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Abstract

The activity and selectivity of a 1.9% Pd-3.7% Ag/Si€atalyst during selective hydrodechlorination of 1,2-dichloroethane into ethylene
have been followed in the course of time. The deactivation curves show two distinct periods: an initial period at the very beginning of
catalyst operation, that is, during the first 20 operating hours, characterized by a sharp decrease of the rates of both reactions involved in
the process (1,2-dichloroethane hydrodechlorination and undesired ethylene hydrogenation) and a second period, after the first 20 operatin
hours and investigated for more than 600 h, characterized by a clearly slower deactivation. During the initial period, the hydrodechlorination
rate decreases less quickly than the hydrogenation rate and this results in a fast increase of ethylene selectivity which reaches a maximum ¢
the end of this period. After the initial period, the hydrodechlorination rate decreases faster than the hydrogenation rate and this results in a
slow decrease of ethylene selectivity. A comparison between the physico-chemical properties of the fresh catalyst and of the deactivated one
suggests a deactivation mechanism by poisoning or coking of silver sites at the surface of the active Pd—Ag alloy particles whereas palladium
sites would remain intact. The selectivity evolution during the second period, that is, after the very first operating hours, is in agreement with
such a mechanism. However, the sharp ethylene selectivity increase during the initial operating hours suggests, in addition to the deactivation
by silver sites disappearance, the presence of a further nonidentified phenomenon. The characterization of the catalyst after a regeneratio
treatment including an oxidation step followed by a reduction step shows that this treatment allows restoration near to the physico-chemical
properties of the fresh catalyst.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction ceous residues on active sites or inside the support porosity
(fouling).
In the particular case of hydrodechlorination reactions
Catalysts lose frequently a large portion of their activity over supported metal catalysts, the deactivation causes gen-
during operation. Three main causes are generally responsierally suggested are metal poisoning by chlorine [4-9], cok-
ble for catalyst deactivation [1-3]: solid-state transformation ing [5,6,10-18], metal sintering [8,19—21], and loss of metal
in particular sintering of supported metal particles leading to due to formation of volatile chlorides [19].
a loss of active surface and sintering of the support leading In the present paper, the activity and selectivity tempo-
to the disappearance of porosity and thus making active sitesral evolution of the cogelled sol-gel catalyst 1.9% Pd—3.7%
inaccessible; poisoning which results from an irreversible Ag/SiO,, named Pd-Ag (33-67) in the previous papers of
chemisorption of species from the gaseous or liquid phasethis series [22—-24], as well as its physico-chemical prop-
on active sites; and coking that is the deposition of carbona- erties before operation in the hydrodechlorination reactor
(fresh catalyst already characterized in [22] and [23]), af-
ter operation (deactivated catalyst) and after a regeneration
~* Corresponding author. treatment (regenerated catalyst) are described in detail. This
E-mail address: b.heinrichs@ulg.ac.be (B. Heinrichs). study has a double purpose: on the one hand, by means of ex-
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perimental data, to find the possible deactivation causes, andwritten as follows for ethylene and ethane net production,
on the other hand, to examine the efficiency of the treatment Fe_ F
proposed for regeneration. e = %

whererg = net ethylene production rate (mmolkgs™1),
ra = net ethane production rate (mmolkgs™), Fg =
molar flow rate of ethylene at the reactor outlet (mmdis

) o Feo = molar flow rate of ethylene at the reactor inlet
Synthesis and characterization of the fresh catalyst Pd_Ag(mmols—l) Fa = molar flow rate of ethane at the reactor
(33-67) (1.9% Pd-3.7% Ag/Siare detailed in [22,23,25]. et (mmolsl), Fag = molar flow rate of ethane at the
The experimental device and the measurement method Of.a5ctor inlet (mmolsl), and W = catalyst mass inside the
rates of the reactions involved in 1,2-dichloroethane hy- .oocior (kg).

drodechlorination are described in [24] and are briefly noted  pjeasurements of net ethylene production rateand

Fa
and ra W (Fpo=0), 1)

2. Experimental

below. net ethane production raig at 573, 596, and 647 K and
for various partial pressures of 1,2-dichloroethams)( hy-
2.1. Kinetic data acquisition drogen pn), ethylene pg), and hydrogen chlorideptic))

showed that a 1,2-dichloroethane hydrodechlorination reac-

Reaction rates are measured in a fixed-bed tubular reac-1oN Scheme can be represented by two reactions that are con-
tor in which a low composition change between inlet and Secutive with regard to ethylene [24]. Those two reactions
outlet is maintained (differential reactor). The reactor is fed &€ hydrod.echlorlnatlon of'1,2-dlchloroethane into ethylene
with the four compounds that have an influence on kinetics, and undesired hydrogenation of ethylene into ethane:
that is 1,2-dichloroethane (ClQHCHzCl), hydrogen (I‘i), ClCHz—CH2C| +Hp — CHy=CH, + 2HCI
ethylene (CH=CHy), and hydrogen chloride (HCI), diluted
in helium. In addition to the rigorous differential reactor
model which allows calculation of reliable reaction rates, CH,=CH, + H, — CH3—CH3 (hydrogenation, rate).
the way to operate the reactor offers two particular advan-
tages in a deactivation study. On the one hand, all catalyst
pellets are identically deactivated along the reactor length
since they are all in contact with the same compounds— ., — ¢ 4 s,
reactants and products—at the same concentration and this
allows a homogeneously modified catalyst sample for char-
acterization to be obtained; on the second hand, that catalyst ratg
sample has been homogeneously deactivated in a differen
tial reactor in the presence of significant amounts of reaction
products which is more realistic from an industrial point of
view. Note that ethane, which is the third product formed, is  Ethylene selectivitySg is given bySe = re/(rg + ra) =
not introduced in the reactor feeding since it has been shown(ry — r,) /r;.
in [24] that it plays no role in the catalytic mechanism. Itis  Two measurement campaigns with two different loads of
then reasonable to assume that it also plays no role in deaccatalyst Pd—Ag (33-67) have been used to study deactiva-
tivation. tion. During the first campaign, the catalyst spent 80 h at

For all kinetic measurements, the total pressure is main-573 K inside the hydrodechlorination reactor whereas dur-
tained at 0.3 MPa (2.96 atm) and the total flow rate is fixed ing the second campaign, it spent 662 h successively at 573,
at 0.5 mmols?!. The temperature inside the reactor is suc- 596, and 647 K. This second campaign corresponds to the
cessively fixed at 573, 596, and 647 K. The 6.2-cm-high experimental data acquisition for the kinetic study presented
catalytic bed is constituted of 0.25 g of Pd—Ag (33-67) cata- in the previous paper of this series [24].
lyst pellets crushed and sieved between 250 and 500 pm.

Prior to the measurement campaign, the catalyst was reduce@.2. Regeneration and characterization of fresh,

(hydrodechlorination, rate );

Hydrodechlorination rate; and hydrogenation raie are
obtained from mass balances:

hydrodechlorination rate- CICH,—CH,CI consumption

Tra=rp,

hydrogenation rate- C,Hg production rate

in situ at atmospheric pressure in flowing £0.025 mmol deactivated, and regenerated catalyst
s~1) while being heated to 623 K at a rate of 350 Krand
was maintained at this temperature for 3 h. At the end of the 662 h stay inside the hydrodechlori-

The net production rate of ethylemg and the net pro-  nation reactor, the deactivated Pd—-Ag (33—67) catalyst has
duction rate of ethaney during hydrodechlorinationof 1,2-  been characterized in detail. Texture was analyzed py N
dichloroethane are calculated from chromatographic mea-adsorption-desorption at 77 K. Metal particles were ex-
surements of eHs and GHg concentrations in the reactor amined by X-ray diffraction (XRD), transmission electron
effluent and from the differential reactor equation which is microscopy (TEM), and carbon monoxide chemisorption
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(CO) at 303 K. Palladium and silver contents were deter- is heated under vacuum to 613 K at a rate of 120K h
mined from inductively coupled plasma atomic emission maintained at 613 K and 18 kPa for 16 h, and cooled nat-
spectroscopy (ICP-AES). Finally, the carbon content was urally to room temperature.

measured by combustion with oxygen and the chlorine con- The sample regenerated in this way is then submitted
tent was measured by combustion with sodium peroxide (seeto N2 adsorption at 77 K and CO adsorption at 303 K ac-
below). cording to a procedure identical to the one described above

Deactivated sample Pd-Ag (33-67) then underwent a re-for the deactivated catalyst. After the second CO adsorption
generation treatment and the regenerated catalyst has beeisotherm, the catalyst is outgassed and recovered in order to
characterized by the same techniques as the deactivated on€ontinue its characterization by other methods.

N> adsorption at 77 K and CO chemisorption at 303 K on Devices and handling of samples for characterization by
the deactivated catalyst and regeneration treatment as welXRD, TEM, and ICP-AES were described in the two first
as N adsorption at 77 K and CO chemisorption at 303 K papers of this series [22,23].
on the regenerated catalyst were carried out with a single The measurement of carbon content in deactivated and
load of sample Pd—Ag (33—67). This load is introduced in a regenerated Pd—Ag (33-67) catalyst was carried out by com-
sample holder (Pyrex bulb) adapted on a Fisons Sorptomaticbustion of carbonaceous residues at around 1200 K in a
1990 adsorption measurement device equipped with a tur-O,—He mixture and measurement of the amount op ®-
bomolecular vacuum pump which allows it to reach a high duced. The device is a Vario EL from Elementar equipped
vacuum of 10 kPa. The Pyrex bulb is connected to two with a thermal conductivity detector (TCD) to analyze gases.
stopcocks which allow gases to flow through the catalytic =~ The amount of chlorine coming from chlorinated organic
bed for regeneration. During the various steps of regener-residues in the deactivated and regenerated Pd—Ag (33-67)
ation and pretreatments for adsorption measurements, thecatalyst was measured by combustion with sodium peroxide
sample holder is placed in temperature-programmed ovens(NaO>) in a Wurzschmitt bomb. Combustion reaction oc-
During adsorption measurements, it is plunged in a 77 K curs explosively in an air-tight nickel bomb in presence of
liquid N2 bath for N adsorption and in a 303 K thermostat- sodium peroxide and ethylene glycol for ignition. The or-
ically controlled water bath for CO adsorption. ganic Cl is converted in inorganic Cl in the form of sodium

The following method is applied: a 0.2054 g sample of chloride NaCl. Combustion residues are dissolved in water
deactivated Pd—Ag (33-67) catalyst is loaded in the sam-and the chloride concentration is measured by potentiomet-
ple holder and outgassed atfOkPa at room temperature ric follow-up of the addition of a solution of silver nitrate
for 1 week. Sample holder is then plunged in a 77 K liquid causing chloride precipitation. Chlorine present in the form
N2 bath and N adsorption isotherm is measured. Sample is of AgCl in the sample is not measured.
then outgassed, naturally reheated up to room temperature,
and maintained under vacuum at PkPa for 6 h at the end
of which it is plunged in a 303 K thermostatically controlled 3. Results
water bath. CO chemisorption isotherm is then determined
at 303 K according to the method described in [23]: a first 3.1. Kinetic data
CO adsorption isotherm is achieved so as to measure the to-
tal amount of adsorbed carbon monoxide (chemisorbed Fig. 1b shows kinetic measures obtained under reference
physisorbed). The catalyst is then outgassed on the measureconditions that correspond to the center of the experimental
ments unit at 303 K during 2 h in a vacuum of fOkPa design used for the kinetic study described in the previous
and a second CO adsorption isotherm is measured in ordempaper of this series [24] (note that in [24], the rates were cor-
to evaluate the amount of physisorbed CO. The chemisorp-rected with regard to the catalyst deactivation so as to all
tion isotherm is obtained by subtracting the second isothermcorrespond to the same activity level). Fig. 1a shows kinetic
from the first one. measures at the center of a preliminary experimental de-

At the end of the measurement of the second CO adsorp-sign. This preliminary design is different from designs used
tion isotherm, the sample is outgassed at room temperaturan [24]. Operating conditions (partial pressures in 1,2-di-
and then undergoes the regeneration treatment. This regenehloroethanegp), hydrogen py), ethylene pg), hydrogen
ation involves a calcination step and a reduction step. Underchloride (pyc), and temperature) corresponding to the se-
0.037 mmols? flowing air, the catalyst is heated to 703 K  ries of measures in Fig. 1a are thus different from those
at a rate of 120 Kh' and is maintained at this tempera- corresponding the series of measures in Fig. 1b. They are
ture during 16 h. It is then naturally cooled to room tem- given in Table 1. Partial pressure values given in this ta-
perature and outgassed before hydrogen introduction. Un-ble correspond to reactor inlet. Let us remember that partial
der 0.037 mmols! flowing hydrogen, the catalyst is next pressures gaps between reactor inlet and outlet are low (dif-
heated to 673 K at a rate of 120 Khand is maintained  ferential reactor).
at this temperature for 16 h. It is then naturally cooled to  The series of measures in Fig. 1a shows activity and se-
room temperature. The sample holder filled with hydrogen lectivity evolution during the first 80 h of catalyst operation,
is next transferred on the outgassing unit where the catalystwhereas the series in Fig. 1b gives activity and selectivity
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Fig. 1. Evolution of reaction rates and ethylene selectivity as a function of

r1 clearly decreases, hydrogenation ratedecreases only
very weakly. At 647 K, the decrease of both rates is faster
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) cata-
lyst at different stages: fresh, deactivated after 662 h of op-
eration in the hydrodechlorination reactor, and regenerated.
Particles compositions and sizes calculated from those dif-
fractograms are given in Table 2.

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

The diffractogram of deactivated Pd—Ag (33-67) catalyst

time. (a) First series of measurements; (b) second series of measurements.g|lows detection of silver chloride (chlorargyrite) in the form

Table 1

Operating conditions of both series of kinetic measurements

Operating conditions First series

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 sake of”;

of 20 nm particles (Table 2) only.
The diffractogram of regenerated Pd—Ag (33—-67) catalyst
shows that regeneration treatment allows restoration of alloy

Second series  particles that were present in the fresh catalyst. Indeed, the

broad diffraction peak located between (111) lines of pure
Pd and pure Ag is found again which indicates the presence

Agcl! Ag ) Pd  Ag! Agcl | Pd
@00) | ) a1y @oo)} @20) |(200)

simplicity, the data set of Fig. 1a will be named first series
and the data set of Fig. 1b will be named second series.

During the first 20 h of catalyst operation in the first se-
ries, a very fast decrease of hydrodechlorination ratend
hydrogenation rate, is observed (Fig. 1a). Since de-
crease is faster than decrease, a considerable increase of
ethylene selectivitySe = (r1 — r2)/r1 results: Sg reaches
nearly 90% after 20 h.

In the second series which gives reactions rates beyond
48 h of operation (Fig. 1b), one observes, as it already
appears in the first series beyond 20 h, a decrease of hy-
drodechlorination rate; that is faster than the decrease of
hydrogenation rate,. As a result ethylene selectivig de-
creases. At 573 and 596 K, whereas hydrodechlorinationrate

Fresh

Nt

Z

wn

o

e

)-Eq Deactivated
Regenerated

30 35 40 45 50
20 (degree)

Fig. 2. X-ray diffraction patterns of Pd—Ag (33—-67) catalyst.
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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 chemisorbed
detected by XRD (at%) XRD TEM ns,m (mmolg5})

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 -2 20 1.9 12 0.65

Regenerated Pd—-Ag (33-67) 60% Pd-40% Ag Ag 2.0 6 3.0 12 0.80

2 Not detected.

of a Pd—Ag solid solution. After subtraction of pure Ag (111) ible at a magnification of % 10°, an example of which is
peak by means of deconvolution, examination of the broad given in [22] with the fresh Pd—Ag (33—-67) catalyst.
peak corresponding to the solid solution leads to 2-nm parti- Mean sizes of large metal particles are similar in the
cles with a 60 at% Pd—40 at% Ag composition that is a size fresh, deactivated, and regenerated catalyst and are around
and a composition nearly identical to those of alloy particles 10-12 nm. However, small metal particles exhibit mean
in the fresh catalyst. The pure silver (111) peak correspondssizes that are similar in the fresh and regenerated catalyst
to a mean size of 6 nm. (3.0 nm), but that seem to be smaller in the deactivated cata-
TEM micrographs obtained at a magnification of 10 lyst (1.9 nm).
fresh, deactivated, and regenerated Pd—Ag (33—67) catalysts Isotherms of carbon monoxide chemisorption at 303 K on
are shown in Figs. 3-5. Dark spots correspond to metal par-fresh, deactivated, and regenerated Pd—Ag (33-67) catalyst
ticles. Mean sizes of metal particles measured by TEM are are presented in Fig. 6. The amounts of CO needed to form a
given in Table 2. Let us note that, for the sake of simplicity, monolayer chemisorbed on palladium sitesy, that are ob-
the term “metal particles” will still be used, although, in the tained by back-extrapolation[23,26-29] are given in Table 2.
deactivated catalyst, some particles could be constituted, ain order to avoid as much as one can a modification of the
least in part, of metal chloride instead of metals. deactivated Pd—Ag (33-67) catalyst after its unloading from
As in the case of the fresh Pd—Ag (33—67) catalyst [22], the hydrodechlorination reactor, the latter was outgassed at
microscopy analysis of deactivated and regenerated sample§00m temperature before CO adsorption measurements (see
allows detection of metal particles that are distributed in two Experimental). Concerning the fresh and regenerated Pd—Ag

families of different size. These two families are clearly vis- (33-67) catalysts, they were outgassed at 613 K after the hy-
drogen treatment ([23] and Experimental).

Fig. 3. TEM micrograph of fresh Pd—Ag (33—-67) (original magnification, Fig. 4. TEM micrograph of deactivated Pd—Ag (33-67) (original magnifi-
x108). cation, x 10°).
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Table 3
Carbon and organic chlorine contents in deactivated and regenerated Pd—Ag
(33-67) catalyst

Catalyst Carbon content Organic chlorine content
(9c/Ycatd) (Yorganic c/Ycata
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 mmgg
However, examination of Fig. 6 shows immediately that
isotherms of deactivated and regenerated catalyst are less
regular than that of fresh sample. The more pronounced
instability of measurements with deactivated and regener-
ated samples is due to the lower mass of those samples
available for chemisorption (about 0.2 g against 0.4 g for
fresh catalyst). Chemisorbed amountg, given by inter-
section with theY-axis (uptake axis) of the regression line
fitted on a linear-assumed region of deactivated and regener-
ated samples are characterized by a large error estimated at

0.10 mmol g‘,[}.
Fig. 5. TEM micrograph of regenerated Pd—Ag (33-67) (original magnifi-
cation, x10P). 3.2.2. Quantitative determination of chlorinated organics
and active metals
b Carbon and organic chlorine weight contents in deacti-
o~ 3 vated and regenerated samples are given in Table 3.
& Let us note that comparison between the weight in-
S crease of deactivated sample calculated from weighing
E (0.174 gesidueddcats and the sum of carbon and organic
8 . chlorine contents (0.17Qg organic ¢/ 9eata) Shows that those
g %41/ :FD'::;WM two species form the main part of the residues mass in the de-
5 —a— Regenerated activated catalyst. Contribution of inorganic chlorine in the
ﬁ 2y Regression on the linear part of the isotherm form of AgCl and hydrogen masses to the overall residues
mass is very low. Assuming that the whole silver in the cat-
0 + = + — H + 4 alyst is converted in AgCl, the maximum inorganic chlorine
0 2 4 6 8 10 12 14 content is estimated at 0.012@&ganic c/ Jcata
Pressure (kPa) It is observed that regeneration treatment allows elimina-

tion of almost the whole carbon and organic chlorine.

Active metals losses by formation and vaporization of
metal chlorides in catalysts used for incineration of halo-

In the case of fresh and regenerated samples in which pal-genated volatile organic compounds (VOC) have been al-
ladium is present in the form of Pd-Ag alloy particles as ready observed. For example, a copper oxide-based catalyst
shown by XRD, it is admitted that CO is chemisorbed on produces copper chloride which begins to evaporate beyond
palladium only [23]. In the case of deactivated sample, initial 723 K, thus leading to a considerable activity decrease [19].
bimetallic particles were greatly modified but it will be still  Therefore, Pd—Ag (33-67) catalyst deactivation due to metal
assumed that, as in the case of Pd—Ag alloy, CO chemisorp-osses during hydrodechlorination is a conceivable possibil-
tion on the surface of those modified particles will still occur ity. So as to check this possibility, the palladium and silver
on palladium atoms only. For this reason, the amounts of contents were determined by ICP-AES in deactivated and
chemisorbed CO are related to palladium mass that was mea'regenerated Samp]es and Compared to the contents in the
sured by ICP-AES and that is the same in fresh, deactivated fresh catalyst (1.9% Pd-3.7% Ag/SID Values obtained
and regenerated samples (see below). with fresh, deactivated, and regenerated samples show that

Chemisorbed amounissm given in Table 2 are quasi- o metal losses occur during hydrodechlorination or dur-
identical for fresh (0.66 mmol g) and deactivated  ing regeneration. In consequence, this possible deactivation
(0.65 mmolg_,(}) catalyst. The amount chemisorbed on cause can be rejected.

Fig. 6. CO chemisorption isotherms at 303 K of Pd—Ag (33-67) catalyst.
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Fig. 7. N; adsorption-desorption isotherms at 77 K of Pd—Ag (33-67) cata- Fig. 8. Pore-size distributions of Pd-Ag (33-67) catalyst.

lyst.

3.2.3. Porous texture Quantitative analysis results of;Nwdsorption isotherms
at 77 K are given in Table 4. Cumulative pore-size distribu-

N> adsorption-desorption isotherms at 77 K of fresh, de- © ; ]
activated, and regenerated Pd—Ag (33-67) catalyst are prelions in fresh, deactivated, and regenerated Pd-Ag (33-67)
sented in Fig. 7. The look of those isotherms was already catalysts have been calculated fromadisorption isotherms

discussed in [22]. Let us remember that they do not be- @t 77 K by combining Brunauer's method [33,34] applicable
long clearly to one of the five groups of the classification t© micropores (width< 2 nm) with the Broekhoff—de-Boer
established by Brunauer et al. [30,31]. In the low-pressure Méthod [35] applicable to mesopores smaller than 30 nm
region, a very fast increase of adsorbed volume is observed22,31]. Those distributions are given in Fig. 8.

isotherm characteristic of microporous solids. In the deacti- IS Observed that the catalyst has lost a considerable part of its

vated catalyst, this initial adsorption is much less important SPecific surface area. Indeed, the BET surface area evolves
than in the fresh or regenerated one, which indicates that theffom 321 nf g=* for the fresh catalyst to 81 fiy~* for the
deactivated sample contains less micropores than the fresifleactivated one (Table 4).
and regenerated ones as it will be confirmed by micropore  As explained previously in detail [22];plots (adsorbed
volume values in the three samples (see below). As the sat-volume as a function of adsorbed Mayer thickness) of
uration pressurgg approaches, adsorbed volume increases catalysts Pd (100), Pd-Ag (67-33), Pd—Ag (50-50), and
quickly again as in the case of type Il or Ill isotherms cor- Pd—Ag (33-67) are similar (see Fig. 9 (fresh) as well as
responding to macroporous solids. Moreover, the three sam-Fig. 10 in [22]). They always exhibit a sharp downward de-
ples exhibit an hysteresis loop between adsorption and desviation at around = 0.4 nm, which corresponds to filling of
orption which indicates Ncapillary condensation in meso- micropores characterized by a very narrow size distribution
pores. centered on 2= 0.8 nm, followed by an upward deviation
As already concluded in the case of fresh Pd—Ag (33-67) due to capillary condensation in mesopores. The micropore-
xerogel (1.9% Pd-3.7% Ag/Si and also in the case of size distribution is then calculated by Brunauer's method
Pd (100) (3.3% Pd/Si§), Pd—Ag (67-33) (2.2% Pd-1.1% applied to the downward deviation. The result of that cal-
Ag/SiO,), Pd—Ag (50-50) (2.3% Pd-2.2% Ag/Si) and culation in the case of fresh Pd—Ag (33-67) catalyst is given
Ag (100) (1.7% Ag/SiQ) xerogels [22], deactivated and in Fig. 8 in the microporous domain, that is for sizes lower
regenerated Pd—Ag (33-67) samples contain microporesthan 2 nm. A steep volume increase is observed at around
(width <2 nm), mesopores (2 nm width < 50 nm), and 0.8 nm followed by a plateau, which corresponds indeed to

macropores (width- 50 nm) all at the same time [32]. a narrow micropore-size distribution.

Table 4

Texture of fresh, deactivated, and regenerated Pd—Ag (33-67) catalyst

Catalyst SBET St Sw Smicro Vimicro V230
(m?g™? (m?g™) m?g (m?g™Y) cmg? (cmg?

Fresh Pd-Ag (33-67) 321 322 98 224 0.087 0.117

Deactivated Pd—Ag (33-67) 81 82 58 24 0.020 0.081

Regenerated Pd-Ag (33-67) 261 262 96 166 0.074 0.103

SBET, specific surface area obtained by the BET methfydspecific surface area obtained from the slope before the downward deviation ripltte
Sw, specific surface area obtained from the slope after the downward deviationsiplthte Smicro = St — Sw; Vmicro, Specific micropore volume calculated
by Brunauer’s methody,_3p, volume of mesopores between 2 and 30 nm calculated by the Broekhoff—-de-Boer method [27].
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samples exhibit a continuous pore-size distribution (Fig. 8).
The volume of those mesoporés,—zo, is given in Table 4.
Fresh _ -

Adsorbed volume (cm’® g)
g

100 + . : 4. Discussion
Regenerated R )
60 L As noted in the Introduction, the causes of catalyst deac-
40 ¥ tivation during hydrodechlorination reactions that are gener-
20 4 Deactivated ally suggested are metal poisoning by chlorine [4-9], cok-
0 SR T N S SR ing [5,6,10-18], loss of metal due to formation of volatile
0 02 04 06 08 1 12 14 16 18 2 chlorides [19], and metal sintering [8,19—-21]. Note that, con-

cerning the latter, in some cases the presence of chlorinated
compounds can produce the opposite effect, that is, an in-
Fig. 9.7-plots of Pd—-Ag (33-67) catalyst. crease of metal dispersion [6,11,16,17,20,36,37].
The performances of monometallic palladium catalysts

It is interesting to note that deactivated and regeneratedhave been studied in various hydrodechlorination reactions.
catalyst exhibits-plots, and therefore micropore-size dis- Mouliin and co-workers studied extensively hydrodechlori-
tributions, that are very similar to those of fresh catalyst Nation of CCbF> and CCtF over a 1 wi% Pd/C catalyst
(Figs. 8 and 9). After operation in the hydrodechlorination 2nd the associated activity and selectivity changes [6,15-17].
reactor as well as after regeneration, a narrow micropore-ordc’noez et al. studied hydrodechlorination /(L over a
size distribution centered around 0.8 nm is still observed. 0-5Wt% Pd/C[13]. In some cases, under appropriate temper-
Only volumes corresponding to those MiICroporEsicro, ature and feed composition conditions, the catalyst perfor-

are modified (Table 4). Micropore volume of deactivated Mances were stable for a very long operation time [15,16].
catalyst ¢micro = 0.020 cn?g~1) is clearly lower than the When observed, the deactivation was attributed to the for-

one of fresh catalyst¥micro = 0.087 cn? g~1) and regener- mation of carbonaceous deposits on the catalyst surface.

ation allows recovery of most of the lost volumeicro = Among the four possible deactivation causes presented
0.074cnfgl). above, the loss of metal and the sintering of metal particles

Let us clarify the meaning of surface aresis Sw, and can be eliminated as shown by ICP-AES—same Pd and Ag
Smicro Whose values are given in Table 4. trplots of contents in fresh, deactivated, and regenerated catalysts—

fresh, deactivated, and regenerated Pd—Ag (33-67) catalysBnd TEM—no increase of metal particle size—results, re-
(Fig. 9), slopes on either side of the downward deviation, SPectively (Figs. 3and 4 and Table 2). o
but before the upward deviation, allow calculation $f Let us then examine the two last possible deactivation
which is almost equal t&geT and Sw. As Sget, St is an causes: poisoning of metallic active sites by chlorine and
estimate of the total surface area accessible for nitrogen in-coking, thatis, deposit of halogenated carbonaceous residues
side the porous solids, is calculated from the slope after ©n metal and support.
the downward deviation in theplot, that is, after the disap- CO chemisorption indicates that the amount chemisorbed
pearance of micropores by filling with nitrogen. Therefore, by the fresh catalystngm = 0.66 mmol &y is close to
Sw corresponds to the surface developed by mesopores andhe amount chemisorbed by the deactivated catatysh &
macropores (size 2 nm), that is, to the external surface of 0.65 mmol ) (Table 2). If it is admitted for deactivated
SiO, microporous particles in which bimetallic particles ac- Pd-Ag (33-67) catalyst that, as for fresh Pd-Ag (33-67)
tive for hydrodechlorination are trapped [28}icro is equal  catalyst, CO chemisorption occurs on palladium only and
to St — Sw and so corresponds to the surface of micropores that chemisorption stoichiometrys§_ca which is the mean
located inside silica particles. number of Pd atoms on which one CO molecule is adsorbed,
Since the size of micropores in the fresh, deactivated, is equal to 1 [23], the result of CO chemisorption indi-
and regenerated Pd-Ag (33-67) catalyst remains roughlycates that the number of Pd atoms that are accessible for
constant, the microporous surface arSaicro, €volves in the gaseous phase in the deactivated Pd—Ag (33-67) cata-

Thickness of the adsorbed layer, t (nm)

parallel with the microporous volum&pcro (Table 4). Mi- lyst seems not to have been altered significantly in relation

croporous surface areas obtained with fresh, deactivated, ando the fresh Pd—Ag (33-67) catalyst.

regenerated samples are 224, 24, and 16§Th, respec- In consequence, CO chemisorption results suggest that

tively. palladium is neither poisoned by chlorine because of irre-
The surface developed by mesopores and macroporesyersible adsorption, nor made inaccessible because of cover-

Sw, is lower in the deactivated catalysf,(= 58 nP g~ ing by chlorinated carbonaceous residues or fouling of pores

than in the fresh oneS( = 98 nPg™Y), but it is entirely leading to bimetallic particles (coking). Moreover, those re-

recovered after regeneratio$y(= 96 n? g—1). In the meso- sults support the hypothesis, already suggested by TEM, that
porous domain examined (2 nmsize < 30 nm), the three  no Pd—Ag bimetallic particles sintering occurs. The occur-
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rence of a possible palladium redispersion due to the pres-with a deactivation resulting from the disappearance of silver
ence of chlorinated compounds seems also unlikely. sites. During those very first operating hours, an additional
If one confines oneself to the list of possible deactivation phenomenon probably occurs, but the available experimen-
causes presented above, we have then to consider a deactial results do not allow identification of that phenomenon.
vation of Pd—Ag (33—67) catalyst which would result from Let us now examine X-ray diffraction and transmission
the disappearance of silver sites either by poisoning or by electron microscopy results. According to XRD analysis, the
covering by chlorinated carbonaceous residues. Is such a detarge pure silver patrticles in the fresh Pd—Ag (33-67) cata-
activation mechanism in agreement with kinetic data and lyst have been converted into silver chloride particles with
results of fresh, deactivated, and regenerated Pd—Ag (33-67fomparable size in the deactivated Pd—Ag (33—67) catalyst
catalyst characterization presented in the previous sectionqTable 2). According to the kinetic study in [24], chlorine
This question is discussed below. atoms coming from 1,2-dichloroethane and hydrogen chlo-
Let us first examine the compatibility of a deactivation ride become adsorbed on the silver surface. Without palla-
mechanism due to silver sites disappearance with kinetic dium which supplies hydrogen atoms for the regeneration of
data in Fig. 1b and Fig. 1a after the first 20 operating hours the chlorinated silver surface into metallic Ag, silver sites
during which ethylene selectivitgg, increases very quickly  are rapidly deactivated. Let us remember that Ag (100) pure
from about 20 to 90%. Those data show a decrease of the hy-silver catalyst (1.7% Ag/Sig) is completely inactive from
drodechlorination rate;, which is faster than the decrease the first measurement after 0.5 h operation during the eval-
of the hydrogenation rate;. As a result, the ethylene selec- uation test [22]. Once adsorbed, chlorine atoms can diffuse
tivity, Sg, decreases. inside the bulk of silver particles and form finally bulk sil-
According to the results of the kinetic study presented in ver chloride particles observed by XRD, the size of which is
the third paper of the present series [24], hydrodechlorina- consistent with large particles detected by TEM.
tion and hydrogenation take place according to a sequence On the surface of small bimetallic particles, despite the
of elementary steps in which the step determining the hy- presence of palladium which is used to eliminate chlorine
drodechlorination ratey, rds1, and the step determining the atoms adsorbed on silver during hydrodechlorination and

hydrogenation ratep, rds2, are respectively, which remains unaltered according to CO chemisorption re-

CICH2CHoCl + 25 — CICHaCHos; + Cls;  rdsi, sglts, t'he deactivation mechan'|sm cqrrespondmg to'snver
sites disappearance suggests, in addition to the possible de-

CoHssy +Hs, > CoHe +s1+ 52 rds2 posit of chlorinated carbonaceous residues on those silver

Since sites; ands, have been identified with silver sites ~ Sites, the gradual formation of a stable silver chloride. More-
and palladium sites, respectively [24], the step determining OVer, as in pure silver particles, chlorine atoms can probably
the hydrodechlorination rate, rds1, requires two silver sites diffuse inside the bulk of alloy particles and form chlorides
whereas the step determining the hydrogenation rate, rds2jn them as well. Active bimetallic particles would there-
requires one silver site and one palladium site (note that suchfore be transformed into a blend which can be composed
a mechanism is in agreement with a recent study on 1,2-di-of metallic Pd, metallic Ag, and AgCl at the surface as well
chloroethane hydrodechlorination catalyzed by Pt—-CwSiO as palladium and silver in the form of metals or chlorides in
catalysts [38], that is, bimetallic catalysts that contain a the bulk. Consequently, it would not be surprising that the
metal from group VIl combined with a metal from group Ib, initial crystal structure of those nanoparticles is transformed
as in Pd—Ag/SiQ@ catalysts). Therefore, if it is admitted that, into an amorphous structure which does not diffract X-rays
during operation in the hydrodechlorination reactor, palla- anymore, which would explain that they are not detected by
dium sites remain unaltered, as suggested above, and thaXRD. Their density would change as well and this could
silver sites disappear either by chlorine poisoning or by cov- modify their contrast in electron microscopy by comparison
ering by chlorinated carbonaceous residues, a decrease oWith the silica support (partially covered with halogenated
the hydrodechlorination rate;, which is faster than the de-  carbonaceous residues) and give the impression that their
crease of the hydrogenation ratg, can be expected. It can  size has decreased as indicated by the mean sizes obtained
then be concluded that a deactivation mechanism due to sil-by TEM (Table 2).
ver sites disappearance is not inconsistent with kinetic data  During catalyst operation in the hydrodechlorination re-
in Fig. 1b and kinetic data after the first 20 operating hours actor, it seems then that Pd—Ag alloy particles and pure Ag
in Fig. 1a. particles are gradually loaded with chlorine. According to

On the other hand, that mechanism alone does not allowXRD and TEM characterization results of the regenerated
us to explain the Pd—Ag (33-67) catalyst deactivation dur- catalyst, regeneration allows a complete removal of chlorine
ing the first 20 operating hours of the first series of kinetic in metal particles since initial particles of the fresh catalyst
measurements (Fig. 1a). Indeed, during that period, an in-are roughly recovered.
crease of ethylene selectivi§g = (r1 — r2)/r1 is observed It is interesting at this point to comment on the dif-
which results from an initial decrease of the hydrogenation ference in deactivation behaviors between pure Pd and
rate r, which is faster than the initial decrease of the hy- bimetallic Pd—Ag hydrodechlorination catalysts. As noted
drodechlorination rate1, which seems to be inconsistent above, Moulijn and co-workers [6,15-17] and Ordonez
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et al. [13] attributed the deactivation of Pd/C catalysts dur- tive metal, the chlorinated organic reactant (CkS8H,CI

ing hydrodechlorination of CGF,, CCkLF, and GCl4 to in[22], CCbF,in[6,15,16], CC4F in[17], or GCl4in [13])

the formation of carbonaceous deposits on the catalyst sur-as well as the carbonaceous products formed adsorb on that
face. Poisoning was concluded to be not important. In the metal which can thus undergo a deactivation by coking.
present study, experimental results suggest that deactivaMoreover, it is possible that poisoning by chlorine does not
tion of the Pd—Ag/Si@ catalyst during hydrodechlorina- occur with pure Pd catalysts since chlorine atoms are easily
tion of CICH,—CH,CI would be due to the disappearance removed by combination with hydrogen atoms adsorbed on
of silver sites either by the gradual formation of a stable the same metal.

surface silver chloride or by the deposit of chlorinated car-  Concerning catalyst texture evolution, it seems that the
bonaceous residues on those silver sites, or most probablypartial disappearance of pores because of their fouling by
by both mechanisms. On the other hand, palladium siteschlorinated carbonaceous residues does not decrease the
would remain intact. It has been shown in the first paper number of bimetallic particles that are accessible for the
of this series [22] that the addition of Ag in a Pd/3iO gaseous phase since, according to CO chemisorption results,
sample stabilizes the catalyst toward deactivation during the number of accessible palladium atoms is approximately
hydrodechlorination screening tests. That stabilization ef- the same in the fresh and in the deactivated catalyst. The
fect was confirmed recently by Arsenault and Gonzalez [39] fact that accessibility does not decrease is probably a con-
in the case of Pd—Cu/SiCratalysts also used for selective sequence of the large number of pores, that is, of different
hydrodechlorination of 1,2-dichloroethane into ethylene: be- ways, leading to the same active bimetallic particle inside
sides the selectivity effect, the addition of the group IB metal the particular structure of cogelled catalysts examined in
has the additional advantage of decreasing the deactivatiorthis study [22,41,42]. The disappearance of some number of
of the catalyst. Therefore, it appears clearly that alloying Pd ways leading to one particle does not alter its accessibility.
with a IB metal modifies the deactivation mechanism dur-

ing hydrodechlorination. A comparison between catalytic

performances of catalyst Pd—Ag (33-67) obtained during 5. Conclusions

the screening test presented in [22] and during both mea-

surement campaigns presented in Fig. 1 in the present paper According to the comparison between physico-chemical
indicates that whereas stable activity and selectivity are ob- properties of Pd—Ag (33—67) catalyst before and after opera-
tained in the screening test, a clear deactivation is observedion in the hydrodechlorination reactor, a deactivation whose
in Fig. 1. The main difference between catalytic measure- main cause would be a disappearance of silver sites present
ments in the present study and in [22] is the introduction of at the surface of active bimetallic particles seems to be plau-
reaction products (HCI and GH-CHy) in the feeding flow sible. That disappearance would be due to the formation of
of the reactor in the present study, whereas the reactor isa stable silver chloride and possibly also to the covering of
fed with the chlorinated organic compound (here, C}&H  silver sites with chlorinated carbonaceous residues. On the
CHClI) and H only in [22], as in most hydrodechlorination  contrary, palladium sites would remain intact.

studies. This suggests that hydrogen chloride and/or ethyl-  After an initial period of a few hours, the evolution of
ene induce a marked deactivation. The deactivation of the hydrodechlorination and hydrogenation rates is not incon-
catalyst by HCI can be explained by its ability to chlorinate sistent with such a mechanism. Indeed, a decrease of the
the active metallic sites and thus to transform them into sta- hydrodechlorination rate which is faster than the decrease
ble surface chlorides. Since chlorine is more strongly linked of the hydrogenation rate is observed which could be ex-
with silver than with palladium [24] and since, contrary to plained by the disappearance of silver sites since the step
Pd, Ag cannot adsorb hydrogen directly to remove adsorbeddetermining the hydrodechlorination rate requires two silver
chlorine [24], it is not surprising that silver sites are deacti- sites whereas the step determining the hydrogenation rate re-
vated by chlorine poisoning whereas Pd sites remain intact.quires only one.

Concerning the deactivation by ethylene, it has been shown The initial period of catalyst operation is characterized by
in [24] that, during hydrodechlorination of 1,2-dichloro- a much faster drop of both reaction rates. During that period
ethane over the Pd—Ag (33-67) catalyst,.&#CH, as well of catalyst quick evolution, the hydrogenation rate decreases
as CICH—-CHyCI adsorb on silver partially covered with  faster than the hydrodechlorination rate, which cannot be ex-
chlorine atoms but not on palladium atoms that are individ- plained by the mechanism based on silver site disappearance
ually isolated in the silver matrix [23,40]. Those adsorptions alone. During those first operation hours, an additional phe-
can become the starting point of coking on silver active sites nomenon probably occurs which cannot be identified with
by formation of carbonaceous heavy residues from the car-the available experimental results.

bonaceous adsorbed species. With such a mechanism, Pd The analysis of the regenerated catalyst shows that the
sites remain intact as indicated by CO chemisorption. In regeneration treatment including an oxidation step followed
the case of pure Pd catalysts, as PdfSi@mple (Pd (100)) by a reduction step, allows restoration of initial metal par-
in [22] or Pd/C catalysts used by Moulijn and co-workers ticles as well as the major part of porosity (whose partial
[6,15-17] and Ordonez et al. [13], since Pd is the only ac- disappearance seems not to alter catalyst activity).
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