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The liquid-phase catalytic hydrodechlorination of 1,1-bis(p-chlorophenyl)-2,2-dichloro-
ethylene (p,p’-DDE) was studied using 109, Pd on activated carbon and 619, Ni on kieselguhr
catalysts. Reactions were carried out at temperatures of 20-100°C and hydrogen pressures from
1 to 50 atm. Ethanol was used as a solvent, and NaOH was used as an acid acceptor for the
HCI by-product of the hydrodechlorination reactions. Both catalysts resulted in a complex
network of reactions characterized by three paths: the removal of both olefinie chlorines fol-
lowed by hydrogenation of the olefin, consecutive aromatic hydrodechlorination, and simul-
taneous occurrence of both of these paths. The steps involve as many as five molecules of
hydrogen reacting without the observable desorption of intermediates.
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Selectivity analysis by the reaction path method was used to determine the relative rates of
each kinetic step in the above network. Absolute rate data are also provided.

INTRODUCTION compounds according to the general reaction

Several studies have been made of cata- R-Cl + H, —» R-H + HCI 2)
lytic hydrodechlorination of chlorinated Lo L. .

The liquid phase reaction is usually carried

out in the presence of an HCI acceptor

ton, N. J. h as NaOH dissolved in a polar solvent

2 Present address: Institute of Isotopes, Budapest, such as va issolved 1n a polar _SO ven

Hungary. such as ethanol. The ease of reaction and

3To whom correspondence should be addressed. the corresponding kinetics are strongly de-
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DDE HYDRODECHLORINATION

pendent on the structure of the carbon
associated with the chlorine.

Transition metals have been used by
Berg et al. (1) to remove halogen from
organic substances. The metals were pre-
pared in different forms (supported Pd and
Pt, Pt black, and Raney nickel). High
rates were achieved by Freifelder (2) using
P’d on chareoal in the presence of an acid
acceptor. He found that Raney nickel is
also a good catalyst for hydrodechlorina-
tion, although nickel itself is not highly
resistant to the HCl coproduct. By using
an HCI acceptor, the effectiveness was im-
proved, but still it was neccessary to use
large amounts of catalyst (50-3009).

Horner et al. (3) studied hydrodechlorina-
tion reactions for several types of halogen
organics with Raney nickel. Their experi-
ments resulted in a sequence of relative
reactivitics. They found that primary ali-
phatic chlorine is the least reactive, fol-
lowed by secondary and vicinal halogens,
then geminal halogens.

| H
~CH.C!l < —~CHC], $*C <-C-Cl )
| |
CclCroodl

Kammerer ef al. (4) used Raney nickel in
the presence of alkali to hydrodechlorinate
chlorobenzene.

Weiss and co-workers (5-8) studied
the reactions of vinyl chloride, CCl,, and
cis- and trans-1,1-dichloroethylenes on a
supported Pt catalyst. Reactivity increases
in the scquence: aliphatic chlorine, vinyl
chlorine, olefinic dichloride. Gas-phasc
1,1-bis(p-chlorophenyl)-2,2-dichlorocthylenc
(p,p’-DDE) hydrodechlorination results
(9, 10) supportive of the dichloroethylenc
work have recently been completed. Both
p,p’-DDE and its corresponding ethane,
p,p-DDD, as 19, xylene solutions, were
vaporized into 40- to 670-torr H, flowing
over 0.35 wt% Pd on an a-Al,O; catalyst.
Reaction stoichiometry for DDE was a
network characterized by addition of onc
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Hs to remove either one aromatic chlorine
at a time or by the addition of three H,
nwoleeules, resulting in removal of two
olefinic chlorides and olefin  saturation.
This latter occurred without any measura-
ble intermediate desorption, a “concerted”
step, behaving as one event. Previous work
by Weiss and Krieger (5) on the lower
molecular weight dichloroethylenes showed
that first the olefinic chlorides are removed,
and after that, the olefin is saturated. Weiss
et al. (6) showed, in the casc of CCly hydro-
dechlorination, that CHy was produced in
a single step, but the intermediates in
this “concerted” addition of 4H,, CHCIs;,
CH.Cl,, and CH;Cl were quite unreactive,

Except for this present liquid-phase DDE
work and the vapor-phase work on DDE,
carlier hydrodechlorination investigations
were concerned with organie compounds
that each contained only once type of C-Cl
bond. This study addresses the question of
whether or not chlorine atoms bonded to
different groups in a single molecule retain
the relative reactivity as determined from
studies of simple molecules, It is also con-
cerned with the relative hydrodechlorina-
tion activity of polychlorinated compounds
and to what extent DDT and DDE can
be detoxified by a liquid-phase catalytic
hydrodechlorination proeess, capable of re-
moving chlorine to any desired extent.

EXPERIMENTAL

Hydrogen and nitrogen (both > 99.99)
used for this study were obtained from
Airco. Hydrogen was passed over copper to
remove traces of oxygen. Both gas streams
were dried over a bed of 5-A molecular
sieves. Absolute ethanol was used as a
solvent for the reaction. DDE was pre-
pared by refluxing 0.01 M 1,1-bis(p-chloro-
phenyl)-2,2,2-trichloroethane (DDT) (Mon-
trose technical grade) in 0.05 M alco-
holic NaOH for 16 hr. The recrystallized
DDE produet had a melting point of 87°C,

and chromatographic analysis showed the
crystals to be 999 p,p-DDE and 19, of
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Fic. 1. Schematic of hydrodechlorination Teflon autoclave system.

the o,p’-DDE isomer. NaOH was Baker
reagent grade. The catalysts employed in
this study were Strem Chemicals Ine. 46-
190 109, Pd on activated carbon and Girdler
G-49A 619, Ni on kieselguhr. BET surface
areas were 985 and 108 m?/g, respectively.
Both catalysts were finely powdered and
had average particle sizes of less than 10 pm.

A modified 750-cm?® stainless-steel Teflon-
lined autoclave (Fig. 1) manufactured by
Berghof GmBH was used for liquid-phasc
studies at elevated hydrogen pressure. The
autoclave is cquipped with a variable-speed
induction-driven Teflon-coated stirrer. Two
Teflon 1 X 0.5-in. four-blade turbine im-
pellers were used to ensure good mixing
characteristics. The first was located § in.
from the bottom of the Teflon liner to
guard against settling of the slurried cata-
lyst, while the second was located at the
gas—liquid interface to optimize hydrogen
mass transfer characteristics. The reactor
also contained a f5-in. sheathed iron con-
stantan thermocouple and a &-in. stain-
less-steel high-pressure sampling tube, along

with four 4-in. cylindrical stainless-steel
baffles. Corrosion or etching was not ob-
served since cxeess NaOH was used as an
acid acceptor. The rcactant solutions of
DDE and NaOH in cthanol were charged
to the autoclave, and then reduced catalyst
was added under nitrogen. The reactor was
then secaled and purged several times with
dry nitrogen and heated under nitrogen
pressurc. When the desired temperature
was rcached, the reactor was pressurized
further with hydrogen, agitation at 1500
rpm was started, and this moment was
recorded as the starting time of an experi-
ment. Reaction temperatures ranged from
22 to 100°C, and hydrogen partial pressures
ranged (Py,) from 5 to 50 atm, using reac-
tor charges of 99 g of cthanol, 1.0 g of
DDE, 0.553 g of NaOH, and 10-62.1 mg
of Pd on carbon or 50 mg of Ni on kieselguhr
catalyst.

The experiments made are applicable to
DDT hydrodechlorination also. To illus-
trate this, one experiment is reported here
using a conventional glass reactor at a
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L-atm  hydrogen pressure. In this par-
ticular experiment, 1.008 g of DDT was
reacted in 100 ml of ethanol containing
0.7421 g of NaOH. To this was added 62.1
mg of 109, Pd on C activated at 220°C.

H
ct@»c‘:—@»cu + NgOH ——= C“@'ﬁ‘@’c' +NaCl +H,0
1
ccl cc

3

The reaction mixture contained only DDE
and was then studied as catalytic DDE
hydrodechlorination at 23°C.

Gas chromatography-mass spectroscopy
(GC-MS) techniques provided quantita-
tive identification of all reactants and
products. The equipment used was a
Perkin—Elmer Model 900 dual flame ioniza-
tion detector gas chromatograph interfaced
with a DuPont 21-491 double-focusing
mass spectrometer. Chromatographic sepa-
rations were carried out on a 3-m X }-in.
39, OV.17 on 80-100 mesh Chromosorb
W-HP column. Helium flow rate was 30
en®/min, and the ecolumn was temperature-
programmed from 152 to 250°C at ca.
5°C/min. Data reduction was carried out
on a Columbia Scientific Industries CSI-
20B automatic digital integrator. Further
analytical details are in (10). Based on the
correlation of Wilke and Chang (11), the
bulk diffusivity of DDE in ethanol was
calculated to be =10=% c¢m?/sce at 60°C.
Using the calculation procedure of Satter-
field (12), it was shown that there were no
bulk mass transfer limitations. Reducing
stirrer speed from 1500 to 900 rpm in one
test had no effect on intermediate selectivi-
ties or DDE conversion at 50 atm of H,
and 60°C (Table 1).

By assuming that the effective pore dif-
fusivities of DDE were two orders of mag-
nitude lower than the bulk value, Weisz
and Prater’s (13) criterion for surface reac-
tion eontrol was calculated. All observed
DDE reaction rates were in the surface-
controlled regime.
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By the time these procedures were accom-
plished, the HCl elimination reaction (de-
hydrochlorination) at room temperature
(23°C) had effectively converted all of the
DDT to DDE:

[F3

(4)

(VI)

RESULTS
Three major DDE (VI) hydrodechlorina-

tion products were observed in both the
Ni and Pd catalyzed systems:

H
OO =
CH3
i
cn@-?—@ (an
CHy
OO0
CH

3

1,1-diphenylethane

1-p-chlorophenyl-1-phenylethane

1,1-bis (p-chlorophenyl)ethane
Aromatic hydrodechlorination products
where the olefinic ehlorines were unreacted
were almost undetectable

1,1-diphenyl-2,2-dichloroethylene

1-p-chlorophenyl-1-phenyl-2,2-dichloroethylene
These were present in significant quantities
in gas-phase studies of DDE hydrode-
chlorination over 0.35 wt9% Pd on a-Al,O;
(9, 10). Small amounts of diphenylethylenes
containing no, one, and two aromatic
chlorines were observed at low conversion.
2-Chloro-1, 1-diphenylethylenes/ethanes
were also present in trace amounts. Oligom-
erization and ring saturation were not
significant side reactions.
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Fi6. 2. DDE hydrodechlorination reaction paths over 109, Pd on carbon at 100°C, 50 atm of H..
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Selectivity curves calculated using the indicated first-order relative rate constants.

Chlorine conversion was used as an
extent-of-reaction parameter and is de-
fined as (4 — ¢)/4, where

4
¢ = 2 hCL, (5)
h=1
4 = number of chlorine atoms per re-
actant molecule,
h = number of chlorine atoms per
molecule,
Ry T T
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and

Clx = relative mole fraction of com-
pounds with h chlorine atoms per

molecule.

Figure 2 shows a typieal selectivity plot
(i.e., product distribution vs chlorine con-
version) for the DDE hydrodechlorination
over 109, Pd on earbon at 100°C, 50 atm
of Hy. The product distribution can be
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Fig. 3. DDE (ex-DDT + NaOH in ethanol) hydrodechlorination reaction paths over 109, Pd
on carbon at 23°C, 1 atm of H,. Selectivity curves calculated using the indicated first-order rela-

tive rate constants.
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TABLE 1
Pd-Catalyzed Hydrodechlorination: Relative Rate Constants®

Temperature Py, k65 ks kg2
°C) (atm)
100% 20 0.04 0.80 0.14
100 50 0.04 0.65 0.25
1004 50 0.04 0.65 0.25
80.5 50 0.04 0.80 0.14
81.5 50 0.04 0.80 0.14
60 50 0.04 0.75 0.17
60 50 0.04 0.82 0.12
59.5¢ 50 0.04 0.82 0.12
24-47 50 0.03 0.83 0.09
98 20 0.05 0.64 0.26
24-47 20 0.05 0.69 0.22
100 7 0.07 0.53 0.30
2242 5 0.07 0.54 0.30
23 1 0.08 G.38 0.48

k61

0.02
0.06
0.06
0.02
0.02
0.04
0.02
0.02
0.05
0.05
0.04
0.10
0.09
0.06

k5

o

0.65
0.65
0.80
0.80
0.75
0.82
0.82
0.64
0.72
1.60
1.53
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k,32 k’?l
0.23 0.26
0.23 0.26
0.06 0.04
0.06 0.04
0.17 0.13
0.20 0.14
0.38 0.27
0.15 0.10
0.14 0.05

¢ Catalyst, 109% Pd on carbon; reduction temperature, 220°C; stirrer speed, 1500 rpm; catalyst loading,
0.24 g/liter; DDE concentration, 2.53 X 1072 M,
b Catalyst concentration, 0.08 g of catalyst/liter.
¢ Insufficient data.
¢ Catalyst concentration, 0.16 g of catalyst/liter.
¢ Stirrer speed, 900 rpm.

compared to that plotted on Fig. 3 for the
just-mentioned DDT experiment at the

other extreme of reaction conditions studied,

23°C, 1 atm of H,. Intermediate reaction
conditions (listed in Table 1) gave a similar

Product Distribution
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degree of correlation to the calculated
curves on Figs. 2 and 3.

Figure 4 is a selectivity chart for the
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619, Ni on kieselguhr catalyst studied. Not
only does it provide a comparison between

Fia. 4. DDE hydrodechlorination over 619, Ni on kieselguhr catalyst at 50 atm of H, and 25

to 100°C, Selectivity curves calculated using the indicated first-order relative rate constants.
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Ni and Pd (Fig. 2) at 50 atm, but because
of the fit of all data points from 27 to 100°C
to the calculated curves, it illustrates that
there are no significant activation energy
differences in the removal of any particular
DDE chlorine.

In the gas phase (9, 10), the observed
reaction network that fitted the experi-
mentally observed product distributions
was as follows:

+3H,
VI “SHCI I
+H, +Hg
~HCI -HCl
+3H,
AT T u (6)
+H2 +Hz
—HCI -HCI
+3H,
V' Zhel

Similar to the gas-phase experiments,
both Ni and Pd showed removal of both
olefinic chlorines along with hydrogenation
of the resulting olefin to ethane in a con-
certed process. Only small amounts of V
were measured (see Figs. 2, 3, and 4).
(Species 1V was present in immeasurably
small amounts in the liquid phasc.) Hydro-
genation of the double bond of VI to

)
OO

cei,

A

1,1-bis(p-chlorophenyl)-2,2-dichloroethane
(p,p’-DDD), was not observed, indicating
that, as in the gas phase, olefinic hydro-
dechlorination is a precursor to hydrogena-
tion of the double bond.

Since IV was immeasurable, we origi-
nally believed that we could approximate
the kinetics by a simpler scheme for the
liquid phase than for the gas phase:

+3H,
~2HCI n
+H, +H,
-HCI -HC)
+3H ~
e (7)
—2HCI
+ Hz
- HC}
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However, there was no way o accommao-
date the experimental results to such o
model, as ean be scen by the finite initial
slopc of the curves in Figs. 2-4 for specics
IT, and to a lesser extent for species I.
Additional econcerted pathways directly
from species VI to IT and VI to I must be
included in the liquid-phase reaction nct-
work, since species II and I appear as
initial produets.* These are shown boldface
below:

+3H -2HCI
—_——

The significance of such a reaction net-
work is that as many as five hydrogen
moleeules react with DDE in one concerted
step to produce biphenyl ethane, without
DDE or an intermediate cver leaving the
catalyst site. This is quite analogous to the
concerted hydrodechlorination behavior re-
ported by Weiss et al. {6) for Pt-catalyzed
CCl, hydrodechlorination :

col, 2, on,
I —4HCI

+H2I (9)
—HCW

|
CHCI;

In the case of CCl,, the expected inter-
mediates CHCl;, CH,Cl;, and CH;Cl
are effectively unreactive, so eoncerted hy-
drodechlorination is not a case of strongly
adsorbed reactive intermediates. The lack
of these steps in the gas-phase work (9)
may be due to the presence of a large excess
of p-xylene in the feed which inhibited

4 Observe the finite slopes for IT and T on Figs. 2-4.
If these species were produced only as a result of
consecutive reactions, the initial slopes would be
zero,
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TABLE 2
Ni-Catalyzed Hydrodechlorination: Relative Rate Constants®
Temperature Catalyst k55 k63 K 6a ka1 k5 k'3a k'
°C) reduction
tempera-
ture
¢
100 370
80 370 . - .
60 370 0.08 0.50 0.40 0.02 0.50 0.51 0.08
25-41 370
99 220 . .
60.5 290 0.06 0.64 0.27 0.03 0.64 0.12 0.05
81.5 220 . . .
2749 290 0.06 0.76 0.17 0.01 0.76 0.05 0.025

¢ Catalyst, 61% Ni on kieselguhr; stirrer speed, 1500 rpm; catalyst loading, 0.40 g/liter; DDE concen-

tration, 2.53 X 1072 M ; Py, 50 atm.

multipoint adsorption of DDE, Liquid-
phase experiments with p-xylene as a sol-
vent, Ca(OH); or Na(OH) as acid acceptor,
and the Ni on kieselguhr catalyst were
attempted. However, only trace amounts of
the completely hydrodechlorinated product
1,1-diphenylethane were formed, most likely
as the consequence of insolubility of the
acid acceptor in the xylene,

The first-order reaction paths that corre-
spond to the stoichiometry of this reaction
set (7) are described by the following set of
normalized first-order differential equations
which simulate batch reaction behavior,
where A; is the liquid phase concentration
of species 7, and, by definition, the sum

(Kes + k'es + ko2 + k'a1) = 1. (10)
dAv
ddyy
_ Fosdvr — Ksady )
— (K5 + Koz + e+ Ee)Avr
dA
dAve
oAy — K sd
= (12)

- (k'ss + k'es 4+ k'se -+ Ea)Avr

(lA 1T

;lA VI

Eeadvr + k'5edAv + Foedir — K adn
—(B'gs 4+ Eos + ko2 + Ko1)Avt
(13)

dA 1
(. ]A VI

Eeodve + Eodn
—(K'es + E'os + k62 + K1) Avr

(14)

We define, k';; as pscudohomogeneous
relative rate constants of the form k;; K;
Py,m°r ™ This was discussed previously (9)
where k;; = intrinsic rate constant to pro-
duce species j from species ¢ by hydrode-
chlorination, K; = adsorption equilibrium
constant for species 7, and n or m = order
in H, for aromatic or olefinic chlorine re-
moval, respectively. For the following se-
leetivity analysis in which only relative
rate constants are treated, it is not neces-
sary to consider Langmuir-Hinshelwood
surface terms in the rate constants, since
they cancel when rate constants k;; are
divided to define relative rate constants.
That is, all species sce the same surface.
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Fia. 5. The ratio k’'a/¥, an indicator of the ratio
of aromatic to olefinic hydrodechlorination, de-
creases with increasing hydrogen partial pressure.

These values of £’;; have been caleulated
from the experimental product distribu-
tions of this study. Figures 2-4 are typical
fits of experimental data to the calculated
first-order reaction paths that correspond
to the indicated k'y;; values. The operating
conditions and valucs of ';; for all of the
conditions studied for 109, Pd on C cata-
lyst are listed in Table 1. Those for 619, Ni
on kieselguhr catalyst are in Table 2.

Table 1 shows that for the Pd-catalyzed
experiments the values of k', and k’s; which
characterize the concerted simultancous

-l
hd
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F16. 6. Initial DDE conversion rates are fitted to
0.72 order in hydrogen.
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removal of aromatic and olefinic chlorine
increase with decreasing Py,. Since absolute
rates decrease with decreasing Py, this
trend is just the opposite of that expected
if the concerted behavior were a result of
pore diffusion limitations. Concerted be-
behavior is most likely the result of fast
reaction and very slow desorption of inter-
mediates (whatever they might be in this
case) as discussed by Beranck (14). The
value of k's; (which characterizes DDE
aromatic hydrodechlorination) increases
with decreasing Py, as was obscrved in
the gas-phase studies (9, 10). However, the
values of k52 and k’5; [which characterize
the hydrodechlorination of the 1,1-bis-
(p-chlorophenyl)ethane] showed no con-
sistent trend but varied randomly.

Table 2 shows that for the Ni-catalyzed
experiments the reduction temperature of
the catalyst had a significant effect on selce-
tivities and associated relative rate con-
stants. The ratio

k/a k/(ia') + k,ﬁz + 2/{?/61
— = - (5)
k' 2k"ss 4+ 2k'es + 2k'6:

1074 1 l

9.5 Kcal / mols

I T Y

L}

L

T 1 T 17T

N [
E ¢ T
< .
£
: —
5 108 F } .
EO :
[ [ _1
~ R N
|
= 0% Pd On Carbon 7]
.0026 .ooes .0030 0032 0034
T (17K}

Fia. 7. When DDE hydrodechlorination initial
rates are fitted by kinetics that are zero order in
DDE and 0.72 order hydrogen, activation energy
= 9.5 keal/mol for 10% Pd on carbon catalyst.
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defines the relative rate constant ratio of
aromatic to olefinic chlorine removal. The
numerical coefficients account for the num-
ber of chlorine atoms removed in that
particular reaction step from the aromatic
or olefin position. This ratio, which is an
indicator of aromatic to olefinic chlorine
hydrodechlorination selectivity, is plotted
in Fig. 5 as a function of Py, In the case
of 109, Pd on C catalyst, it decreases from
0.37 to as low as 0.10 when Py, varies from
1 to 50 atm. The results for Ni on kieselguhr
catalyst on Fig. 5 at 50 atm show that Ni
is intrinsically more seleetive to aromatic
hydrodechlorination than is Pd on carbon:
—k'a/k =0.30 vs 0.10 to 0.22, respectively.

Experiments were made at 50, 20 and 7
atm of H,, respectively, 100°C, and a Pd
catalyst concentration of 0.242 g/liter to
determine the effect of Hy pressure on the
initial reaction rate. Figure 6 is a log-log
plot of initial DDE conversion rate vs H,
pressure which gave a +0.72-order H, de-
pendence. The initial rates of all other
Pd-catalyzed experiments were divided by
Py™ to determine the apparent activa-
tion energy for DDE reaction. Order of

Time (Hrs.)
o] 5 10 ] 20 25 30
1.0
. T
: A.‘ 61% Ni On Ki Iguh T
o'-._.w. % Ni On Kieselguhr

LN e |
LR e
o 5t %_ | eoee |

C
[
A — 60°C
® - 40°C

|
f

-
o

DDE 7/ DDE

04 —\—+— -

[o] 200 400 600
Time (Min.)

Fig. 8. DDE fractional conversion vs time for
619%, Ni on kieselguhr catalyst reduced at 220°C,
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T 1

i

o —100°C
s — 80°C |
4 ~ 60°C
® — 40°C

DODE / DDE®

0 200 400 600
Time (Min)

Fig. 9. DDE fractional conversion vs time for
619, Ni on kieselguhr catalyst reduced at 370°C.

magnitude variances in the initial rates
obtained at room temperature were ob-
served but cannot be explained. Figure 7
is an Arrhenius plot for these experiments
which gave a value of £ = 9.5 keal/mole
for Pd on carbon.

The kinetic behavior of Ni-catalyzed
DDE hydrodechlorination is quite different
from that observed in the Pd-catalyzed
experiments. Although the overall behavior
can be satisfactorily represented by the
first-order treatment used in Fig. 4, in
detail DDE concentration vs time curves,
plotted on Figs. 8 and 9, are characterized
by three regimes: (i) an induction period;
(ii) zero-order behavior at intermediate
conversions; and (iii) & shift to higher order
functionality at high conversions. The
G-49-A 619, Ni on kieselguhr catalyst is
prereduced and stabilized by the manu-
facturer. However, Ni on SiQ; catalysts
are notoriously difficult to reduce. In these
experiments two reduction temperatures,
220 and 370°C, were utilized. Figures S
and 9 are relative DDE concentration vs
time plots for experiments conducted at
50 atm of H, and temperatures from 40 to
100°C. Reduction temperatures are, re-
spectively, 220 and 370°C. In both sets of
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TABLE 3

Induction Periods Observed for 619, Ni on
Kieselguhr Catalysts

LAPIERRE ET AL.

TABLE 4
Rates Using Ni Catalyst Reduced at 370°C

Temperature Py, Zero-order DDE rate
Reaction Induction period (min) (°C) (atm) (mol/liter-min)
temperature
°C) 220°C 370°C 100 50 7.44 X 10
reduction reduction 80 50 2.94 X 10
40 50 6.84 X 1075
40 225 60 -
60 75 —_
80 75 35 E = 9.3 keal/mol (Fig. 10), comparable to
100 6 <5

experiments, the length of the induction
period decreases as reaction temperature
increases (see Table 3).

Increasing reduction temperature de-
creases the length of the induction period.
The induction period observed with Ni
catalyst could be due either to continuing
in situ reduction of the catalyst as reaction
proceeds or to poisoning by products or
reactants. Lack of this induction period in
the Pd-catalyzed experiments rules out
the possibility of this effect being due to
slow saturation of the liquid phase with
hydrogen after the reactor was pressurized.

Zero-order behavior (i.e., DDE conver-
sion vs time) at intermediate conversions is
probably an indication that DDE is more
strongly adsorbed on Ni than on Pd, The
higher degree of concerted behavior at
similar conditions is consistent with this
observation, as the possibility of multiple
reaction steps occurring with a more
strongly adsorbed substrate is favored.

At higher conversions a shift to higher
order kinetics was observed. This type of
behavior is expected for systems that obey
Langmuir-Hinshelwood rate expressions as
the surface concentration of strongly ad-
sorbed reactants approaches zero. The ap-
parent activation energy for the Ni-cata-
lyzed experiments where the catalyst was
reduced at 370°C was determined from the
zero-order portion of the concentration vs
time curves (see Table 4). These values
yvielded an apparent activation energy of

the 9.5 kecal/mol obtained for the Pd-
catalyzed experiments.

DISCUSSION AND CONCLUSIONS

We have previously reported (5, 9) that
the catalytic activity of aromatic and
olefinic chlorine is due to the distinct
double-bond character of the carbon—chlo-
rine bond as the chlorine atom loses =
AN a*

C____Cl (15). Those types of

clectrons,
chlorine which undergo hyperconjugation
readily are more catalytically reactive than

aliphatic chlorine, as has been shown previ-
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Fi1g. 10. When DDE hydrodechlorination rates
are fitted (after the induction period) by kinetics
that are zero order in DDE at a constant Pr, = 50
atm, activation energy = 9.3 keal/mol for 61% Ni
on kieselguhr catalyst.
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ously for other molecules (5). In this study
we have shown that the stoichiometry and
selectivity for both Pd and Ni-catalyzed
liquid-phase DDE hydrodechlorination are
similar. The major difference in behavior
in liquid phase with ethanol as solvent from
that in the gas phase in the presence of
exeess p-xylene is that the concerted simul-
tancous removal of aromatic and olefinic
¢hlorine from the same substrate occurs to a
much greater extent. This concerted be-
havior, in which as many as 5 mol of
H; react with DDE without measurable
desorption of intermediates is, as might
be expected, related to hydrogen partial
pressure.

"The sclectivity analysis suggests that,
although the DDE molecule is roughly
planar, there are three major possible, but
unproven, adsorbed states of DDE in these
liquid-phase studies: (i) aromatic molety-
adsorbed (k'5, k32, £'21); (11) aromatic and
olefinic moicties-adsorbed (k'ge, £’¢1); and
(iii) olefinic moiety-adsorbed (k'3 £'52). In
the gas-phase studies (9, 10), ke and k's;
were zero, implying that cither the aromatic
or olefinic moicty alone was adsorbed, but
not the two together. This is most likely a
consequence of the presence of a strongly
adsorbed inhibitor, p-xylene, which com-
peted for the catalytic surface.

Hydrogen availability (i.e., high par-
tial pressure) affects the observed degree
of concerted multistep vs nonconcerted
single-step behavior in an ethanol-NaOH
solution. As in the gas-phase studies, olefinic
hydrodechlorination is more hydrogen-pres-
sure-dependent than aromatic hydrode-
chlorination.
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