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The catalytic hydrodechlorination of 1% solutions in xylene of 1, I-bis (p-chlorophenyl)-2,2- 
dichloroethylene (p,p’-DDE) and the corresponding ethane (p,p’-I>l)l>) were studied in a 
cont,inuous gas-phase reactor over a prereduced 0.35-wt’% Pd on ~A1203 catalyst at 170-23O”C, 
40-670 Torr of H2. Reaction stoichiometry for DDE was a network characterized either by the 
addition of one HP to remove one aromatic chlorine at a time or by addition of 3Hz, resulting 
in removal of two olefinic chlorines and olefin saturation. This latt,er process proceeds without 
measurable desorption of intermediates such as substituted et,hylidene dichlorides, vinyl- 
chlorides, ethylchlorides, or ethylenes. 

c1$+c~cl- 

&I 

:;;A, Cl&$x1 

I 2 

1 ‘H3 

+Ht -HCl 

I 

+IIz -HO 

I 

H+- 
+3H2 

*Cl= H&&l 

&I 2 t ‘& 

+Hr -HCl 
I 

+H2 -HCI 
I 

Olefinic hydrocechlorination is a precursor to hydrogenation of the dechlorinated olefin. Selec- 
tivity analyses by reaction pat)h methods established relative react,ion rat,es for each step. The 
reactions were first order in hydrogen for aromatic hydrodechlorination. Rate data were fit ted 
by Langmuir-Hinshelwood kinetics, in which xylene inhibits the surface reaction. 

1NTROl)UCTION in both gas and liquid phases. The most 

There have been studies on the catalytic commonly used catalyst’s arc supported 

hydrodcchlorination of chlorinated organics group VIII metals. Weiss and Krieger (1) 

by the general reaction studied the gas-phase hydrodechlorination 

R-Cl + Hz = R-H + HCl 
of cis- and trans-dichlorocthylencs and vinyl 
chloride over a I3 on q-Al203 catalyst. 

1 Present address : Mobil Research Corp., Prince- Kammcrer et al. (2) and Horner et al. (3) 

ton, New Jersey. studied the hydrogcnolysis in liquid phase 
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of aromatic and aliphatic halogens, respcc- by molecular hydrogen addition to the 
tivcly, in the presence of Raney nickel and carbon-carbon bond of one form, and hy- 
alkali. These studies established that pri- drodechlorination by proton addition to the 
mary and secondary monochloroalkanes carbon-chlorine bond of the other form. 
were essentially nonreactive, vicinal satu- The catalyst was regarded as a device to 
rated dichloro compounds reacted slowly, stabilize the charge distribution of the 
and compounds with chlorine adjacent to resonating molecule. The double-bond char- 
a double or triple bond reacted readily. acter of the carbon-chlorine bond is mani- 
Kraus and Bazant (4) studied the hydro- fested by C-Cl shortening in olefinic and 
dechlorination of a series of substituted aromatic chlorides. The double-bond char- 
chlorobenzenes both over I’d on carbon acter of olefinic chlorides and dichlorides 
catalyst in the vapor phase and by using was calculated by Pauling (6) to be lS%, 
sodium aluminum hydride in the liquid based on the olefinic chloride C-Cl bond 
phase. They correlated rate data using the length of 1.69 A. This is compared to a 
Hammett equation. 1.76-A C-Cl bond length in aliphatic chlo- 

It is found in hydrodechlorination that rides. Both Morrison and Boyd (7) and 
aromatic and olefinic chlorines are highly Gould (8) discuss in their texts the justi- 
reactive and that aliphatic chlorine is es- fication for and the nature of the carbon- 
sentially nonreactive. Such observations chlorine bond double-bond concept. 
are the opposite of the usual rules in organic The carbon-chlorine double bond ex- 
chemistry, where aliphatic chlorides are plains the nonreactivity of aryl and vinyl 
found to be highly reactive and olcfinic and halides in nuclcophilic substitution. The 
aromatic chlorides are relatively unreactive. resonance structures for chlorobenzcne in- 

Coulson (5) suggested that olefinic and 
aromatic carbon-chlorine bonds acquire a 
distinct double-bond character as the chlo- 
rine atom loses II electrons due to reso- 
nance, as illustrated in the case of vinyl 
chloride : 

HH HH 
volve a II electron system having seven 
atoms. Nucleophilic attack (e.g., OH-) . . . . . . . . . . . . 

H:C::C:Cl: +-+H:C:C::Cl: gives 
. . 

0 0 

To explain hydrodechlorination reactions, 
a mechanism was proposed by Weiss and 
Krieger in which it was assumed that 
olefinic chlorides are adsorbed on the cata- and the II electron system involves only five 
lyst as stabilized resonance forms, best atoms. Therefore this process is unfavora- 
represented as structures containing either ble. Note again that these results are re- 

\c-Z-Cl 
versed for catalytic hydrodechlorination. 

‘I I In this work the hydrodechlorination of 
l I) DDE and DDD was studied as part of an 

or Environmental Protection Agency-spon- 

\O H 0 sored program on the “Catalytic Conver- 
C-C-Cl 

’ !? 
sion of Hazardous and Toxic Chemicals” 
(EPA Contract R 802-857-01) (9). The 

Hydrogenation was postulated to proceed system studied simulated the gas-phase, 
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CONTINUOUS FLOW REACTOR 

GAS TIGHT SYRINGE 
SYRINGE DRIVE 

CAPILLARY 

nEATED GROUND 
GLASS JOINT 

U-TUBE RECEIVER 

FIG. 1. Continuous flow back-mixed reaction system. Note that joint between reactor 
product receiver was heated to prevent, product condensation before the receiver. 

and 

low-pressure, continuous-flow detoxifica- 
tion reaction of DDT solut.ion in xylene 
that would be obtained by solvent extrac- 
tion from formulated insecticides. 

Pd was chosen as the active component 
since it is known (10) that Pd is the most 
active hydrodechlorination catalyst, while 
being relatively inactive for aromat,ic hy- 
drogenation(11) and hydrogenolysis (12). 
a-AlnO, was chosen as the support to mini- 
mize pore diffusion effects. The average 
pore diameter for this support is reported 
(15) to be in the range of 2.0 to 0.5 pm. 

MATERIALS AND METHODS 

Hydrogen and helium (both >99.9%) 
used for this work were obtained from 
Airco and American Industrial & Medical 
Products, Inc., respectively. Hydrogen was 
passed over Pd Deoxo catalyst to remove 
traces of oxygen. Water and CO2 present 
in the gas streams were removed by a 
Drierite/Ascarite bed. p-Xylene (Aldrich 
Spectra Grade) was used as a solvent for 
the reactants. DDD (Chem Service CP 
Grade) and DDE prepared by dehydro- 
chorination by NaOH reaction with DDT 

(Montrose Technical Grade) were used as 
reactants. Both reactants had a chromato- 
graphic purity of > 99%. The catalyst used 
was Girdler 7573-S 0.35-m&a/, Pd on a-A1203 
with a nitrogen BET surface area of 9.6 
m2/g. 

Figure 1 is a diagram of the continuous 
reaction system used for this study. Sets 
of experiment’s were performed where (i) 
hydrogen partial pressures were adjusted 
by varying the hydrogen to helium ratio at 
constant total gas and liquid flow rate, (ii) 
DDE partial pressures were adjusted by 
varying the liquid feed rate from 0.02 to 
0.11 ml/min at a fixed gas flow rate, and 
(iii) space time2 was adjusted by varying 
total gas flow rate from 30 to 60 standard 
cc/min. The reactant solutions were 
pumped by a Harvard Apparatus compact 
infusion pump equipped with a 50-ml 
Hamilton gas-tight syringe. The reactor was 
fabricated from 6-mm-i.d. Pyrex tubing 
mounted vertically in an electric furnace. 
Heating tape was wrapped on each end of 
the reactor to give individual control of the 

2 Space times were calculat,ed assuming ideal gas 
behavior at 0°C and 1 atm of total pressure. 
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feed vaporization and product, collection 
tempcraturcs. The &-in.-diamctcr Teflon 
feed line from the syringe extended into bhc 
reactor t’o a point where it was isothermal 
with the catalyst to avoid DDE deposition 
on the reactor walls. Catalyst beds, typi- 
cally 1 to 3 mm long containing 20-30 mg of 
60- to 80-mesh cat’alyst, wcrc’ positionrd in 
the isothermal zone of the furnace and re- 
taintd by plugs of Pyrex wool. The product 
stream was collected in a 0°C cold trap con- 

nected t’o the outlet of the reactor by a 
heated ground-glass joint. This arrangr- 
ment was needed to remove the total prod- 
uct solution without loss due to crystalliza- 
tion before the product receiver. 

Four diff ercnt catalyst charges w(‘rc used 
for the DDE cxpcriments. Each catalyst 
was reduced for at least 2 hr at 200°C in 
flowing hydrogen. Stable activity was ob- 
taincd approximately 10 hr after the liquid 
feed (170/, DDE in p-xylcne) was intro- 
duced. Initial sclectivitics were similar to 
those observed over the stable catalyst. 
Each catalyst was used for 3-4 days. Each 
day one process variable was investigated. 
The catalyst was purged with hydrogen 
between each day’s experiment. 

Aging studies showed that activity loss 
as measured by decrease in total chlorine 
conversion was <2% per day. Carbona- 
ccous deposit’s on the catalyst were not ob- 
served, nor wcrc high-boiling oligomcriza- 
tion products. 

Analysis 

GC-MS techniques provided quantita- 
tivc identification of all rcact’ants and 
products. The equipment used was a 
Perkin-Elmer 900 dual F. I. D. gas chro- 
matograph interfaced with a dul’ont 21-491 
double-focusing mass spectrometer. Chro- 
matographic separations were carried out 
on a 3-m X *-in. 3y0 OV-17 on 80- to lOO- 
mesh Chromasorb W (HP) column. Helium 
flow rate was 30 ml/min, and the column 
was temperature-programmed from 152 to 
250°C at 5”C/min. Data reduction was 

carried out on a Columbia Scicntilic Indus- 
trials CSI-20s aut,omatic digital integrator. 
Analysis of the liquid product showed that 
neither hydrogcnat,ion, dcalkylation, nor 
cracking of the solvent, p-xylcne, occurred 
and that recovery of l,l-diphcnylcthanc/ 
ethylene nuclei was quantitative. Within 
the limit of expnrimcntul error, the volume 
of reactant solution delivcrcd equaled that 
of the product. solution rcccivcd. Details of 
the analysis arc included in the final report 
for this project, submitted to the Environ- 
mental Agency (9). 

Mass Transj’er Characteristics 

Based on correlations by Wilkc and Let 
(14,15) and using the calculation procedure 
of Sattcrfield (16) both the bulk and cffec- 
tive pore diffusivities of DDE were calcu- 
lated. Using the criterion of Weisz and 
Pratcr (I?‘), it was determined that DDE 
reaction rat’es were two orders of magnitude 
lower than those required for the onset of 
pore diffusion limitations (mainly as a con- 
scquencc of the low-surface-area catalyst 
used). Calculation of the dcgrec of disper- 
sion (18) in the reactor showed the react,or 
to be essentially back-mixed by diffusion. 
Selcchivity analyses using both back-mixed 
and plug flow models were tested, and 
selectivity dat’a from low to high conversion 
could only be fitted with t,hc back-mixed 
model. 

RISSULTS 

Five major DDE hydrodechlorination 
products were obscrvcd, i.e., l,l-diphenyl- 
cthane, 

H+-&H, 
I 

(1) 

CH3 

1-p-chlorophcnyl-1-phenylethane, 

H 
Cl+C-+H, 

I 
CH3 

(11) 
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l,l-bis(p-chlorophenyl)-cthane, 

H 
Cll#J-c-r#JCl, 

I 
CHs 

(III) 

l,l-diphenyl-2,2-dichloroethylene, 

H+C-4H, (IV) 

!Cl 2 

and 1-p-chlorophenyl-1-phenyl-2,2-dichlo- 
roethylene, 

Cl+C-$H. W) 

lC1 2 

Only minor amounts of diphenylethylencs 
containing 0, 1, and 2 aromatic chlorines 
were observed at low conversions. 2-Chloro- 
l,l-diphenylethylenes-ethanes were not 
observed. 

Chlorine conversion was used as an 
extent of reaction paramet’er and is defined 
as (4 - d)/4, where r#~ = Ct=, h(Clh), 4 = 
initial number of chlorine atoms per mole- 
cule of rractant, h = number of chlorine 
at,oms per molrcule of product and uncon- 
verted reactant, and Clh = rclat’ive mole 
fraction of compounds with h chlorine 
atoms per molecule. Figures 2 and 3 are 
typical selectivity plots (product distribu- 
tion vs chlorine conversion) for DDE and 
DDD hydrodcchlorination, respectively. 
These results were obtained at 2OO”C, PHp 
of 580 f 90 Torr and from 0.0244 to 0.0609 
sec. Plots of selectivit!y data obtained at 
other experimental conditions showed simi- 
lar behavior and correlation to calculated 
reaction paths (as discussed later). 

Compounds V and III are bot,h initial 
DDE react’ion products, i.e. : 

Cl+-C-&l (VI) 

lC1 

s Cl+$Cl (III) 

2 CHI 

-HCl +Hz 

I 
H+C-&l (V) 

Similar behavior is observed with DDD, i.e. ; 

Cl&c$Cl (VII) 
I 

5 Cl&&l (III) 

CHCl2 CHs 

-HCI +Hz 

1 

H+&Cl (VIII) 
I 
CHCl2 

(1) 

(2) 

In both cases aromatic hydrodechlorination not observed under these conditions. Oli- 
proceeds in parallel with removal of the gomerization and ring saturation side reac- 
two olefinic/aliphatic chlorines. Simultane- tions were not observed in products. 
ous removal of both aromatic chlorines or Hydrogenation of DDE to DDD was not 
aromatic and olefinic/aliphatic chlorine was observed, which indicates t’hat olefinic 
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hydrodcchlorination is a precursor to hydrogenation of the dcchlorinat’ed olcfin. 
Based on the observed stepwise removal of aromatic chlorine and the parallel removal 

of olefinic chlorine the following network described the stoichiometry for DDE 
hydrodechlorination : 

Cl+C-@Cl (VI) 

lc1 

5 Cl+$Cl (III) 

2 CHs 

+HP -HCl +Hz -HCl 

1 ii 

H$-C-&I (V) s H$-C-@31 (II) 

1Cl 
I 

2 CHs 

(3) 

+Hs -HCI 

I 

+Hz -HCI 

i 

H$-;-4H (IV) G H+JH (1) 

Cc12 

In the absence of adsorption-desorption 
and pore diffusion disguises discussed by 
Wei (19), the catalytic selectivities ob- 
served in a coupled reaction system can 

I .o 
ODE eoo*c ’ 

I 
5SO+90 Torr H, 

Chlorine Conversion 

FIG. 2. DDE hydrodechlorination selectivity at 
200°C and 580 f 90 Tom. Lines were calculated 
based on the relative rate constants indicated on the 
reart,ion network. 

CH3 

usually be described by a system of relative 
first-order equations. A detailed discussion 
has been presented by Beranek (20). How- 
ever, it may be necessary to describe the 
absolute rate of react’ion of any one species 
by a functionality that is quite different. 
This type of behavior is the consequence 
of the system’s obeying Langmuir-type 
rate expressions consisting of first-order 
functionality in the numerator and a 
surface term in the denominator, which is 
common to each rate expression. 

In these studies the rate of each unidirec- 
tional hydrodechlorination step i --t j is of 
the form 

kijKiPiPf"Iy" 
rij = (1 + zKipi) b' (4) 

where Lij = intrinsic rate constant to react 
from species i to species j, Ki = adsorption 
equilibrium constant for species i in the 
system (including nonreactants), n or m = 
order in Hz for aromatic and olefinic chlo- 
rine removal, respectively, b = an expo- 
nent, and Pi = gas phase partial pressure 
of species i. All experiments reported here 
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wre conductc>d at constant pressure and 
in a large cxccss of hydrogc>n so that tho 

Gf ‘IL t’erms were cff ectivcly constant. 
Therefore each group kijKiPk%” may 1)~ 
lumped into a first-order pscwdohomogcn+ 
ous rate constant L’ij. Since thr surface is 
identical for all spwiw, the surface terms 
(1 + C KiPi)b will caner1 when rates arc’ 
divided and relative rate constant’s for a 
sclrctivity network arc calculated. 

The reaction network for DDE, 

WI) a (III) 

V65 FL’S? 

I 

(7) 

k’a? I”)) (5) 

I”;’ 
( hJSl 

(IV) A CA 

is then described by the following set of 
relative rate expressions (Eqs. 6-lo), where 
T*i in this back-mixed system is t’hc mca- 
sured rate of production of species i (ri) 
divided by the measured rate of conversion 
of species VI, DDE (-rv~). For clarity, 
Roman numerals are used for production 
rates and partial prcssurcs of species, and 
arabic numerals for constant’s for reaction 
from specirs i to j. 

TIII 

7*111 = --- = 

-rv1 

01 
y”*II = __ = 

-TV1 

VG5PVI - w54 + k’52)Pv 

(k’s5 + k’sdhr 

(6) 

(k’s5 + k’sdPv1 ’ ’ 

ld63PVI - k’dII1 

(k’s5 + k’63)PVI 

(8 

k’32PIII + k’szPv - k’ZlPII 

(k’s5 + k’SS)I’VI 
(9) 

f-1 ~‘A’II + k’dw 
r*I = __ = (10) 

-WI (k’6b + k’dPv1 . 

In order to establish t,hr rclativc rate 

1 .o 

0.6 

0 
0 0. I 0.2 0.3 04 05 

Chlorine ConversIon 

FIG. 3. DDD hydrodechlorination reaction selec- 
bivit,y at 200°C and 580 f 90 Torr. Relative rate 
constants were calculated based on the slopes of the 
lines drawn. 

constants, the normalization is made that. 
(kls5 + /c’~~) = 1. Defining relative partial 
prcssurc p*i as Pi/PvI, Eqs. 6 t’o 10 are 
linearized. Rclativc rates can be plotted vs 
appropriate relative concentrations. Em- 
pirically fitted slopes and intercepts estab- 
lished the relative rate constants, which 
are the pseudohomogeneous rate cons&& 
hJij = K;k$‘;;” where n. and m are the 
orders in hydrogen for aromatic and olefinic 
chlorine removal, rcspcctiwly. This is done 
in Fig. 4. 

Since the amounts of species IV wcrp so 
small, t,hc values of /<‘Al and of the ratio 
k’jJk’g4 were estimated by empirically 
fitt,ing the observed selectivity data for 
DDE in Fig. 2. 

These relative rat,e constant values were 
then used to calculate the selectivity curws 
drawn in Fig. 2. Adjustments of the order 
of f0.02 to values determined from Fig. 4 
were required to obtain t#he rxcellrnt fit. of 
the cxpcrimcntal data srcn in Fig. 2. The 
valws of t’he constants wrc dctcrmined in 
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FIG. 4. Measured relative rates of production of the indicated species plotted against relative 
partial pressures provide the basis for estimating DDE relative rate constants. 

this way for several different experimental 
conditions and are listed in Table 1. 

The data in Table 1 show that the rela- 
tive rate of olefinic to aromatic hydrode- 
chlorination, Vs3/KB5, is relatively insensi- 
tive to temperature over the range 170 to 
230°C at 580 f 90 Torr of Hz, indicating 
similar activation energies for both reac- 
tions. However, this ratio is a function of 
PHI, since the ratio k’s3/k’c5 is proportional 
to pz,/p;,, where n and m are the hy- 
drogen orders for olefinic and aromatic hy- 
drodechlorination, respectively. The slope 
of a log-log plot of k’63/k’~j vs PHI equals 
(n, - m). Figure 5 shows that (7~ - m) 
= 0.5, or the olefinic reaction is 0.5 order 

more hydrogen dependent than the aro- 
matic reaction. Table 1 also shows that the 
aromatic hydrodechlorination reaction is 
retarded by removal of olefinic chlorine by 
comparing the values of k’66 and k’a2. 

A number of DDE reaction rate expres- 
sions of the type 

where subscripts a and o refer to aromatic 
and olefinic hydrodechlorination of DDE, 
respectively, were evaluated; e.g., x = 0, 
0.5; y = 0, 1; and z = 0, 1, 2. The best 
results were obtained with the following 

TABLE 1 

Pseudohomogeneous Relative Rate Constants 

Temper- 
ature (“C) 

PH, (Torr) 

200 170 230 

60 f 20 140 f 30 580 f 90 580 f 90 580 f 90 

k’as 0.63 0.44 0.28 0.28 0.34 
k’o3 0.37 0.56 0.72 0.72 0.66 
R’s4 0.17 0.15 0.08 -(I 0.18 
R’s2 0.59 0.55 0.30 0.32 0.22 
k’a1 -a 0.46 -a -a 0.29 
k’s* 0.12 0.32 0.22 0.02 0.23 
k’21 -0 0.09 0.06 -(I 0.03 

a Insufficient data to give accurate estimate. 
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IO / , , / , , , , I Ill111~ no effect on relative rates and hence selcc- 
tivities. This is because, as already noted, 

slope=o.5 surface terms in rate expressions cancel 

H’ 
when the equations are divided. However, 
this point was not experimentally tested 

-z 

z 7 

/- by operating in the absence of solvent. 
10 a 1 -x 1.0 - From the select’ivity analysis 

: A----+ k’66 IC~~Kpg 0.2s 
---=-- 

,.I - L 63 kS3KGPHI 0.72 

at 580 Torr of Hz. Therefore, the ratio of the 
0.1. “:11111 I I111111 

20 100 1000 intrinsic rate constant may be calculated: 

l’+ Torr 

FIG. 5. Olefinic hydrodechlorination and satura- 
tion is 0.5 order more pressure dependent t.han 
aromatic hydrodechlorination at 200°C. 

functionality 

as shown in Fig. 6. 
This behavior suggests that both the 

aromatic and olefinic reactions are bimo- 
lecular surface reactions, where the surface 
term (1 + KiPi)' is dominated by the 
Kxy~enePxylene term. 

It should be noted that even though the 
effect of the xylene solvent on absolute 
rate is profound, in principle it should exert 

- = 9 4 Torr”.5 
k’63 . 

This value compares favorably to that 
obtained from the absolute rate data for 
the ratio of aromat.ic to olefinic hydrode- 
chlorinat,ion : 

k, 0.233 
- ~ = 10.5 Torr”.5 

K- 0.0221 

Figure 3 is a plot of the DDD selectivity 
data. These result’s were obtained at 2OO”C, 
580 f 90 Torr, and space times from 0.0582 
to 0.0674 sec. At PHI = 671 Torr, PDDD 
= 0.295 Torr, and Pxylene = 88.3 Torr, the 
DDD reaction rate was 6.73 X lo+ mol/ 
cm3 of catalyst min vs DDE reaction rate 

FIG. 6. Determination of the absolute kinet,ics for DI)E hydrodechlorination at, 200°C over 
0.3594 Pd on 01-A1203. 
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of 16.ri X 1OP at identical conditions. DDE are removed first and then the ethyl- 
DDD is much less reactive than DDE, ene group is saturated to ethanc. 
mainly because at these conditions the Xote in Fig. 3 that there are unidentified 

saturated aliphatic chlorines react at only trace species indicated, which are consecu- 

half the rate that the aromatic chlorine tive reaction products of species III and 

does. That is, Ic173/Ic178 = 0.33/0.67. The VIII. The pseudohomogeneous rate con- 

first step for DDE at these conditions is stant ratios were dctcrmined graphically 

k’a3/k’gj = 0.72/0.28. This behavior illus- from the data in Fig. 3. 

trates that aliphatic chlorine reacts far 
Since DDT dehydrochlorinatcs almost 

slower than olefinic chlorine. As in the case 
immediately to DDE, these DDE results 

of DDE, the chlorines are removed from 
are applicable to DDT hydrodechlorina- 

the aromatic nuclei more slowly when 
tion. In pulse microreactor experiments 
(9) it was observed that thermal dchydro- 

there is no olefin present. The DDD results chlorination of DDE commenced at space 
substantiate that the olefinic chlorides on times on the order of 0.01 SW at 190°C: 

The DDT dehydrochlorination reaction is 
also catalyzed by cr-A1203, so that complete 
conversion of DDT to DDE was obtained 
at a space time of 0.01 set and 220°C in the 
presence of (u-A1203. 

DISCUS8ION 

In earlier work on carbon tetrachloride 
(21), it was observed that hydrodechlorina- 
tion proceeded as two parallel reactions : 

It was shown that this was not because of 
intermediates not desorbing. The expected 
intermediates CHCL, CH2C12, and CHIC1 
showed no reactivity at the same condi- 
tions. It was concluded that the addition 
of 4H, to CC14 proceeded as one “concerted” 
set of events on the catalyst. 

This type of behavior is seen in the DDE 
reaction network. Reaction with 3Hz occurs 
with no intermediate obscrvcd. It is clear 

from the low relative reactivity with DDD 

\ 
that -CHCHCl, is not a particularly re- 
active intermediate. The behavior of DDE 
is analogous to CCL, in that the ‘(con- 
certed” behavior again is not explained by 
strong adsorption of intermediates. 

The observed products of DDE hydro- 
dechlorination provide some insight as to 
the adsorbed states of DDE. In these 
studies, removal of aromatic and olefinic 
chlorine by separate routes is obscrvcd, 
indicating that there are two types of ad- 
sorbed states for DDE. One involves ad- 
sorption of an aromatic moiety and the 
other adsorption of the olcfinic moiety. 
This behavior may also be influenced by 
the relatively large amount of adsorbed 
xylene which might not allow the whole 
DDE molecule to be adsorbed in a planar 
configuration. 

The resonance forms and adsorbed con- 
figurations of DDE can be postulated by 
analogy with chlorobcnzcne and vinyl 
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chloride : 

Moycs and Wells (.22) review deuterium 
exchange reactions of benzene. Both dis- 
sociative and addition-abstraction mecha- 
nisms for deuterium exchange arc rcversiblc 
processes. Hydrodechlorination is irrevcrsi- 
ble. Since, as noted, neither chlorine 
exchange nor deuterium exchange on the 
ring occurs, exchange reaction mechanisms 
cannot be invoked for hydrodechlorination. 
Kraus and Bazant (4) show that the hydro- 
dechlorination reaction of chlorobenzene is 
accelerated by substituents that withdraw 
electrons from the ring. This can be inter- 
preted as the ability of electron withdraw- 
ing groups to stabilize the carbon-chlorine 
double bond. They also observed 110 dispro- 
portionation between bromobenzene and 
in-chlorotoluene at high hydrodechlorina- 
tion conversion, indicating that adsorption 

was not dissociative. Also when p-chloro- 
t’oluenc was reacted wit,h Dz, only p-deu- 
terotolucne was observed, suggesting inter- 
act’ion t’hrough the chloro substituent, not 
t,hc ring. 

Aromatic hydrodechlorination of DDE 
is most likely characterized by addit,ion of 
dissociated hydrogen, as suggested by the 
observed 0.5 order hydrogen dependence. 
Weiss and Krieger (I), as well as Kraus 
and Bazant (4), concluded that the dis- 
sociated hydrogen was in the form of pro- 
tons. These latter also justified the presence 
of hydride ion and cite rcfcrenccs for the 
existence of hydridic species on Group VIII 
metals. On the basis of such considerations, 
the mechanism for aromatic chlorine hydro- 
dechlorination is that first, a 1-2 diadsorbed 
species is formed, 

/* 7 I”-- 
(/ \ -c,+ce, I/ 
i -:i i /kCl@-,O s; \-J”‘“, 

I I 
II l 

which is attached by a hydride ion, 

ci 0 + 0 :I? - t HCI + : 
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giving rise to an adsorbed phcnyl radical 
which combines rapidly with a proton: 

0 / P.+HQ- Cl 1 \+2i - 
I I t I 

Kraus and Bazant show that aromatic ex- 
change with deuterium does not occur, 
indicating little interaction between the 
ring and the surface. 

‘;’ H 

@>-C.+H@-- ‘c - c’ 
I I ‘I I’H 
: :, L 1 

The adsorbed ethylene radical readily re- 
acts, and since it is already adsorbed and 
is itself an adsorbed olefin, it readily hydro- 
genates to ethane. Hence no ethylene is ob- 
served in the bulk phase. 

By comparison, relatively unreacting 
aliphatic chlorides must undergo dissocia- 
tive adsorption, and a radical type mecha- 
nism, e.g., 

CH,-CHzCl + 2” --+ CH,-CHz + Cl, 

L ! 

must be the rate-controlling step. 

CONCLUSIONS 

The results of the DDE reaction study 
clearly show that the same reactivity be- 
havior for hydrodechlorination exists on 
one polychlorinated molecule with different 
types of chlorine bonding as on separate 
different molecules with these same types. 
Olefinic and aromatic chlorines are hydro- 
dechlorinated readily, aliphatic chlorines 
only with difficulty. The relative rate of 
olefinic to aromatic chlorine removal from 
DDE increases with hydrogen partial prcs- 

sure from 0.37/0.28 at 60 Torr to 0.72/0.28 
at 580 Torr. 

Because of charge delocalixation to 
form a carbon-chlorine double bond 

1’1’ 
0 :C-C=Cl 0, both chlorine atoms of 

/ 
DDE adsorbed at the olefin group are rc- 
acted away, and only then is <he adsorbed 
olefin rapidly hydrogenated. Thus, “con- 
certed” behavior, in which three hydrogen 
molecules react with DDE in one step, is 
observed. This is identical to concerted 
behavior reported for CCL, which reacts in 
a single adsorbed step to CH4, even though 
intermediate species CHC13, CH&12, and 
CH$l are almost unreactive. 

Because of the multiplicity of reaction 
sites on a molecule with four chlorine atoms 
such as DDE, the entire reaction sequence 
to produce a chlorine-free biphenylethane 
must follow a network of concerted steps 
for olefinic chlorine removal and single 
steps for aromatic chlorine removal. This 
network was established quantitatively in 
the selectivity analysis of the system. The 
separate experiments with DDD, a l,l-di- 
chloroethane, confirmed that the process 
proceeds with DDE, a l,l-dichloroethylene, 
first by chlorine removal. Only then does the 
olcfin hydrogenate. 
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