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The kinetics of selective hydrodechlorination of 1,2-dichloro-
ethane into ethylene over a Pd-Ag/SiO; catalyst is studied. Kinetic
data at 573, 596, and 647 K have been obtained by means of experi-
mental designs in the space of the partial pressures of the four com-
ponents influencing kinetics, that is, 1,2-dichloroethane, hydrogen,
ethylene, and hydrogen chloride. One model among the numerous
ones examined allows us to represent correctly the experimental
data. It corresponds to the following mechanism: dechlorination
of 1,2-dichloroethane into ethylene occurs on silver through disso-
ciative adsorption with successive breaking of the two C-ClI bonds
and desorption of CaH4. Thanks to its activation power of hydrogen
by dissociative chemisorption, palladium present at the surface of
the alloy supplies hydrogen atoms for regeneration of the chlori-
nated silver surface into metallic silver. The presence of hydrogen
adsorbed on Pd also causes the undesired ethylene hydrogenation
leading to a loss of olefin selectivity.  © 2001 Academic Press

Key Words: hydrodechlorination; 1,2-dichloroethane; Pd-Ag
alloys; kinetics; reaction mechanism.

INTRODUCTION

Hydrodechlorination (HDC) of chlorinated organics is
a particularly attractive alternative compared with incin-
eration of wastes from the chlorine industry from both an
economical and an environmental point of view (1). Appli-
cations of that process to chlorinated alkanes (2-7), chlori-
nated alkenes (2, 6, 8-10), chlorinated aromatics (6, 11-17),
and complex chlorinated molecules (18, 19) can be found
in the literature. Hydrodechlorination is also a way for the
synthesis of hydro(chloro)fluoro carbons (HCFCs, HFCs)
from chlorofluorocarbons (CFCs) (20-28).

In the above-mentioned studies related to chlorinated
alkanes and in particular to 1,2-dichloroethane (2), the hy-
drodechlorination reaction consists always of the carbon—
chlorine bond hydrogenolysis, =C-Cl + H; - =C-H +
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HCI, in which hydrogen atoms are substituted for chlorine
atoms. In the case of 1,2-dichloroethane (CICH,-CH,CI),
which is studied in the present work, this hydrogenolysis
leads to ethane. The catalysts are supported or unsupported
monometallic catalysts and metals come essentially from
group VIII. The reaction mechanisms generally suggested
imply a dissociative adsorption of the chlorinated alkane on
the metal surface with successive breakings of C—Cl bonds.

However, recent studies on chlorinated alkanes (29-32)
demonstrated the ability of bimetallic catalysts, composed
of one metal from group V111 and one from group Ib or cho-
sen among Ga, In, Tl (group l11a); Ge, Sn, Pb (group 1Va);
or As, Sh, Bi (group Va), to selectively convert chlorinated
alkanes into less or not chlorinated alkenes. This selectiv-
ity effect of bimetallic catalysts was also shown in a study
of the selective hydrodechlorination of 1,1,2-trichlorotri-
fluoroethane (CI,FC-CF,CI) into chlorotrifluoroethy-
lene (CIFC=CF,) and trifluoroethylene (HFC=CF,) on
bimetallic catalysts containing palladium and one of the fol-
lowing metals: Cu, Ag (group Ib); Cd, Hg (group 11b); In,
Tl (group I11a); Sn, Pb (group 1Va); or Bi (group Va) (33).

The evaluation catalytic tests presented in the first pa-
per of this series (34) demonstrate again this selectivity
effect: the hydrodechlorination of CICH,—CH,Cl on a Pd-
Ag/SiO, bimetallic catalyst produces C,H, to the detriment
of C,Hg with an ethylene selectivity that increases when the
Ag/Pd ratio increases and a similar conclusion is drawn by
Vadlamannati et al. (35) for Pt-Cu/C catalysts when the
Cu/Pt ratio increases.

In the present paper, the selective hydrodechlorination
of 1,2-dichloroethane is examined through a kinetic study
that has a double purpose. One has first to identify a phe-
nomenological kinetic model that agrees with the exper-
imental rates of reactions involved in the process and,
second, to try, thanks to that model but also thanks to the
catalyst physicochemical properties detailed in the two pre-
vious papers of this series (34, 36) and literature data, to
identify as precisely as possible the active sites, the reaction
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mechanism, and the role played by the palladium-silver
alloy.

EXPERIMENTAL

The evaluation catalytic tests presented in the first pa-
per of this series (34) have shown that, among the three
bimetallic catalysts tested, that is, Pd-Ag (67-33), Pd-Ag
(50-50), and Pd-Ag (33-67) (numbers in brackets refer to
the overall atomic composition in the sample), the high-
est ethylene selectivity was obtained with the catalyst hav-
ing the highest Ag/Pd ratio, that is, xerogel Pd-Ag (33-67)
(1.9% Pd-3.7% Ag/SiO,). The latter catalyst is then used
for the kinetic study of 1,2-dichloroethane hydrodechlo-
rination. Synthesis and characterization of sample Pd-Ag
(33-67) are detailed in Refs. (34, 36). In the next section,
experimental methods for kinetic data acquisition only are
described.

(1) Experimental Device

Reaction rates are measured in a tubular fixed bed re-
actor. Composition changes between inlet and outlet are
sufficiently small so that the reactor is differential (37). To
study the effect of all compounds implied in the reaction
scheme on reaction rates, it is necessary to introduce at the
reactor inlet not only reactants but also the products having
an influence on the kinetics. Preliminary tests under various
partial pressure and temperature conditions showed that
reaction products are composed of ethylene and hydrogen
chloride, but also of ethane. At the highest temperatures
(596 and 647 K), vinyl chloride (CH,=CHCI) is found in
traces in the effluent probably because of thermal decom-
position of 1,2-dichloroethane (this pyrolysis is at the root
of the industrial production of monomer vinyl chloride and
is, in that case, performed between 770 and 870 K (38)).
However, for the sake of simplification, we have neglected
the presence in traces of vinyl chloride in kinetic models.
A check of the effect of the three reaction products on the
kinetics has then shown that whereas C,H,4 and HCI have a
marked influence on the rates, C;Hg has no influence at all.
In consequence, the introduction of ethane in the reactor
feed is not necessary for the kinetic study.

The feeding section of the kinetic measurement device
is composed of four gas lines for H,, C,H4, HCI (diluted
in He), and He whose flowrates are adjusted with Brooks
mass flowrate controllers. 1,2-Dichloroethane is supplied in
liquid phase with a Gilson piston pump. A loop located in
the oven upstream from the reactor allows vaporization of
CICH,-CH,CI.

The stainless steel tubular reactor with an internal diam-
eter of 8 x 10~° m and a length of 0.2 m is placed in a
convection oven whose temperature is programmed. The
temperature within the reactor is measured with a ther-
mocouple slipped into a stainless steel sheath immersed in
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the catalyst bed. The total pressure is maintained constant
via a pressure controller operating a compressed air valve
located downstream from the reactor. For all kinetic mea-
surements, the total pressure is fixed at 2.96 atm (0.3 MPa)
and the total flowrate is fixed at 0.5 mmol s~*. The tempera-
ture within the reactor is fixed successively at 573, 596, and
647 K (see below).

The effluent of the reactor is analyzed by gas chro-
matography with a Shimadzu GC-14A chromatograph
equipped with a 27.5-m Chrompack PoraPLOT capillary
column and a flame ionization detector (FID). Although
this analysis method theoretically allows measurement of
1,2-dichloroethane, ethylene, and ethane concentrations,
only C,H4 and C,Hg concentrations are used in this study
due to the too large imprecision of CICH,—~CH,CI concen-
tration measurements.

The 62 x 107%-m high catalytic bed is composed of
0.2500 x 10~ kg of Pd—-Ag (33-67) catalyst pellets crushed
and sieved between 250 x 107%and 500 x 107® m. Thus,
the minimum ratio between the internal diameter of the
reactor and the diameter of the sphere-like pelletsis (8 x
107%)/(500 x 107%) =16 > 10. In this case, the influence of
the short-circuit along the wall, where the void fraction is
higher than that in the core of the bed, on reactor perfor-
mances is negligible (37).

Prior to the measurement campaign, the catalyst was
reduced in situ at atmospheric pressure in flowing H;
(0.025 mmol s1) while being heated to 623 K at a rate
of 350 K h™! and was maintained at this temperature for
3h.

(1) Measurement of Reaction Rates

Each experiment, which is defined by one temperature
and four partial pressures, pp, PH, Pe, PHcl, gives two results:
net production rate of ethylene rg and net production rate
of ethane ra. These rates are calculated from chromato-
graphic measurements of C,H4 and C,Hg concentrations in
the reactor effluent and from the differential reactor equa-
tion that is written as follows for ethylene and ethane net
production:

Fe — F
rE:7EW EO0 and rA:W

(Fao=0) [1]
(the meaning of all symbols and units are given in an ap-
pendix at the end of the paper).

One hundred twenty experiments, each repeated twice
and each yielding two responses, that is, re and ra, were car-
ried outaccording to one experimental design defined in the
space of the four partial pressures having an influence on ki-
netics (Pp, P, Pe, PHel) @and repeated at three temperatures:
573, 596, and 647 K. The partial pressure intervals covered
by this experimental design are 0.089 atm < pp < 0.207 atm,
0.089 atm < py < 0.207 atm, 0.007 atm < pg < 0.025atm, and
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0.024 atm < ppc) < 0.047 atm. All details concerning kinetic
data acquisition can be found in Ref. (39).

(111) External and Internal Transfers

According to mass transfer calculations and experimen-
tal tests presented in another paper (40) devoted to mass
transfer in the Pd-Ag (33-67) xerogel, reaction rate values
used in the present Kinetic study are not falsified by dif-
fusional limitations. Thus, those values reflect the intrinsic
chemical kinetics. It is shown in Ref. (40) that cogelled xe-
rogel catalysts like Pd-Ag (33-67) exhibit remarkable mass
transfer properties.

Under reaction conditions used in this study, external
and internal heat transfer are also negligible. Indeed, the
1,2-dichloroethane hydrodechlorination into ethylene is
a quasiathermal reaction (reaction standard enthalpy at
600 K, —5 J mmol™1). On the other hand, ethylene hydro-
genation is highly exothermic (reaction standard enthalpy
at 600 K, —142 J mmol~1), but, thanks to the selectivity
of the Pd-Ag (33-67) catalyst, this hydrogenation is very
limited.

RESULTS

() Experimental Data

The reaction scheme examined in this study implies a
priori the reactions

CICH,-CH,CI + H, - CH,=CH, + 2HCI rater;
CH,=CH, + H, — CH3-CHjs rate rp
CICH,~CH,Cl + 2H, — CH3—CH3 + 2HCI  rate rs,

which correspond to the consecutive-parallel reaction
schemegiveninFig. 1. Inthe temperature domain examined
here (573 K< T <647 K), equilibrium constants of these
three reactionsare very high: 1.5 x 10% < Kyeaction1 < 1.7 x
108; 3.5 x 10* < Kreaction2 < 1.0 x 106; K'reaction 3 = Kreaction 1
Kreaction 2. Therefore, the three reactions can be considered
as irreversible reactions.

The consumption rate of 1,2-dichloroethane and the pro-
duction rate of ethane are obtained via mass balances:

ri+r3=rg+ra CICH,-CH,CI consumption [2]
ry+r3=rpn C,Hg production. [3]

Experimental values of these rates obtained through the
above-mentioned experimental design were corrected with
regard to the catalyst deactivation so as to all correspond to
the same activity level?. The correction procedure consists
of measuring the consumption rate of 1,2-dichloroethane,

2 The data set was too extensive to be incorporated in full in the text.
It is available from the corresponding author.
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CH;-CH;s

FIG. 1. Consecutive-parallel reaction scheme.

re +ra, and the production rate of ethane, ra, regularly
under reference conditions that correspond to the center
of the experimental design described above. Between two
consecutive sets of rates measured under those reference
conditions, it can be considered that deactivation is linear
and a linear deactivation function is fitted on rate values
contained in the two reference sets (37). Rate values lo-
cated between those two reference sets are then corrected
by means of the linear deactivation function which allows
them to be restored to an initial activity level. This level
corresponds to the catalyst activity at the beginning of the
experimental design run. All details concerning the correc-
tion procedure can be found in Ref. (39). The causes of the
deactivation observed will be examined in the next paper
of this series.

(1) Parameter Estimation and Statistical Testing of Models

The fitting of kinetic models was performed by applying
the Gauss—Newton optimization method to the minimiza-
tion of the experimental chi-square function (41, 42). NLPE
software, Non Linear Parameter Estimation, from IBM was
used. The adequacy of the various models examined to the
experimental data was tested by means of a chi-square test
(41, 42). All details concerning parameter estimation and
statistical tests can be found in Ref. (39).

(111) Reaction Mechanism and Kinetic Equations

Empirical model: power rate laws. A priori, numerous
kinetic equations corresponding to well-defined sequences
of elementary steps and rate determining steps can be imag-
ined so as to try to model experimental data. To restrict
the number of plausible candidates among phenomeno-
logical kinetic models, the apparent reaction orders in 1,2-
dichloroethane, hydrogen, ethylene, and hydrogen chloride
are first examined by means of an empirical model, the two
equations of which are power rate laws

ri+rs = ki pg Pt pe pricy
r2 43 = ko P3P PE Pricy- [4]

The meaning of rates ry, rp, and rs is given in Fig. 1. In the
particular case of this power law model, parameter estima-
tion has been performed separately at each temperature.
Values of the 10 parameters of this model with their 95%
confidence intervals are given in Table 1 for each tempera-
ture. The chi-square test indicates that the empirical model
represents correctly the experimental data at each tem-
perature separately. The examination of values obtained
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TABLE 1
Parameter Estimation Results for the Empirical Power Rate
Law Model
Parameters 573 K 596 K 647 K
K1 0.79 £ 0.76 33+15 31+28
Wy 0.91 +0.18 0.96 + 0.09 0.70 £ 0.17
X1 0.46 + 0.16 0.25 £+ 0.07 0.25 £ 0.15
Vi —0.11 +0.11 —0.07 4+ 0.05 —0.47 +£0.11
z; —0.92 £+ 0.22 —0.67 £ 0.10 —0.31 £ 0.19
Ko 9.6 + 3.6 8.8+ 8.1 1214+ 76
W, —0.04 4+ 0.05 0.16 + 0.12 —0.17 4+ 0.08
X2 1.59 + 0.08 1.83 +0.21 1.76 + 0.15
2 1.01 £+ 0.06 0.83 + 0.12 0.86 + 0.09
Z; —0.91 £+ 0.07 —1.09 £+ 0.19 —0.89 £+ 0.12

Note. Reaction rate units are mmol kg~ s~ and partial pressure units
are atm.

for the apparent reaction orders with their confidence
intervals shows that

ri +rsis e quasifirst order in CICH,—-CH,Cl at the
three temperatures (w)
e positive and decreasing with temperature
order in H, (xq)
e negative and decreasing with temperature
order in CaHy (y1)
e negative and increasing with temperature
order in HCl (zy)
e quasi independent of CICH,-CH,ClI
pressure (order ~ 0)(wz)
e between 1.5 and 2nd order in H, (x,)
o first or slightly lower order in C,Hs (y2)
e close to —1order in HCI (zp)

r,+rsis

The ethane production rate r, + r3 is virtually indepen-
dent of the 1,2-dichloroethane partial pressure which could
indicate that CICH,-CH,CI plays no role in C,Hg pro-
duction. Hence, ethane would be produced almost exclu-
sively through ethylene hydrogenation; i.e., rate r3would be
negligible in comparison with r, (Fig. 1). The consecutive-
parallel reaction scheme in Fig. 1 would then simplify to the
consecutive reaction scheme

CICH,-CH,Cl % CH,=CH, —%> CH3-CH,
or more explicitly to

CICH,-CH,Cl 4+ H, — CH;=CH, + 2HCI
CH,=CH;, + H, — CH3-CHj3

rater,
rate r.

Phenomenological kinetic models corresponding to this
scheme and their adequacy to experimental data are ex-
amined below. The two consecutive reactions are called
hydrodechlorination reaction (rate r;) and hydrogenation
reaction (rate r,), respectively.
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Phenomenological models. To try to identify one or
several models that are able to describe correctly the ki-
netic data, various equations were examined successively.
A sequence of elementary steps describing the catalytic
mechanism and two rate-determining steps, one for hy-
drodechlorination (rds1) and one for hydrogenation (rds2),
were assumed and rate equations were deduced. Parame-
ters of these equations were next estimated and the quality
of the model was evaluated by means of the chi-square test
on the one hand and by examining its compatibility with
apparent orders in Table 1 on the other hand. On the basis
of this evaluation, models were progressively improved by
modifying the sequence of elementary steps. In this way,
twenty models were examined. Those models were based
on various choices concerning the two rate-determining
steps (rds) and various hypotheses such as the presence
of one or two types of active sites, molecular or dissocia-
tive adsorption of the compounds influencing the kinet-
ics (1,2-dichloroethane, hydrogen, ethylene, and hydrogen
chloride), surface reactions between adsorbed species only
(Langmuir-Hinshelwood kinetics) or between adsorbed
species and molecules in the gas phase (Eley-Rideal kinet-
ics), and the type of sites on which each species is adsorbed
when two types are considered. Among the 20 models con-
sidered, only one describes correctly the whole set of kinetic
data according to the chi-square test. This model is based on
a Langmuir-Hinshelwood mechanism involving two types
of active sites, s; and s,. The corresponding sequence of
elementary steps is presented below (Sequence [5]).

Hydrodechlorination

= |Q

1. CICH,CH,Cl+25, —  CICH,CHys; + Cls; rdsi: ry = K pp[si]?

[CoH451[Cls]

2. CICH,CHzs1 + 51 < CyHys; +Clsy 1 K= [CICH, CHysTs]
CoH,
3. CoHysy <~ CoHs+ s 1 Kz= [;E[;S]i]
_ IHp?
4. Hy + 25 < 2Hs 1 Kq= ool
_ [HslCls]
5. Hs, + Cls; < HCl+g+9 2 Kgs= PRSI
CICH,;CH,CI + H; —  CyHs +2HCI
[5]
Hydrogenation
o
3. CoHy + 51 <~ CoHssy T Ks
4. H; + 2 <~ 2Hs, 1 Ky
_ [CoHys1Hs]
6. CoHys: + Hy, <~ CHss + 1 Kg = TCoRes sl

7. CoHssy + Hy, — CHs+s1+9 1 rds2: ry = k;[CoHss1][Hs,]

CoHs + Hp — CyHs

Exchange of adsorbed chlorine atoms between s; and s,

Kg = [Clsplls ]

8.Cls; + 5 PN = R 5]

Cls, + 5

The addition of elementary steps involved in hy-
drodechlorination or in hydrogenation, each one being mul-
tiplied by arelevant factor called the stoichiometric number
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o, leads to the overall stoichiometric equation. The steps
determining the rates of hydrodechlorination and hydro-
genation, rdsl and rds2, are the elementary reactions 1 and
7. Since the overall reactions are irreversible in the tem-
perature domain studied here (see above), these two rds
are also irreversible. Steps 2 to 6 and step 8 are considered
to be in a quasi-equilibrium characterized by an equilib-
rium constant K; (43, 44). Note that, when describing an
adsorption—desorption quasi-equilibrium, constants K; are
always written as adsorption constants.

In Sequence [5], the majority of species are adsorbed on
sites s; except for hydrogen which is dissociatively adsorbed
onsites s, and chlorine atoms which are adsorbed on both s;
and s,. Step 8 corresponds to a spillover from sites s; to sites
s, of chlorine atoms initially adsorbed on sites s; via steps
1, 2, and 5. Step 8 is not directly involved in the reactions
but is necessary so as to describe correctly the very strong
inhibiting effect of HCI on ethylene hydrogenation (order
z, in HCl close to —1, see Table 1) whose rate-determining
step rds2 involves both s; and s,.

By means of balances expressing that the total number
of active sites of each type is constant, kinetic Equations [6]
corresponding to Sequence [5] are obtained (43). The total
concentrations in active sites s; and s, are determined to
be equal to 1; i.e., their values are simply absorbed in the
rate constants k; and ky (45). Let us mention that some
adsorption terms are omitted in Equations [6] since they are
negligible according to preliminary parameter estimations.

Those terms are Cpz = [Cz[g‘]‘sl] with C = Ks, Epe/Pr =

[CHssil \ith E = K3*/_ ,and D /pn = Ml with D = VK

sl S
k - -
1= b plpD Y Hydrodechlorination
E PHCI HCI
(1+ARES +B IR
[6]
k2 Pe PH )
ry = 1+ Apf/’)ic' T Bf}'ﬂ) i+ Ff}'ﬂ) Hydrogenation
with
KsK
k1=ki§ kz—k/ |3< 4. [7]
6
_ K3K5 . _ K5 X _ K5K3
KZVK4’ \/K47 4/K4'

The three adsorption terms in the denominator of r; and
r, correspond to the following adsorbed species:

APEPHC [CICH,CH2s1] | Prar _ [Clsi]
VPH [s1] VPr sl
(8]
Prcl _ [Cls]

Vi [s]
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Thus, only species CICH,CH,- and CI- are present in sig-
nificant amounts on site s;, whereas on site s, only ClI- is
significantly present.

In sequences of elementary steps like Sequence [5], it
is generally admitted that rate constants k; and k; depend
on temperature according to Arrhenius’ law and that equi-
librium constants K; follow van’t Hoff’s law (46). There-
fore, according to Eqgs. [7], parameters ki, ko, A, Band Fin

Equations [6] can be written as
Ei /1 1
RA\T T

I(1 = kl ref €XP l:

. =
th ki = —
wi 1,ref kOl exp( RTref>
E /1 1
k, =k - —
2 = 2refeXp|: R (T Tref)]
With  Ka ref = Koz €X E2
2,ref = K02 p RTref

AH? /1 1
A= Aeexp|——2 (= - — 9
ref p|: R (T Tref):| []
AHY
with  Awes = Agexp( — —2
ref AO p< RTref)
B — B.ex AHg 1 1
= Dref p R T Tref
AHJ
with  Bref = Bypexp| — ——2
ref BO p< RTref)
F = FrereX AHe (1 !
= Fref p R T Tref
AH?
with  Fref = Foexp — =+
ref 0 p< RTref)
with
ko1 = kg;; E1 = Ea
K03K04 0 0 0
:Ey = Epp+ AHY + AH? — AH
02 3 4 6
K03K05 0
:AH? = AH? + AH? — AH
Kozm A 3 > 2
1
—EAHB [10]
Kos 0 0 1 0
= :AHy = AHZ — =AH
Bo Ko B 5 7 5204
KosKog 1
Fo = N evl AHE = AH? + AHS — EAHE.

Trer is @ reference temperature fixed to an intermediate
value in the temperature domain under consideration (41,
46).

Parameter estimation with all the kinetic data was
performed with Equations [6] in which the temperature
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TABLE 2

Parameter Estimation Results for the Phenomenological
Model Based on Egs. [6] and [9]

Parameters Values

ki =K, K. ref 617 +6.7
E; 49.1 £ 9.2

ky = szi—:" Ko ref 637 + 174
E, 74.2 £ 24.0
A= K:i;'% Aves 58.1 + 24.4
AHY 68.6 + 33.3

B— j_;_A Bret 35+08
AHS —73.0 £ 16.3
F= Ks_\/% Fref 34.7 + 133
4

AH? 68.8 + 27.7

Note. Reaction rate units are mmol kg~!s~?

sure units are atm.

and partial pres-

dependence of constants ki, ky, A, B, and F is expressed
via relations [9] with T,.s=600 K. Results are given in
Table 2. As mentioned above, Model [6] satisfies the
chi-square test.

Let us mention that among the other 19 phenomenolog-
ical models tested, two models greatly contributed to the
construction of Sequence [5] of elementary steps and its
associated equations [6]. The first of those two models is
based on a sequence consisting of the first seven steps of
Sequence [5] but in which only one type of active site is in-
volved. In other words, the sequence corresponding to that
model is Sequence [5] (except step 8) inwhichs, =5, =s.
That model was rejected by the chi-square test. As a conse-
guence of this rejection, a second model based on a similar
sequence but that now involves two types of active sites, s;
and s,, was considered. That second model corresponds to
a sequence composed of the same eight steps as those in Se-
guence [5], but in which ethylene C,H, and alkyl fragment
-C,Hs are adsorbed on sites s, instead of sites s;. Therefore,
in that model, all species involved in ethylene hydrogena-
tion are adsorbed on sites s, and the rate-determining step
for ethylene hydrogenation rds2 involves two sites s, in-
stead of one site s; and one site s,. Once again that second
model was rejected by the chi-square test. This result led us
to construct the only model accepted by the chi-square test
and which is based on Sequence [5] and Equations [6].

According to results presented in this section, among 20
kinetic models tested, only the model corresponding to Se-
guence [5] of elementary steps is statistically satisfactory.
This model suggests the existence of two types of active
sites involved in the hydrodechlorination-hydrogenation
system. In the discussion below, we examine the physico-
chemical validity of that model as well as the nature of the
active sites s; and s; in light of the literature data.
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DISCUSSION

The breaking of carbon-halogen bonds was examined on
various metals. According to the study of Fung and Sinfelt
concerning the hydrogenolysis of methyl chloride CH;CI
on metals (5), the ability of metals from group Ib such as
Ag to form a metal-chlorine bond, as demonstrated by the
existence of stable chlorides, allows the chemisorption of
chlorinated molecules such as CHsCl and the associated
breaking of the C-CI bond. In the case of methyl iodide
CHsl (47, 48), the C-I1 bond dissociates more easily on cop-
per (metal from group Ib like Ag) than on platinum (metal
from group VIII like Pd). In a study of dehalogenation,
without hydrogen, of haloethanes and halopropanes with
metals supported on silica, Anju et al. (49) measured at
573 Kadechlorination rate of 1,2-dichloroethane into ethy-
lene that was 13 times higher on silver than on palladium.

In Sequence [5] of elementary steps corresponding to
the kinetic model [6], the steps that describe dissociative
adsorption of 1,2-dichloroethane with successive breakings
of the two C-CI bonds (steps 1 and 2) occur on sites ;.
According to literature results cited above, those sites s
could then be silver sites.

To measure the various dehalogenation rates and partic-
ularly the dechlorination rate of 1,2-dichloroethane into
ethylene on supported metals, among them Pd and Ag,
Anju et al. (49) used a pulse microcatalytic technique that
consists of sending a pulse of haloalkane on the catalyst
and measuring activity from the fraction of haloalkane con-
verted, conversion being maintained under 20%. With this
technique, the authors have shown that activity decreases
pulse after pulse. Conversion corresponding to the second
pulse is divided by around two in comparison with conver-
sion corresponding to the first pulse. According to Anju
et al. (49), this deactivation means that the reaction under
consideration consists of the halogenation of the metals by
the haloalkanes. This observation is supported and greatly
clarified by the work of Yang (47) who studied the dechlo-
rination of chloroethanes, among them 1,2-dichloroethane,
and of chloropropanes containing several chlorine atoms
over the cristallographic plane (100) of copper under ultra-
high vacuum between 100 and 300 K by Auger electron
spectroscopy and temperature programmed desorption. In
those molecules, the breaking of C-CI bonds is always fa-
vored in relation to the breaking of C-H bonds, which was
previously observed with various chlorinated alkanes (3, 4).
In the case of 1,2-dichloroethane and 1,2-dichloropropane
(CICH,—CICH-CH3), dechlorination occurs in two succes-
sive steps: a first slow step that determines the rate of the
overall dissociative adsorption process and that consists of
the breaking of the first C-Cl bond followed by a second
fast step consisting of the breaking of the second C-Cl bond
and the desorption of ethylene or propylene. It is very in-
teresting to note that this process described by Yang for
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dechlorination on copper corresponds exactly to Sequence
[5] of the present study, specifically to steps 1, 2 and 3 occur-
ring on sites s; identified with silver sites: a first step, which
is the slow step of the process, consisting of the dissociative
adsorption of 1,2-dichloroethane on sites s; with the break-
ing of a first C-Cl bond, a second step consisting of the
breaking of a second C-Cl bond, and a third step consisting
of the desorption of ethylene adsorbed on sites ;.

By considering, in Sequence [5], step 2 characteristic of
hydrodechlorination, step 3 occurring in both hydrodechlo-
rination and hydrogenation, and step 6 characteristic of hy-
drogenation, the identification of sites s; with silver raises
the question of the possibility of ethylene adsorbing on
this metal. Literature concerning ethylene epoxidation,
CyHy + 1/20, — CyH4O (T =~ 500 K), over silver is
particularly useful in answering this question. Wachs and
Kelemen (50) showed that above 200 K, ethylene almost
doesnotadsorb onaclean (110) Agsurface and thisabsence
of adsorption of C,H, on clean metallic silver is mentioned
by numerous other authors (51-55). However, the presence
of oxygen atoms at the surface of silver causes ethylene ad-
sorption and it seems that this adsorption occurs selectively
on silver atoms on which a positive electric charge has been
induced by the neighboring electronegative adsorbed oxy-
gen atoms (56-58). In a more general manner, the strength
of the Ag-C,H,4 bond increases with the electrodeficient
character of silver. For example, Huang (59) showed that at
298 K ethylene is strongly adsorbed on Ag* cations incor-
porated in a zeolite structure. Let us remark that the same
effect was observed on Cu* and Cu?* ions (59-61). Olefin
adsorption results from the interaction of electrophilic Ag*
with electrons of its double bond. In the case of ethylene
epoxidation, the oxygen atoms thatare initially adsorbed on
the external surface of silver following O, dissociation can
migrate and occupy a position located just under the surface
and continue, from this position, to induce Ag™" ions at the
surface on which ethylene can adsorb (57, 62). This occupa-
tion of sites just under the surface results from diffusion of
adsorbed atomic oxygen that occurs above 373 K (63). Like
oxygen atoms, chlorine atoms adsorbed on the surface in-
duce, following their electronegativity, positive charges on
the neighboring silver atoms and, thanks to their ability to
also adsorb under the surface, they can play the same role as
the corresponding oxygen atoms (62). As a consequence, it
appears that, in the kinetic model presented in the previous
section, ethylene adsorption on silver is entirely plausible
following the presence of chlorine atoms adsorbed on that
metal. Such an adsorption is schematically represented in
Fig. 2. Let us remark that, in their study on the interaction
between oxygen and ethylene on silver, Kagawa et al. (58)
conclude that oxygen not only induces Ag’* sites, but also
competes, as ethylene oxide, with ethylene for adsorption
on these positively charged sites. This result is qualitatively
in agreement with the hypothesis of competitive adsorption

315

cr CH,=CH,
|
!

Ag+ Ag6+

FIG. 2. Schematic representation of ethylene adsorption on silver in
presence of chlorine.

of the various species on sites s, in the kinetic model corre-
sponding to Sequence [5] (CICH,CH.s,, Cls;, CoHys, and
CoHssy).

Let us now examine sites s;. According to step 4 in Se-
quence [5], it is plausible to assimilate sites s, to palladium
sites. Indeed, dissociative adsorption of hydrogen is well
known on that metal according to reaction H, + 2Pds —
2Pds—H (Pd; represents a surface atom), which is particu-
larly used for palladium dispersion measurements by means
of hydrogen chemisorption (64). However, according to the
work of Nieuwenhuys et al. (65, 66), the vast majority of pal-
ladium atoms at the surface of Pd—Ag bimetallic particles in
fresh Pd-Ag (33-67) catalyst would be individually isolated
(36). In such a case, is H; dissociative adsorption still pos-
sible? In a detailed study of the interaction, between 250
and 500 K, of hydrogen with a Pd-Ag (111) surface whose
approximate composition was 10% Pd-90% Ag, that is, a
surface composition entirely similar to the one in fresh Pd-
Ag (33-67) catalyst (36), Noordermer et al. (67) come to
the conclusion that isolated palladium atoms on that sur-
face are effectively able to dissociate the hydrogen molecule
and that this process is a first step that is followed by the
diffusion of H atoms in the bulk of the Pd-Ag crystal. This
study of Noordermeer et al. (67) shows then that step 4 in
Sequence [5] is physically acceptable.

If one accepts the hypothesis according to which s;= Ag
and s,= Pd, step 5 in Sequence [5] shows clearly the role
played by palladium in the alloy: thanks to its ability to ac-
tivate hydrogen through dissociative adsorption that metal
supplies the H atoms necessary for the reduction of Ag-Cl
atthe surface and the regeneration into metallic silver which
is not able itself to activate H; (44, 68). Without palladium,
chlorine would quickly deactivate silver by recovering its
surface. This explains the complete inactivity of silver in
the stationary regime during the evaluation tests of various
catalysts (34).

In conclusion, it appears then that the various steps of the
mechanism suggested for the hydrodechlorination reaction
in the model associated with Sequence [5], which is statis-
tically acceptable (see previous section), are in agreement
with results obtained in other studies.

Concerning ethylene hydrogenation in Sequence [5],
steps 3, 4, 6, and 7 with the latter as rds correspond to an ad-
ditive mechanism of atomic hydrogen to noncompetitively
adsorbed ethylene in two successive steps. According to
the identification of active sites presented above, ethane
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production would then result from the addition of H atoms
adsorbed on palladium to the C,H, molecule adsorbed on
positively charged silver (Ag’*). Let us remark that such
a mechanism is similar to the results obtained by Pirard
etal. (60, 61, 69) in a study of ethylene hydrogenation over
a Cu/MgO catalyst between 326 and 550 K. Kinetic mea-
sures coupled with an analysis of the copper (I1) ion in the
course of reaction by electron spin resonance (ESR) led
those authors to the following conclusions: (i) hydrogen
and ethylene adsorb noncompetitively; (ii) ethylene is ad-
sorbed on Cu?* surface cations and hydrogen adsorbs on
O?~ anions coordinated to Cu®*. Although the catalyst and
the reaction system are different in that work compared
with the present study, it is interesting to note that an ad-
sorption of C,H,4 on a positively charged metallic species
and a noncompetitive adsorption of H; are proposed in the
two studies.

In the Sequence [5] of elementary steps, step 8 corre-
sponding to an exchange of adsorbed chlorine atoms be-
tween sites s; and s, accounts for the blocking of sites s, by
Cl atoms. According to the site identification, this step cor-
responds to a spillover of chlorine atoms formed on silver
toward palladium. Let us remark that spillover from one
metal to an other has been observed with hydrogen atoms
on alloys such as Ru-Cu, Ru-Ag, Ru-Au, and Pt-Au (70).

Let us now examine the values obtained for the hy-
drodechlorination and hydrogenation activation energies
as well as for the reaction enthalpies associated with ele-
mentary steps in quasi-equilibrium.

In their study on the dehalogenation of haloalkanes, Anju
et al. (49) determined the activation energies associated
with the dechlorination of 1,2-dichloroethane on silver and
on palladium by means of an Arrhenius plot giving the log-
arithm of the reaction rate versus the inverse of the tem-
perature. If it is admitted that in that study the slow step
that governs the kinetics of the overall catalytic process is
also the breaking of the first C-Cl bond, the pulse micro-
catalytic method used by Anju et al. (49) supplies an esti-
mation of the intrinsic activation energy of that step. Since
the value of E; calculated from the model associated with
Sequence [5] reflects also the intrinsic activation energy of
the first C-ClI breaking (Sequence [5] and Equations [6],
[7], and [9]), the value obtained by Anju et al. (49) can be
compared with the one obtained here. Although, accord-
ing to those authors, silver is much more active than palla-
dium for dechlorination of 1,2-dichloroethane, the activa-
tion energies determined with those two metals are equal
and are 53 J mmol~1. It is remarkable to note that the value
E; = 49 + 9 Jmmol~! found in the present study (Table 2)
is in complete agreement with the value of Anju et al. (49).

Onmetals from group V111, the activation energy of ethy-
lene hydrogenation most of the time is contained between
30 and 45 Jmmol~! (71, 72). Those values were determined
at very different temperatures contained between 153 and
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873 K. In the particular case of palladium, values of 35 J
mmol~! (for temperatures around 243 K), 31 J mmol~*
(343K < T <403K),and23Jmmol~? (273K < T <373K)
were reported. Onsilver,amuch higher activation energy of
113 J mmol~! was obtained for ethylene hydrogenation be-
tween 823 and 973 K (72). Itis then noted that the activation
energy E; = 74 + 24 J mmol~! obtained with the present
kinetic model (Equations [6] and [9], Table 2) and which
corresponds to a reaction involving both palladium and sil-
ver is contained between the values obtained with the two
metals separately. However, it is important to remark that,
contrary to the case of 1,2-dichloroethane dechlorination
in Ref. (49), the various values given in Refs. (71) and (72)
for ethylene hydrogenation activation energy correspond
to apparent activation energies for two reasons: (i) they are
often obtained by means of power law empirical models of
the type r = kpj§ pé, which are valid in a limited temper-
ature domain only and they are in such a case dependent
on reaction conditions; (ii) they represent combinations of
the true activation energy with enthalpy changes associated
with various elementary steps of the overall hydrogena-
tion process. Consequently, the comparison of the values
of ethylene hydrogenation activation energy given in Refs.
(71) and (72) with the value E; = 74424 Jmmol~! (Table 2)
corresponding also to an apparent activation energy given
by E, = Ea + AH{ + AH] — AH{ (Equations [10])
must be made for information only.

As in the case of the apparent activation energy E,,
the detailed physicochemical interpretation of the val-
ues obtained for AHR, AHS, and AH? (Table 2) in re-
lation to the various elementary steps is difficult because
those parameters correspond to combinations of enthalpy
changes: AH3 = AH? + AH? — AH? — 1/2AHQ, AHS =
AHY — 1/2AHQ and AH? = AH? + AHJ — 1/2AH]
(Equation [10]). Expressions of AHS and A H2 show that it
is, however, possible to calculate AHJ which corresponds
to the enthalpy change associated with the spillover of ad-
sorbed chlorine atoms from sites s; to sites s,: AHg =
AHQ2 — AHS. With the values of AHJ and AHQ given in
Table 2 (AHS = —73 I mmol~tand AH? = 69 J mmol™),
one obtains AHJ = 142 J mmol~. This positive enthalpy
change leads to the conclusion that the spillover of Cl from
s to s, would be an endothermic process and, thus, that
species Cls, would be more stable than species Cls,. Know-
ing that s, and s, are identified with silver and palladium,
respectively, chlorine would thus be more strongly linked
with silver than with palladium.

To end the present physicochemical analysis of the kinetic
model based on the Sequence [5] of elementary steps, an
important remark must still be formulated. In the above
discussion, considerations concerning pure palladium and
pure silver are often applied to the same metal dispersed
in the Pd-Ag alloy. Such an approach assumes implicitly
that, in this alloy, the two metals keep their own properties.
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In other words, the electronic effect, also called the ligand
effect, of silver on palladium and vice versa is assumed to
be negligible. According to Sachtler (73), this hypothesis
is acceptable for alloys exhibiting a low heat of formation,
that is, alloys forming a continuous series of solid solutions
in the whole domain of composition, which is effectively
the case for the Pd-Ag alloy (74).

CONCLUSIONS

From the statistical point of view, the kinetic model de-
rived from Sequence [5] of elementary steps correctly rep-
resents the whole kinetic data. Moreover, it appears from
the above discussion that this model is acceptable from a
physicochemical point of view and is in agreement with re-
sults obtained by other authors. Accordingly, we propose it
as a plausible candidate for the description of the catalytic
phenomena occurring at the surface of bimetallic Pd-Ag
crystallites in the hydrodechlorination—hydrogenation sys-
tem.

The kinetics of 1,2-dichloroethane hydrodechlorination
over the Pd-Ag (33-67) (1.9% Pd-3.7% Ag/SiO,) cata-
lyst between 573 and 647 K is satisfactorily described by
Equations [6]. In those equations, the rate r; corresponds
to the selective hydrodechlorination of 1,2-dichloroethane
into ethylene and the rate r, corresponds to the unde-
sired subsequent hydrogenation of ethylene into ethane.
Parameters ki, ko, A, B, and F in those equations represent
groups of kinetic and equilibrium constants defined by Re-
lations [7] and their temperature dependency is given by
Equations [9] and [10].

That model is based on the Sequence [5] of elementary
steps which suggests a process of chlorination of the sil-
ver surface by the chlorinated alkane followed by a hy-
drodechlorination of that surface by hydrogen adsorbed
on palladium. This situation is illustrated in Fig. 3. There-
fore, the roles played by silver and palladium in the catalytic
process appear clearly. The actual dechlorination reaction

CICH,CH,Cl CH,=CH,
Cl CH,CH,Cl1 Cl CH,=CH, (_-|‘-l
Ag Ag
H,
“’ HCl
H H Cl H

—
g

-

FIG. 3. Schematic representation of the mechanism suggested for 1,2-
dichloroethane hydrodechlorination into ethylene on a Pd-Ag surface.
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of 1,2-dichloroethane into ethylene would occur on silver.
Used alone, this metal deactivates rapidly due to its cov-
ering by chlorine atoms. Thanks to its activation power of
hydrogen by dissociative chemisorption, palladium present
in the alloy supplies hydrogen atoms for the regeneration
of the chlorinated silver surface into metallic silver. Let us
mention that the palladium surface is partially covered by
chlorine atoms as a consequence of their spillover from Ag
to Pd. The presence of hydrogen adsorbed on Pd causes
also the undesired ethylene hydrogenation leading to a loss
of olefin selectivity.

It is interesting to remark that such a reaction scheme
of chlorination/hydrodechlorination of the silver surface
shows a formal analogy with the oxidation/reduction mech-
anism of the catalytic surface proposed by Mars and van
Krevelen for the oxidation of aromatic hydrocarbons (75).
In that case, however, a reverse phenomenon occurs since
the hydrocarbon is oxidized by reducing the catalytic sur-
face which is reoxidized by gaseous oxygen:

Oxidation of aromatic hydrocarbons—Mars and van Krev-
elen mechanism (75)

(1) Aromatic hydrocarbon + oxidized catalyst — oxi-
dation products + reduced catalyst

(2) Reduced catalyst + oxygen — oxidized catalyst

Selective hydrodechlorination of 1,2-dichloroethane into
ethylene

(1) Chlorinated alkane + reduced catalyst — alkene +
chlorinated catalyst

(2) Chlorinated catalyst + hydrogen — reduced cata-
lyst

The next paper of this series will deal with the deactiva-
tion mechanisms and the regeneration of the Pd—Ag (33-67)
hydrodechlorination catalyst.

APPENDIX

Roman Symbols

E.  Activation energy of rds1 ~ J mmol ™!

E,,  Activation energy of rds2  J mmol~?

Fa  Molar flowrate of ethane  mmols™?!
at the reactor outlet

Fe  Molar flowrate of ethylene mmol s—*
at the reactor outlet

Fao Molar flowrate of ethane  mmol s~*
at the reactor inlet

Feo  Molar flowrate of ethylene mmol s—*
at the reactor inlet

AH? Standard enthalpy change J mmol~?

associated with
elementary step i

Ki Equilibrium constant of *
elementary step i
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Koi

Kreaction 1

Kreaction 2

K reaction 3

Pe
PH

PHci

ra

re

ri

r2

3

Preexponential factor of
Ki

Equilibrium constant
of the reaction
CICH,-CH,CI + H»
< CH,=CH; + 2HCI

Equilibrium constant
of the reaction
CH,=CH;, + H,
<> CH3—CH3

Equilibrium constant
of the reaction
CICH,—CH,CI + 2H,
< CH3-CHg3 + 2HCI

Apparent kinetic
constant associated
withry

Apparent Kinetic
constant associated
withry

Intrinsic kinetic
constant of rdsl

Intrinsic kinetic
constant of rds2

Preexponential
factor of k;

Preexponential
factor of k;,

Partial pressure of
1,2-dichloroethane

Partial pressure
of ethylene

Partial pressure
of hydrogen

Partial pressure of
hydrogen chloride

Molar gas constant =
8.3143 x 1073

Net ethane
production rate

Net ethylene
production rate

Rate of the
irreversible reaction

CICH,-CH,Cl + H, —

CH,=CH, + 2HCI
Rate of the
irreversible reaction
CH2=CH2 + Hz —
CH3-CH;
Rate of the
irreversible reaction

CICH;-CH,CI + 2H; —

CH3-CH3; + 2HCI

*

dimensionless

dimensionless

dimensionless

atm
atm
atm
atm
J mmolt K1
mmol kg~ts~1
mmol kg~ts1

mmol kg~ts1

mmol kg~ s!

mmol kg~ s1
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rds Rate determining step in a
sequence of elementary steps
s Active site
T Temperature K
W  Catalyst mass inside the reactor kg
wi  Apparent reaction order in
1,2-dichloroethane associated
withry
wy  Apparent reaction order in
1,2-dichloroethane associated
withr,
X;  Apparent reaction order
in hydrogen associated with ry
Xo  Apparent reaction order
in hydrogen associated with r;
y1  Apparent reaction order
in ethylene associated with ry
Yo  Apparent reaction order
in ethylene associated with r,
zy  Apparent reaction order
in hydrogen chloride
associated with rq
z,  Apparent reaction order
in hydrogen chloride
associated with r,

Greek Symbols

o Stoichiometric number

Subscripts

i Related to the ith step in a sequence of elementary
steps

x Dimensions of these variables depend on the system
underconsideration.
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