff–de-Boer method [27].
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Fig. 9. t-plots of Pd–Ag (33–67) catalyst.

It is interesting to note that deactivated and regener
catalyst exhibitst-plots, and therefore micropore-size d
tributions, that are very similar to those of fresh cata
(Figs. 8 and 9). After operation in the hydrodechlorinat
reactor as well as after regeneration, a narrow microp
size distribution centered around 0.8 nm is still observ
Only volumes corresponding to those micropores,Vmicro,
are modified (Table 4). Micropore volume of deactiva
catalyst (Vmicro = 0.020 cm3 g−1) is clearly lower than the
one of fresh catalyst (Vmicro = 0.087 cm3 g−1) and regener
ation allows recovery of most of the lost volume (Vmicro =
0.074 cm3 g−1).

Let us clarify the meaning of surface areasSt, Sw, and
Smicro whose values are given in Table 4. Int-plots of
fresh, deactivated, and regenerated Pd–Ag (33–67) ca
(Fig. 9), slopes on either side of the downward deviat
but before the upward deviation, allow calculation ofSt,
which is almost equal toSBET and Sw. As SBET, St is an
estimate of the total surface area accessible for nitroge
side the porous solid.Sw is calculated from the slope aft
the downward deviation in thet-plot, that is, after the disap
pearance of micropores by filling with nitrogen. Therefo
Sw corresponds to the surface developed by mesopore
macropores (size> 2 nm), that is, to the external surface
SiO2 microporous particles in which bimetallic particles a
tive for hydrodechlorination are trapped [22].Smicro is equal
to St − Sw and so corresponds to the surface of micropo
located inside silica particles.

Since the size of micropores in the fresh, deactiva
and regenerated Pd–Ag (33–67) catalyst remains rou
constant, the microporous surface area,Smicro, evolves in
parallel with the microporous volume,Vmicro (Table 4). Mi-
croporous surface areas obtained with fresh, deactivated
regenerated samples are 224, 24, and 166 m2 g−1, respec-
tively.

The surface developed by mesopores and macrop
Sw, is lower in the deactivated catalyst (Sw = 58 m2 g−1)

than in the fresh one (Sw = 98 m2 g−1), but it is entirely
recovered after regeneration (Sw = 96 m2 g−1). In the meso-
porous domain examined (2 nm< size< 30 nm), the three
t

d

d

,

samples exhibit a continuous pore-size distribution (Fig
The volume of those mesopores,V2–30, is given in Table 4.

4. Discussion

As noted in the Introduction, the causes of catalyst de
tivation during hydrodechlorination reactions that are ge
ally suggested are metal poisoning by chlorine [4–9], c
ing [5,6,10–18], loss of metal due to formation of volat
chlorides [19], and metal sintering [8,19–21]. Note that, c
cerning the latter, in some cases the presence of chlorin
compounds can produce the opposite effect, that is, a
crease of metal dispersion [6,11,16,17,20,36,37].

The performances of monometallic palladium cataly
have been studied in various hydrodechlorination reacti
Moulijn and co-workers studied extensively hydrodechl
nation of CCl2F2 and CCl3F over a 1 wt% Pd/C catalys
and the associated activity and selectivity changes [6,15–
Ordonez et al. studied hydrodechlorination of C2Cl4 over a
0.5 wt% Pd/C [13]. In some cases, under appropriate tem
ature and feed composition conditions, the catalyst pe
mances were stable for a very long operation time [15,
When observed, the deactivation was attributed to the
mation of carbonaceous deposits on the catalyst surface

Among the four possible deactivation causes prese
above, the loss of metal and the sintering of metal parti
can be eliminated as shown by ICP-AES—same Pd and
contents in fresh, deactivated, and regenerated cataly
and TEM—no increase of metal particle size—results,
spectively (Figs. 3 and 4 and Table 2).

Let us then examine the two last possible deactiva
causes: poisoning of metallic active sites by chlorine
coking, that is, deposit of halogenated carbonaceous res
on metal and support.

CO chemisorption indicates that the amount chemiso
by the fresh catalyst (ns,m = 0.66 mmol g−1

Pd) is close to
the amount chemisorbed by the deactivated catalyst (ns,m =
0.65 mmol g−1

Pd) (Table 2). If it is admitted for deactivate
Pd–Ag (33–67) catalyst that, as for fresh Pd–Ag (33–
catalyst, CO chemisorption occurs on palladium only
that chemisorption stoichiometry XPd–CO, which is the mean
number of Pd atoms on which one CO molecule is adsor
is equal to 1 [23], the result of CO chemisorption in
cates that the number of Pd atoms that are accessibl
the gaseous phase in the deactivated Pd–Ag (33–67)
lyst seems not to have been altered significantly in rela
to the fresh Pd–Ag (33–67) catalyst.

In consequence, CO chemisorption results suggest
palladium is neither poisoned by chlorine because of i
versible adsorption, nor made inaccessible because of c
ing by chlorinated carbonaceous residues or fouling of p
leading to bimetallic particles (coking). Moreover, those
sults support the hypothesis, already suggested by TEM
no Pd–Ag bimetallic particles sintering occurs. The occ
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rence of a possible palladium redispersion due to the p
ence of chlorinated compounds seems also unlikely.

If one confines oneself to the list of possible deactivat
causes presented above, we have then to consider a d
vation of Pd–Ag (33–67) catalyst which would result fro
the disappearance of silver sites either by poisoning o
covering by chlorinated carbonaceous residues. Is such
activation mechanism in agreement with kinetic data
results of fresh, deactivated, and regenerated Pd–Ag (33
catalyst characterization presented in the previous sec
This question is discussed below.

Let us first examine the compatibility of a deactivati
mechanism due to silver sites disappearance with kin
data in Fig. 1b and Fig. 1a after the first 20 operating ho
during which ethylene selectivity,SE, increases very quickly
from about 20 to 90%. Those data show a decrease of th
drodechlorination rate,r1, which is faster than the decrea
of the hydrogenation rate,r2. As a result, the ethylene sele
tivity, SE, decreases.

According to the results of the kinetic study presented
the third paper of the present series [24], hydrodechlor
tion and hydrogenation take place according to a sequ
of elementary steps in which the step determining the
drodechlorination rater1, rds1, and the step determining t
hydrogenation rater2, rds2, are respectively,

ClCH2CH2Cl + 2s1 → ClCH2CH2s1 + Cls1 rds1,

C2H5s1 + Hs2 → C2H6 + s1 + s2 rds2.

Since sitess1 ands2 have been identified with silver site
and palladium sites, respectively [24], the step determin
the hydrodechlorination rate, rds1, requires two silver s
whereas the step determining the hydrogenation rate,
requires one silver site and one palladium site (note that
a mechanism is in agreement with a recent study on 1,2
chloroethane hydrodechlorination catalyzed by Pt–Cu/S2
catalysts [38], that is, bimetallic catalysts that contain
metal from group VIII combined with a metal from group I
as in Pd–Ag/SiO2 catalysts). Therefore, if it is admitted tha
during operation in the hydrodechlorination reactor, pa
dium sites remain unaltered, as suggested above, and
silver sites disappear either by chlorine poisoning or by c
ering by chlorinated carbonaceous residues, a decrea
the hydrodechlorination rate,r1, which is faster than the de
crease of the hydrogenation rate,r2, can be expected. It ca
then be concluded that a deactivation mechanism due to
ver sites disappearance is not inconsistent with kinetic
in Fig. 1b and kinetic data after the first 20 operating ho
in Fig. 1a.

On the other hand, that mechanism alone does not a
us to explain the Pd–Ag (33–67) catalyst deactivation d
ing the first 20 operating hours of the first series of kine
measurements (Fig. 1a). Indeed, during that period, an
crease of ethylene selectivitySE = (r1 − r2)/r1 is observed
which results from an initial decrease of the hydrogena
rate r2 which is faster than the initial decrease of the h
drodechlorination rater1, which seems to be inconsiste
ti-

-

)

-

,

t

f

with a deactivation resulting from the disappearance of si
sites. During those very first operating hours, an additio
phenomenon probably occurs, but the available experim
tal results do not allow identification of that phenomenon

Let us now examine X-ray diffraction and transmiss
electron microscopy results. According to XRD analysis,
large pure silver particles in the fresh Pd–Ag (33–67) c
lyst have been converted into silver chloride particles w
comparable size in the deactivated Pd–Ag (33–67) cata
(Table 2). According to the kinetic study in [24], chlorin
atoms coming from 1,2-dichloroethane and hydrogen c
ride become adsorbed on the silver surface. Without pa
dium which supplies hydrogen atoms for the regeneratio
the chlorinated silver surface into metallic Ag, silver si
are rapidly deactivated. Let us remember that Ag (100) p
silver catalyst (1.7% Ag/SiO2) is completely inactive from
the first measurement after 0.5 h operation during the e
uation test [22]. Once adsorbed, chlorine atoms can dif
inside the bulk of silver particles and form finally bulk s
ver chloride particles observed by XRD, the size of which
consistent with large particles detected by TEM.

On the surface of small bimetallic particles, despite
presence of palladium which is used to eliminate chlor
atoms adsorbed on silver during hydrodechlorination
which remains unaltered according to CO chemisorption
sults, the deactivation mechanism corresponding to s
sites disappearance suggests, in addition to the possibl
posit of chlorinated carbonaceous residues on those s
sites, the gradual formation of a stable silver chloride. Mo
over, as in pure silver particles, chlorine atoms can prob
diffuse inside the bulk of alloy particles and form chlorid
in them as well. Active bimetallic particles would ther
fore be transformed into a blend which can be compo
of metallic Pd, metallic Ag, and AgCl at the surface as w
as palladium and silver in the form of metals or chlorides
the bulk. Consequently, it would not be surprising that
initial crystal structure of those nanoparticles is transform
into an amorphous structure which does not diffract X-r
anymore, which would explain that they are not detected
XRD. Their density would change as well and this co
modify their contrast in electron microscopy by comparis
with the silica support (partially covered with halogena
carbonaceous residues) and give the impression that
size has decreased as indicated by the mean sizes ob
by TEM (Table 2).

During catalyst operation in the hydrodechlorination
actor, it seems then that Pd–Ag alloy particles and pure
particles are gradually loaded with chlorine. According
XRD and TEM characterization results of the regenera
catalyst, regeneration allows a complete removal of chlo
in metal particles since initial particles of the fresh cata
are roughly recovered.

It is interesting at this point to comment on the d
ference in deactivation behaviors between pure Pd
bimetallic Pd–Ag hydrodechlorination catalysts. As no
above, Moulijn and co-workers [6,15–17] and Ordon
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et al. [13] attributed the deactivation of Pd/C catalysts d
ing hydrodechlorination of CCl2F2, CCl3F, and C2Cl4 to
the formation of carbonaceous deposits on the catalyst
face. Poisoning was concluded to be not important. In
present study, experimental results suggest that deac
tion of the Pd–Ag/SiO2 catalyst during hydrodechlorina
tion of ClCH2–CH2Cl would be due to the disappearan
of silver sites either by the gradual formation of a sta
surface silver chloride or by the deposit of chlorinated c
bonaceous residues on those silver sites, or most prob
by both mechanisms. On the other hand, palladium s
would remain intact. It has been shown in the first pa
of this series [22] that the addition of Ag in a Pd/SiO2
sample stabilizes the catalyst toward deactivation du
hydrodechlorination screening tests. That stabilization
fect was confirmed recently by Arsenault and Gonzalez
in the case of Pd–Cu/SiO2 catalysts also used for selecti
hydrodechlorinationof 1,2-dichloroethane into ethylene:
sides the selectivity effect, the addition of the group IB me
has the additional advantage of decreasing the deactiv
of the catalyst. Therefore, it appears clearly that alloying
with a IB metal modifies the deactivation mechanism d
ing hydrodechlorination. A comparison between catal
performances of catalyst Pd–Ag (33–67) obtained du
the screening test presented in [22] and during both m
surement campaigns presented in Fig. 1 in the present p
indicates that whereas stable activity and selectivity are
tained in the screening test, a clear deactivation is obse
in Fig. 1. The main difference between catalytic meas
ments in the present study and in [22] is the introduction
reaction products (HCl and CH2=CH2) in the feeding flow
of the reactor in the present study, whereas the react
fed with the chlorinated organic compound (here, ClCH2–
CH2Cl) and H2 only in [22], as in most hydrodechlorinatio
studies. This suggests that hydrogen chloride and/or e
ene induce a marked deactivation. The deactivation of
catalyst by HCl can be explained by its ability to chlorin
the active metallic sites and thus to transform them into
ble surface chlorides. Since chlorine is more strongly lin
with silver than with palladium [24] and since, contrary
Pd, Ag cannot adsorb hydrogen directly to remove adso
chlorine [24], it is not surprising that silver sites are dea
vated by chlorine poisoning whereas Pd sites remain in
Concerning the deactivation by ethylene, it has been sh
in [24] that, during hydrodechlorination of 1,2-dichlor
ethane over the Pd–Ag (33–67) catalyst, CH2=CH2 as well
as ClCH2–CH2Cl adsorb on silver partially covered wi
chlorine atoms but not on palladium atoms that are indi
ually isolated in the silver matrix [23,40]. Those adsorptio
can become the starting point of coking on silver active s
by formation of carbonaceous heavy residues from the
bonaceous adsorbed species. With such a mechanism
sites remain intact as indicated by CO chemisorption
the case of pure Pd catalysts, as Pd/SiO2 sample (Pd (100)
in [22] or Pd/C catalysts used by Moulijn and co-work
[6,15–17] and Ordonez et al. [13], since Pd is the only
-

-

y

r

d

tive metal, the chlorinated organic reactant (ClCH2–CH2Cl
in [22], CCl2F2 in [6,15,16], CCl3F in [17], or C2Cl4 in [13])
as well as the carbonaceous products formed adsorb on
metal which can thus undergo a deactivation by cok
Moreover, it is possible that poisoning by chlorine does
occur with pure Pd catalysts since chlorine atoms are e
removed by combination with hydrogen atoms adsorbe
the same metal.

Concerning catalyst texture evolution, it seems that
partial disappearance of pores because of their fouling
chlorinated carbonaceous residues does not decreas
number of bimetallic particles that are accessible for
gaseous phase since, according to CO chemisorption re
the number of accessible palladium atoms is approxima
the same in the fresh and in the deactivated catalyst.
fact that accessibility does not decrease is probably a
sequence of the large number of pores, that is, of diffe
ways, leading to the same active bimetallic particle ins
the particular structure of cogelled catalysts examine
this study [22,41,42]. The disappearance of some numb
ways leading to one particle does not alter its accessibil

5. Conclusions

According to the comparison between physico-chem
properties of Pd–Ag (33–67) catalyst before and after op
tion in the hydrodechlorination reactor, a deactivation wh
main cause would be a disappearance of silver sites pr
at the surface of active bimetallic particles seems to be p
sible. That disappearance would be due to the formatio
a stable silver chloride and possibly also to the coverin
silver sites with chlorinated carbonaceous residues. On
contrary, palladium sites would remain intact.

After an initial period of a few hours, the evolution
hydrodechlorination and hydrogenation rates is not inc
sistent with such a mechanism. Indeed, a decrease o
hydrodechlorination rate which is faster than the decre
of the hydrogenation rate is observed which could be
plained by the disappearance of silver sites since the
determining the hydrodechlorination rate requires two si
sites whereas the step determining the hydrogenation ra
quires only one.

The initial period of catalyst operation is characterized
a much faster drop of both reaction rates. During that pe
of catalyst quick evolution, the hydrogenation rate decre
faster than the hydrodechlorination rate, which cannot be
plained by the mechanism based on silver site disappea
alone. During those first operation hours, an additional p
nomenon probably occurs which cannot be identified w
the available experimental results.

The analysis of the regenerated catalyst shows tha
regeneration treatment including an oxidation step follow
by a reduction step, allows restoration of initial metal p
ticles as well as the major part of porosity (whose par
disappearance seems not to alter catalyst activity).
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