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The liquid-phase catalytic hydrodechlorination of l,l-bis (p-chlorophenyl)-2,2-dichloro- 
ethylene (p,p’-DDE) was studied using 10% Pd on activated carbon and 61% Ni on kieselguhr 
catalysts. Reactions were carried out at temperatures of 20-1OO’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 
HCl by-product of t,he hydrodechlorination reactions. Both catalysts resulted in a complex 
network of reactions characterized by three paths: the removal of both olefinic 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 t,o determine the relative rates of 
each kinetic step in the above network. Absolute rate data are also provided. 

INTRODUCTION compounds according to the gcncral reaction 

Several studies have been made of cata- R-Cl + Hz --+ R-H + HCl (2) 
lytic hydrodechlorinat,ion of chlorinated 

1 Present address : Mobil Research Corp., Prince- 
The liquid phase reaction is usually carried 

ton, N. J. 
out in the presence of an HCl acceptor 

2 Present address: Inst.it,ute of Isotopes, Budapest, such as NaOH dissolved in a polar solvent 
Hungary. such as ethanol. The ease of reaction and 

3 To whom correspondence should be addressed. the corresponding kinetics are strongly de- 
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pendent on the st’ructure of t’hc carbon 
associated with t’he 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 I’d and 
I’t, I% black, and Raney nickel). High 
rates were achieved by Freifclder (2) using 
l’d on charcoal in the prcsencc 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 HCl acceptor, the effectiveness was im- 
proved, but still it, was necessary to use 
large amounts of catalyst (5&300%). 

Horner et al. (5) studied hydrodechlorina- 
tion reactions for several types of halogen 
organics with Raney nickel. Their cxperi- 
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. 

I 
-CH,Cl < CHCl, c-c < -LY (3) 

Al ill Al 

Kammercr et al. (4) used Rancy nickel in 
the presence of alkali t#o hydrodrchlorinato 
chlorobenzene. 

Weiss and co-\\-orkcrs (&8) studicd 
the reactions of vinyl chloride, Ccl&, and 
cis- and trafzs-l,l-dichloroethylenes ou a 
supported I% catalyst. Reactivity increases 
in the scqucnce : aliphatic chlorine, viny.1 
chlorine, olefinic dichloride. Gas-phase 
l,l-bis(p-chlorophcnyl)-2,2-dichlc)rot~thyl~lnc 
(p,p’-DDE) hydrodachlorination rcsult)s 
(9, 10) supportive of the dichloroethylcnc 
work have recently been completed. Both 
p,p’-DDE and its corresponding cthane, 
p,p’-DDD, as 1% xylene solutions, n-erc 
vaporized int’o 40- to 670-torr Hz flowing 
over 0.35 wt% I’d on an (Y-AI&~ catalyst. 
Reaction stoichiometry for DDE was a 
network characterized by addition of one 

II2 to ~~ii1o~~ cithcr onv aromatic chlorine 
at a time or by the addit’ion of three Ha 
molecules, resultming in removal of two 
olcfinic chlorides and olcfin saturation. 
This latter occurred Lvithout any mcasura- 
blc intcrmodiat8c desorption, :t “concerted” 
step, behaving as one event. I’rcvious work 
by Weiss and Kriegcr (5) on tho lower 
molecular weight dichloroethylcncs showed 
that first the olcfinic chlorides are removed, 
and after that, t)hc olcfin is saturated. Weiss 
et al. (6) showed, in the cast of Ccl, hydro- 
dechlorination, that CH, was produced in 
a single step, but the inhrrmcdiatcs in 
this iiconcerted” addition of 4Hn, CHCla, 
CH&le, and CHaCl were quite unreactive. 

Except for this present8 liquid-phase DDE 
work and the vapor-phase work on DDE, 
carlicr hydroclcchlorination investigations 
were conccrncd with organic compounds 
that each contained only one type of C-Cl 
bond. This study addresses the question of 
whether or not chlorine atoms bonded t’o 
different groups in a single molecule retain 
the relative rcartjivity as dctcrmined from 
studies of simple molccul~. It is nlso con- 
cerned with t’hc relative hydrodcchlorina- 
tion activit’y of polychlorinatcd compounds 
and to n-hat extent DDT and DDE can 
hc detoxified by a liquid-phase catalytic 
hydrodcchlorination process, capable of rc- 
moving chlorine to any drsired extent 

r’\:I’l’:I:I\II~‘N’~4r 1. . i 11 

Hydrogcii and nitrogen (both > 99.9%) 
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 t’he reaction. DDE was pre- 
pared by refluxing 0.01 M l,l-bis(p-chloro- 
phenyl)-2,2,2-trichloroethane (DDT) (Mon- 
trose technical grade) in 0.05 Jr alco- 
holic NaOH for 16 hr. The recrystallized 
DDE product had a melt’ing point of S7”C, 
and chromatographic analysis showed the 
cryst,als to be 9976 p,p’-DDE and l’j?c of 
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FIG. 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 Inc. 46- 
190 10% I’d on activat’ed carbon and Girdler 
G-49A 61% Ni on kieselguhr. BET surface 
areas were 985 and 10X m*/g, respectively. 
Both catalysts were finely powdered and 
had average part,icle sizes of less than 10 pm. 

A modified 750-cm3 stainless-steel Teflon- 
lined autoclave (Fig. 1) manufactured by 
Berghof GmBH was used for liquid-phase 
stud& at elevated hydrogen pressure. The 
autoclave is equipped with a variable-sprcd 
induction-driven Teflon-coated stirrer. Two 
Teflon 1 X O.&in. four-blade turbine im- 
pcllcrs w(lrc used to cnsurc good mixing 
charactctristics. The first was lo&cd $ 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 intcrfacc to optimize hydrogen 
mass transfer characterist,ics. Tha rcact’or 
also contained a &-in. sheathed iron con- 
stant,an thermocouple and a &-in. stain- 
less-steel high-pressure sampling tube, along 

with four g-in. cylindrical stainless-stc>ol 
baffles. Corrosion or etching was not ob- 
scrvcd since cxcrss NaOH was used as an 
acid acceptor. The reactant solutions of 
DDE: and NaOH in c+hanol were charged 
to t’he aut80clavc, and then reduced cata.lyst 
was added under nit,rogen. The reactor was 
then sralcd and purged scvc>ral times with 
dry nitrogen and hcatcd under nitrogen 
pressure. When the desired tcmperaturc 
was rcachcd, the rcact’or was pressurized 
furthrr with hydrogen, agitation at 1500 
rpm was started, and this moment was 
rocordcd as t’hc starting time of an expcri- 
mcnt. Kcaction tcmpcraturcs ranged from 
22 to lOO”C, and hydrogen partial prrssurcs 
ranged (PII,) from 5 to 50 atm, us’ing reac- 
tor charges of 99 g of ethanol, 1.0 g of 
DDE, 0.553 g of NaOH, and 10-62.1 mg 
of I’d on carbon or 50 mg of Xi on kioselguhr 
catalyst. 

The experiments made are applicable to 
DDT hydrodechlorination also. To illus- 
trate this, one experiment is reported hcrc 
using a conventional glass reactor at a 



l)I)lS HYl~ROI)ISCHI~ORI?JATION 221 

l-ah1 hydrogen prwsurc. 111 t.his lwr- T{y l,hc linie t h(w prowtlurca wr(’ ac:c:0111- 
titular c~xpcriment, 1.008 g of DDT was plishrld, thf* HCl elimination roact,ion (de- 
reacted in 100 ml of et,hanol containing hydrocahlorination) at room tcmpcraturc: 
0.7421 g of NaOH. To this was added 62.1 (23°C) had cffwtiwly eonwrted all of t.hc 
mg of 10% I’d on C activated at 220°C. DDT to DDE: 

The reaction mixture contained only DDE 
and was then studied as cnt’alytic 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 :L 
l’erkin-Elmer Model 900 dual flame ioniza- 
tion detector gas chromatograph intcrfawd 
with a DuPont 21-491 double-focusing 
mass spt>ctromc+r. Chromatographic wpa- 
rations wcrc c:trri(hd out on a 3-m X i-in. 
370 OV.17 on SO-100 nosh Chromosorb 
W-HI’ column. Helium flow rntc was 30 
cnl”/min, and the column was tctmpcbraturc- 
programmrd from 152 to 250°C at ca. 
5”C/min. Data wduction was carried out 
on a Columbia Scientific Industries CSI- 
2OB automatic digital integrator. Furt,hcr 
analytical details arc in (10). Based on the 
correlation of Wilkc and Chang (11), the 
bulk diffusivity of DDE in et,hanol was 
calculated to bc -10-j CI~~/SCC at 60°C. 
Using the calculation procedure of Sattcr- 
field (Id), 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 conversi,on at 50 atm of H2 
and 60°C (Table 1). 

By assuming that the effective pore dif- 
fusivitics of DDE were two orders of mag- 
nitude lower than the bulk value, Weisz 
and Prater’s (IS) criterion for surface reac- 
t’ion control was calculated. All observed 
DDE reaction rates were in the surface- 
controlled regime. 

(VII 

Three major DDE (VI) hydrodechlorina- 
tion products were observed in both the 
Xi and Pd catalyzed systems: 

cle;Ha (:I) 

Clj=J iH&t.l !llli 
3 

I,l-diphenylethnne 
1-p-c:hlorophenyl-I-phellylethttlle 
l,l-his(p-~hlorophenyl)ethane 

Aromatic hydrodcchlorination products 
where the olcfinic chlorirws wcrc unreacted 
were almost undetectable 

l,l-diphenyl-2,2-dichloroethylene 
l-p-chlorophenyl-l-phenyl-2,2-dichloroethylene 

These were present in significant quantities 
in gas-phase studies of DDE hydrodc- 
chlorination over 0.35 wt% I’d on a-A1203 
(9,lO). Small amounts of diphenylcthylcnes 
containing no, one, and two aromatic 
chlorines were observed at low conversion. 
2-Chloro-l, l-diphenylethylencs/ethancs 
were also present in trace amounts. Oligom- 
crization and ring saturation wcrc not 
significant side reactions. 
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FIQ. 2. DDE hydrodechlorination reaction paths over 10% Pd on carbon at lOO”C, 50 atm of H,. 
Selectivky curves calculated using the indicated first-order relative rate corn&ants. 

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

Cl* = relative molt fraction of com- 
pounds with h chlorine atoms per 

c#l = 2 Klh, (5) 
molcculc. 

h=l Figure 2 shows a typical selectivity plot 
4 = number of chlorine atoms per re- (i.e., product, distribution vs chlorine con- 

actant molecule, version) for the DDE hydrodechlorination 
h = number of chlorine atoms per over 10% Pd on carbon at lOO”C, 50 atm 

molecule, of Hz. The product distribution can be 

Chlorine 

Fra. 3. DDE (ex-DDT + NaOH in ethanol) hydrodecblorination reaction paths over 10% Pd 
on carbon at 23”C, 1 atm of HZ. Selectivity curves calculated using the indicated first-order rela- 
tive rate constants. 



TARI,L 1 

I’d-Catalyzed Hydr,odec:hlc,rillation: Relative Rate Constants~ 
_____ 

Temperature PII, k’66 k’s3 k’G:! k’c, k’az k’s2 
(“C) btm) 

1OOb 50 0.04 0.80 0.14 0.02 -c -c 
100 50 0.04 0.G.i 0.25 O.OG 0.65 0.23 
1OOd 50 0.04 0.65 0.25 0.06 0.65 0.23 
80.5 50 0.04 0.80 0.14 0.02 0.80 0.06 
81.5 50 0.04 0.80 0.14 0.02 0.80 O.OG 
GO 50 0.04 0.75 0.17 0.04 0.75 0.17 
60 50 0.04 0.82 0.12 0.02 0.82 -p 
59.56 50 0.04 0.82 0.12 0.02 0.82 -c 

24-47 50 0.03 0.83 0.09 0.03 -c -c 

98 20 0.05 0.64 0.26 0.03 0.64 0.20 
24-47 20 0.05 0.69 0.22 0.04 -c -c 
100 7 0.07 0.53 0.30 0.10 0.72 0.38 
22-42 5 0.07 0054 0.30 0.09 1.60 0.15 

23 I 0.08 0.38 0.48 0.06 1 .x3 0.14 
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-__ 
k’?l 

-c 
0.26 
0.26 
0.04 
0.04 
0.13 
-c 
-r 
- 

0.14 
-c 

0.27 
0.10 
0.03 

a Catalyst, 10% Pd on carbon; reduction temperature, 22O’C; stirrer speed, 1.500 rpm; catalyst loading, 
0.24 g/liter; DDE concentration, 2.33 X lo-” M. 

b Catalyst concentmt,ion, 0.08 g of catalyst,/liter. 
c Insufficient data. 
d Catalyst concentration, 0.16 g of catalyst/liter. 
c Stirrer speed, 900 rprn. 

compared to that plottcbd on Fig. 3 for the drgrcc of correlation to the calculated 
just-mentioned DDT cxperimcnt at the curves on Figs. 2 and 3. 
other extreme of reaction conditions studied, Figure 4 is a selectivity chart for the 
23”C, 1 atm of Hz. Intcrmcdiatc reaction 61% Ni on kicselguhr catalyst studied. Not 
conditions (list,rd in Tablr 1) gave a similar only dws it provide a comparison bctwwn 

Chlorine Conversion 

FIG. 4. DDE hydrodechlorination over 61% Ni on kieselguhr catalyst at 50 atm of Hz and 25 
to 100°C. Select,ivity curves calcl&ted using the indicated fir&order relative rate constank. 



Ni and Pd (Fig. 2) at 50 atm, but, because 
(Jf the fit of all data points from 27 to 100°C 
to the calculated curves, it illustratcls that 
there are no significant act’ivation energy 
differences in the removal of any particular 
DDE chlorine. 

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

+3H, 
VI - ZHCI 

Ill 
+Hz 

-HCI 
I 

+HZ 
-HCI 

+3H2 I 
V -2HCI 

II (6) 
+Hz 

-HCI 
I I 

+Hz 
-HCI 

+3H, 
IV -2HCI 

I 

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

l,l-bis(p-chlorophenyl)-2,2-dichlorocthane 
(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 t’he 
liquid phase than for thr gas phase: 

VI 
+3tI, 

-2tiCI 
- III 

+H, 

I I 

+H2 
-HCI -HCI 

I 
+3H, 

V 
-2HCI 

- II (7) 

I 
+Hz 
- HCI 

IIO\YCVf’r, tht*iY\ \V%S 110 tVtLy i,O ib(‘COlllltlf)- 

date t,hc cxpcrimt~ntjal rtlsults to such :I 
model, as can bc sun by the tinitc initial 
slope of the curves in Figs. 2-4 for species 
II, and to a lesser f>xtcnt for spccics I. 
Additionsal conccrtcd pathways directly 
from species VI to II and VI to I must be 
included in the liquid-phase reaction nct- 
work, since species II and I appear as 
initial products.4 Thcsc are shown boldface 
below : 

+3H -2HCI 
VI - 111 
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+Hz 
-HCI I 

+Hz 
-WI 

(9 

I 
+Hz 
-HCI 

The significance of such a reaction nct- 
work is that as many as five hydrogen 
molcculrs react with DDE in one concerted 
step to produce biphenyl ethanc, without 
DDE or an intermediate cvcr leaving the 
catalyst sit,c. This is quite analogous to the 
concerted hydrodechlorination behavior rc- 
ported by Weiss et aE. (6) for Pt-catalyzed 
Ccl4 hydrodechlorination : 

CCl, = CH, 
I -4HCI 

6HC1, 

In the case of CCL, the expected inter- 
mediates CHCls, CH+&, and CH&l 
arc effectively unreactive, so concerted hy- 
drodechlorination is not a cast of strongly 
adsorbed reactive intermediates. The lack 
of these steps in the gas-phase work (9) 
may be due to t’he presence of a large excess 
of p-xylcne in the feed which inhibited 

4 Observe the finite slopes for II aud I on Figs. 2-4. 
If these species were produced only as a result of 
consecutive reactions, the initial slopes would be 

I zero. 
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TABLE 2 

Ni-Catalyzed Hydrodechlorination: Relative Rate Constantsa 

Temperature Catalyst 
(W reduction 

tempera- 
ttue 
(“C) 

100 370 
so 
GO 

370 
370 0.08 o..io 0.40 0.02 0.50 0,:s 1 0.0s 

25-41 370 

99 220 
60.5 220 O.OG 0.64 0.27 0.03 0.64 0.12 0.0.5 

81.5 220 
27-42 220 0.06 0.76 0.17 0.01 O.TG 0.03 0.02.5 

e Catalyst, 61% Ni on kieselguhr; stirrer speed, l.iOO rpm; catalyst loading, 0.40 g/liter; DDE concen- 
tration, 2.53 X lo-* M; PIT, 50 atm. 

multipoint adsorpt’ion of DDE. Liquid- 
phase experiment’s wit’h p-xylene as a sol- 
vent, Ca(OH)z or Na(OH) as acid acceptor, 
and the Xi on kieselguhr catalyst were 
attempted. How-ever, only tract amounts of 
the completely hydrodechlorinated product 
l,l-diphenylethanew-ere formed, most likely 
as the consequence of insolubility of the 
acid acceptor in the xylene. 

The first-order reaction paths that corrc- 
spond to the stoichiometry of this reaction 
set (7) are described by the following set of 
normalized first-order diff crential equations 
which simulate ba.tch reaction behavior, 
where Ai is the liquid phase concentration 
of species i, and, by definition, tbc sum 

(k’,j + I263 + Ii’61 + l/6,) = 1. (10) 

tlAv 
-- 
CMVI 

tld111 
__- 

~AVI 

k’w4v1 - JC’OPAIII 
=-- 

- (k'gj + Id64 + It',2 + li'6,IAVT 
(12) 

cl-4 II 

ilA I 

We define, k’ij as pseudohomogeneous 
relative rate constants of the form kij Ki 
PHzn Or m. This was discussed previously (9) 
where k;i = intrinsic rate constant to pro- 
duce species j from species i by hydrode- 
chlorination, h’i = adsorption equilibrium 
constant for species i, and n or m = order 
in Hz for aromatic or olefinic chlorine re- 
moval, respectively. For the following se- 
lcctivity analysis in which only rclat’ive 
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 I%ii are 
divided to define relative rate const#ant,s. 
That is, a,11 species see the same surface. 
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FIG. 5. The rat,io k’,/kfa, an indicator of t,he ratio 
of aromatic to olefinic hydrodechlorination, de- 
creases with increasing hydrogen partial pressure. 

Thcae vnlucs of k’ij have been calculated 
from the experimental product distribu- 
tions of this study. Figures 2-4 are typical 
fits of experimental data to the calculated 
first-order reaction pat,hs that correspond 
to the indicated k’ii values. The operating 
conditions and values of Ic’ii for all of the 
conditions studied for 10% l’d on C cata- 
lyst are listed in Table 1. Those for 617c Ni 
on kieselguhr catalyst are in Table 2. 

Table 1 shows that for the I’d-catalyzed 
experiments the values of VSZ and Vsl which 
characterize the concerted simultaneous 

5 IO 20 30 50 

Ii2 Pressure (Attn.) 

FIQ. 6. Initial DDE conversion rates are fitted to 
0.72 order in hydrogen. 

removal of aromatic and olefinic chlorine 
increase with decreasing PHI. Since absolute 
rates decrease with decreasing PH2, this 
t.rcnd is just the opposite of that expected 
if t,he concerted behavior were a result of 
pore diffusion limitations. Concerted be- 
behavior is most likely the result of fast 
reaction and very slow desorpt.ion of inter- 
mediates (whatever they might be in this 
case) as discussed by Beranek (I/t). The 
value of iYs5 (which characterizes DDE 
aromatic hydrodechlorination) increases 
with decreasing Pm, as was observed in 
the gas-phase studies (9, IO). However, the 
values of V32 and Ji’zl [which characterize 
the hydrodechlorination of the 1, l-bis- 
(p-chlorophenyl)ethane] showed no con- 
sistent t’rend but varied randomly. 

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

k’, k’,, + IZ’G:! + 2k’61 

k’” 2k’,r + 2k’az + 2k’,, 
05) 

I ,^[ pdo”ro” ~ :; 

.0026 ooze .0030 .0032 .0034 

I/T (I/OK) 

FIG. 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 kcal/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, lvhich is an 
indicator of aromatic to olcfinic chlorine 
hydrodechlorination sclcctivit’y, is plotted 
in Fig. 5 as a function of PHI. In the case 
of 10% I’d on C catalyst, it dccroascs from 
0.37 to as low as 0.10 when PHI varies from 
1 to 50 at.m. The results for Ni on kicselguhr 
catalyst on Fig. 5 at 50 atm show that Xi 
is intrinsically more selective to aromatic 
hydrodcchlorination t,han is Pd on carbon : 
- V,/V,= 0.30 vs 0.10 to 0.22, respectively. 

Experiments wrc madt: at 50, 20 and 7 
atm of HZ, rcspectivcly, lOO”C, and a Pd 
catalyst conccntrat~ion of 0.242 g/litw to 
d&ermine t#hc effect of I-It prwsurc on the 
initial rraction rate. Figure 6 is a log-log 
plot of initial DDE conversion rat,c vs H, 
prrssurc which gave a +0.72-order Hz dc- 
pcndcncc. The initial ratw of all other 
I’d-catalgzcd cxpcrimcnts \vcrc divided by 
P~~zo.72 t’o determine the apparent act’iva- 
tion energy for DDE reaction. Order of 

Time (Min.) 

FIG. 8. DDE fractional conversion vs time for 
Gl% Ni on kieselguhr catalyst redured at 220%. 

0 200 400 600 
Tlms (MIX.) 

FIG. 9. DDE fractional conversion VY time for 
61 y0 Ni on kieselguhr cat,alyst 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 E = 9.5 kcal/molc 
for Pd on carbon. 

The kin&c behavior of Si-catalyzed 
DDE hydrodechlorination is quite different 
from that obsrrved in the I’d-catalyzed 
cxpcrimcnts. Although the overall behavior 
can bc sat’isfactorily represented by the 
first-order treat’mcnt used in Fig. 4, in 
detail DDE concmtration vs time curves, 
plotted on Figs. S and 9, are characterized 
by three regimes : (i) an induction period ; 
(ii) zoro-order behavior at intermediate 
conversions ; and (iii) a shift to higher order 
functionalit,y at high conversions. The 
G-49-A 61% Ki on kieselguhr catalyst is 
prereduced and st,abilized by the manu- 
facturcr. However, Ki on SiOz catalysts 
arc notoriously difficult’ to reduce. In these 
rxperimcnts two reduction temperatures, 
220 and 37O”C, wre utilized. Figures S 
and 9 arc relative DDE concentration vs 
time plots for experiments conducted at 
50 atm of Hz 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 TABLE 4 

Induction Periods Observed for 61% Ni on 
Kieselguhr Catalysts 

Rates Using Ni Catalyst Reduced at 370°C 

Reaction 
temperature 

(“C) 

40 
60 
80 

100 

Induction period (min) 

220°C 370°C 
reduction reduction 

225 60 
7.5 - 
7.5 ‘ - 34 
0 <5 

Temperature 
(“Cl 

Pkl, 
btm) 

Zero-order DDE rate 
(mol/liter-min) 

100 50 7.44 x 10-d 
80 50 2.94 x 10-d 
40 50 6.84 X IO-6 

I< = 9.3 kcal/mol (Fig. lo), comparable to 
the 9.5 kcal/mol obtained for the Pd- 
catalyzed exp(~rimt~nts. 

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

DISCUSSION AND CONCLUSIONS 

Increasing reduction temperature dc- 
creases the length of the induction period. 
The induction period observed with Xi 
catalyst could be due either to continuing 
in situ reduction of the catalyst as reaction 
proceeds or t,o poisoning by products or 
reactants. Lack of this induction period in 
the I’d-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. 

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 ?r 

\s- Sf 
cal&rons, CZCl (15). Those types of 

/ 
chlorine which undergo hypcrconjugation 
readily arc more catalytically reactive than 
aliphatic chlorine>, as has been shown prcvi- 

Zero-order behavior (i.e., DDE convcr- 
sion vs time) at intermediate conversions is 
probably an indicat’ion that DDE is more 
strongly adsorbed on I\‘i 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 t,he 
zero-order portion of the concentration vs 
time curves (see Table 4). These values 
yielded an apparent activation energy of 

I/T (1l.K) 

FIG. 10. When DDE hydrodechlorination rates 
are fitted (after the induction period) by kinetics 
that are zero order in DDE at a constant PXQ = 50 
atm, activation energy = 9.3 kcal/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 Xi-catalyzed 
liquid-phase DDE hydrodechlorination arc 
similar. The major difference in behavior 
in liquid phase with ethanol as solvent from 
that in the gas phase in the prcwncc of 
excess p-xylem! is th:lt the concrrtrd simul- 
taneous removal of aromatic and olefinic 
chlorine from t,hc same substrate occurs to :I 
much greater extent.. This ~XJINWtd k- 

havior, in \vhich as many as 5 nwl of 
Hz react with DDE without measurable 
dcsorption of intermediates is, as might 
be expected, related to hydrogen partial 
pressure. 

‘The selectivity 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 ImJkty- 

adsorbed (li’,j, 1~‘,,, 122,) ; (ii) aromatic and 
olefinic moieties-adsorbed (VG2, 1~‘~~) ; and 
(iii) olcfinic moiet,y-adsorbed (FG8, //J. In 
the gas-phase studies (9, IO), 1~‘~~ and l/,;i 
were zero, implying that either the aromatic 
or olefinic moiety alone uxs adsorbed, but 
not t’he tlvo together. This is most likely a 
consequence of the presence of a strongly 
adsorbed inhibitor, p-xylem, which com- 

pet,ed for the catslytic surface. 
Hydrogen availability (i.e., high pa,‘- 

tial pressure) affects the observed degree 
of concerted muhistep vs nonconccrtc~d 
single-step behavior in an ethanol-KaOH 
solution. ,4s in the gas-phase studies, olcfinic 
hydrodechlorination is more hydrogen-pres- 
sure-dependent than aromatic hydrodc- 
chlorination. 
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