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The catalytic hydrodechlorination of a complex polychlorinated biphenyl (PCB) mixture 
was studied in a batch reactor using a 61% Ni on kieselguhr catalyst from 25 to 100°C at 50 atm 
of Hz. Ethanol was used as a solvent and NaOH as an acid acceptor. Aromatic hydrodechlorina- 
tion of chlorinated biphenyls is a consecutive single-step process; ortho-substituted chlorine is 
the least labile due to steric effects. In the reaction sequence below, ++i indicates a biphenyl 
molecule substituted with i chlorine atoms distributed over t.he two rings. First-order pseudo- 
homogeneous relative rate constants for the liquid phase study are noted: 

Similar behavior was observed in a gas-phase pulse microreactor over a series of 0.00, 0.05, 
0.10, and 0.35 wt% Pd on (~-Al203 catalysts at 220 & 5”C, 2.3 atm of H,, and space time of 
~10-2 set (based on HZ carrier gas flow rate). The corresponding values of the relative rate 
constants wele 1.0, 0.85, 0.50, 0.70, and 0.95. These values of relative rate constants pass 
through a minimum as a result of the combined influence of statistical and steric factors. 
Highly ortho-substituted materials cannot adsorb in a planar configuration. The relative first- 
order rate constant for ortho to (meta + para) hydrodechlolination (/c&c,,) = 0.52 for the 
nickel catalyst. Reaction behavior is consistent with the mechanism requiring adsorption of 
the benzene ring and charge delocalization at the aromatic chlorine: 

For hydrodechlorination, the carbon-chlorine double bond is regarded as 

the reactive species. 

INTRODUCTION p,p’-DDE (l,l-bis(p-chlorophenyl)-2,2-di- 

We have recently reported (1, 2) on 
chloroethylene) : 

the stoichiometry and kinetics of the gas- 
and liquid-phase hydrodechlorination of 

1 Present address : Mobil Research Corp., Prince- 
ton, N. J. 

In this study we present liquid-phase 

z Present address : Institute of Isotopes, Budapest, hydrodechlorination results on a related 
Hungary. high molecular weight class of compounds, 

3 To whom correspondence should be addressed. polychlorinated biphenyls (PCBs). The 
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reaction proceeds in ethanol in the presence 
of a KaOH acid accept’or. 

Gas-phase hydrodcchlorination of I’CB 
to completely hydrodechlorinated species 
has been described earlier (3, 4). Berg 
c>t al. (4) reported virtually quantitative 
hydrodechlorination of 1’CB at 1SO”C 
using 5% I’t or I’d on glass as a wtalyst. 
They established a tcchniquc for identifying 
I’CB in a mixture of organochlorine 
pesticides. Recently, an cxtcnsive rwiew 
of PCB chemistry has bwn published lj~r 
Hutzinger et al. (5). Other reviews of 
hydrodechlorination literature and asso- 
ciated mechanisms have hccn prcscntcd by 
us elsc\vhwc (1, 2, fi). 

The rwctant usrd in these studies was 
Monsanto Aroclor 1248, a clca.r, ViSCOUS 

Oil containing 487, chlorine by weight. 
This corresponds to an average of 3.92 
chlorine atoms per biphenyl mJhdC. 

Hydrogen and nitrogen (both > 99,9oj,) 
\vcre obtamad from Airco. The solvent 
used was absolute eth:LrlcJl, and the acid 
acceptor was SaOH (Baker wagcnt grade). 
The cat’alyst uwd was Girdlcr G49-A, 
61% ?r7i on kieselguhr with a Sz BET 
surface area of 10s m”/g. 

Reactions wre carried out in a Teflon- 
lined autoclave (Bcrghof GmBH) in a 
conventional system. A detailed descript,ion 
of the equipment, O~wrathg procedures 
used, and mass tzansfw charwtcristics is 
in (2). 

In the liquid-phase experiments of t’his 
study, 100 g of 2 wtyO Aroclor 1248 in 
ethanol was reacted at 50 atm of Hz 
pressure wit,h 200 mg of Girdler G49-A 
and with 110% of the ??aOH required to 
ncutralizc all HCl produced by cornplcte 
hydrodechlorination. The experirnmtx were 
conducted at 60, SO, 100, and 13O”C, 
respect’ively, and the reactor was sampled 
periodically. The pulse microreactor used 
for the gas-phase experiments was the 

inlet of a Perkin-Elmer Model 900 gas 
chromatograph. In t,he pulse experiments, 
differential beds of a series of 0.00, 0.05, 
0.10, and 0.35 wt% Pd on (u-Al203 catalysts 
(Girdler Catalyst Corp.) were used to 
obtain selectivity data at 220 f 5% and 
2.3 at.m of Hz pressure. ?iorrnal heptane 
~-as used as a solvent for the Aroclor 
1248. Space time was 0.01 WC based on 
H:! carrier gas flow rate. 

Gas c:liror~latograpliy- mass spwtroscopy 
((:C-MS) techniqurs ww usrd for identifi- 
cation and quantitative analysis of all w- 
actants and products. Analytical equipment 
included a Perkin-Elmer blodel 900 dual 
flame ionization det’ector (FID) gas chro- 
matograph interfaced with a DuPont 
21-491 doubh-focusing mass spectrometer. 
A CSI Model 208 automatic digital intc- 
grater was uwd for cluantitating FID 
output. Mass spectra wcrc recorded using 
a CSI 5-l 24A recording oscillograph. Molec- 
ular \v(.ight determination and structural 
inf(JrrYutiOr~ obtained from t’hc mass spectra 
of individual chromatographic peaks identi- 
fied reaction intermediates in the CcJInpkX 

systwl studicbd. The carbon-counting flame 
ionization detwtor gave quantitative con- 
version and rate data on a molt fraction 
basis. 

The linearity of the FID response was 
confirmed for both biphcnyl and Aroclor 
124s up to 0.3- and 0.15~mol levels, 
respectively, even t.hough column over- 
loading was observed at the largest sample 
sizes. Analysis of Aroclor 1248 react’ion 
products was carried out at t,he 0.076-pmol 
level, well within the linear range of the 
analysis. 

Reactants and products \vere separated 
on a 9-ft X .:-in. 3y0 OV-17 Chromo- 
sorb W-Hl’ column which could be operated 
up to 250°C without significant column 
bleed. A 6-ft X i-in. 3y0 SE-30 on Chromo- 
sorb W-HP column was used to rcproducc 
the results of Webb and McCall (7), who 
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used a lOO-ft X 0.02-in. SE-30 Scot Column 
for identification of individual PCB isomers. 

The mass spectra of a number of individ- 
ual isomeric chlorobiphenyls (PCBs) have 
been summarized by Safe and Hutzinger 
(8). In general, the electron ionization mass 
spectra of PCBs are characterized by 
intense molecular ions and elimination of 
two chlorine atoms from biphcnyl contain- 
ing two or more chlorine atoms per molc- 
cule. The primary ion mass spectra of 
isomcric species arc virtually identical 
except that highly o&o-substituted PCB 
gives more intense m/e-70 fragments. 

Figure 1 is an OV-17 chromatogram of 
the Aroclor 1248 with the number of 
chlorines per molecule identified by the 
observed molecular ions. Break points 
between groups of peaks containing the 
same number of chlorine atoms per molecule 
were selected accordingly, although some 
overlap was observed. Table 1 lists reten- 
tion time, number of chlorine atoms per 
molecule identified by GC-MS, and relative 
mole fraction of each peak in the Aroclor 
1248. The commonly accepted nomen- 

FIG. 1. Aroclor 1248 gas chromatogram. The 
numbers on ‘each peak indicate the number of Cl 
atoms per molecule. 

elat,ure for PCB is as follows: 

@-J& 
5 6 6’ 5’ 

It is the practice to name 2, 2’, 6, and 6’ 
positions as ortho ; 3, 3’, 5 and 5’ positions 
as meta ; and 4 and 4’ positions as para. 
The procedure of Webb et al. on SE-30 
gave isomer distributions for Aroclor 1248 
almost identical t’o the following total 
values that were obtained by us with 
OV-17 on t,he sample used for this work: 
o-chlorine, 1.68 ; m- + p-chlorine, 2.24 ; 
total chlorine, 3.92. The analysis shown in 
Table 1 and totaled in Table 2 corresponds 
to an average of 3.925 chlorine atoms/ 
molecule or an average molecular weight 
of 259.2 (C1~H6.0&1~.~~j) as compared 
to the 3.90 and 288 figures reported by 
Hutzinger (5). For convenience, we shall 
designate a biphenyl molecule substituted 
with i chlorine atoms as ++i. Table 2 
lists t’hc total number of PCB isomers, 
calculated by Smith (9), and the distribu- 
tion of the Aroclor 1248 used here. 

RESULTS 

Figure 2 is a plot of bhe relative mole 
fraction of each species +#Q vs chlorine 
conversion, X, for the liquid-phase Ni- 
catalyzed work. Chlorine conversion is 
used as an extent-of-reaction parameter 
and is defined as: 

i=O i=O 

where +pi = mole fraction of biphenyl 
species containing i chlorine atoms per 
molecule, and superscript o refers to the 
initial distribution. 

These observed selectivity data are 
described by a pseudohomogcneous con- 
secutive reaction scheme 
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TABLE 1 

Ardor 1248 GC-MS Analynis~ 

Retention Cl atoms 
time Per 
(min) molecule 

Mole 
fraction 

5.0 0 
6.8 C 

9.8 1 0.0009 
11.2 1 
11.3 1 

12.4 2 0.0015 
13.0 2 
13.5 2 0.0052 
13.8 2 

151 3 0.3025 
15.7 3 0.0658 
16.2 3 0.0021 
16.5 3 0.0099 
16.7 3 0.0144 
17.0 3 0.0054 
17.4 3 0.0993 
17.9 3 0.0422 
18.4 3 0.0177 

18.8 4 0.1768 
19.1 4 
20.0 4 0.0926 
20.4 4 0.0625 
20.9 4 0.0470 
21.3 4 0.1446 
21.8 4 0.0086 

22.3 5 0.0785 
22.6 5 0.0130 
23.1 5 0.0131 
23.4 5 c.0209 
23.7 5 0.0283 
24.4 5 0.0274 
25.0 5 0.0035 
25.7 5 0.0131 
26.1 5 0.0031 

a Column, 9 ft X & in, 3ry0 OV-17 on Chromosorb 
W; 30 mI/min of He; 122-250°C at 5”C/min. 

where each I?‘, is the product of an int’rinsic 
rate constant Iiii and an adsorption equilib- 
rium constant Ki. In the selectivity analysis 
to follow (in which rate constant ratios 
are used), any Langmuir-Hinshclwood 
surface t’erms that might be in the rate law 

will cancel, sinw, in this system, a11 species 
see the same surface. The set of first-order 
rcact,ion pat)h rxprcssions which dcscribc 
the system is as follows : 

a+4 A’43444 
~- = __- - 1 

(l&P: A.‘a4+$5 

wJ3 

( 

A.‘43&4 - hJ3*&#J3 
-__ = - 

&#% k’~4#x#G ) 

&42 

( 

k’3%#43 - k’ed~r 
--=- ___ 

(l&p2 Y54+$5 > 

MJ 1 k’d42 - k’lO&Pl 

&$5 =-( k’54+#ci ) 

(l440 li’lO&$l 
-- = - --- 

e#J5 k.‘64&$6 

The best fit was obtained with the following 
set of relative rate constants : 

k’J3 Id:,2 It’?, k’l0 
-~- 
k’s, i’< Ii';,4 ;I:, 

0.40 0.23 0.36 0.40 

The curves calculated by using this set 
of constant’s are superimposed on the data 
in Fig. 2. Since the data for the entire 
t’cmperature range fit a single reaction 
path for a given species, it can bc concluded 

TABLE 2 

PCB Isomers for Each Aroclor Homolog 

#4i No. of Aroclor 1248 
isomers mole fraction 

0 1 
1 3 0.0009 
2 12 0.0067 
3 24 0.2593 
4 42 OS21 
5 46 0.2009 
6 42 
7 24 
8 12 
9 3 

10 1 
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Chlorine Conversion X 

FIG. 2. Experimental dat,a and calculated reaction path? for Aroclor 124X hydrodechlorination 
over 6170 Ni on kieselgnhr at 50 atm of HZ and 60-130°C. 

that all activation cncrgics arc appros- 
imately equal using iSi. Figure 3 shows 
the effect of varying the value of a wlativc 
rate constant k’q~/k’~~ from 0.35 to 0.55 
on the computed reaction paths. The fit 
for li~‘4~/lc’~~ = 0.40 is sufficiently unique 

0 0.2 0.4 0.6 0.6 IO 

Chlortne Conversion X 

FIG. 3. Calculated reaction pat,hs showing the 
sensit,ivity of selectivit,ies to V4$. 

t,hat the absolute wror in any of the relative 
rate constants is probably less than f 0.05. 

Figure 4 shows that at 60, SO, and 100°C 
the reaction c>xhibits an induction period 
which WC havo found t!o bc characteristic 
of iva situ additional reduction of the 
as-rrccivcd prereduccd, stabilized G 49-A 
Ni catalyst (2). After this induct’ion period 
the curve is concave in nature. Note that 
the catalyst appcarcd to start to deactivate 
at 130°C and that thrre is no measurable 
induction period at 130°C. 

In the course of these stud& it was 
observed that within each group of PCR 
isomers containing t’he same number of 
chlorine atoms per molcculc, certain isomers 
were selectively produced and reacted. 

For example consider the three 1-chloro 
isomers. Figure 5 shows chromatograms 
of the monochloro isomers vs chlorine 
conversion at SO”C and 50 atm of Hz 
pressure using Ni. The relative amount of 
the ortho-substituted isomer to the meta- 
para isomers increases with chlorine con- 
version. The ratio of the partially separated 
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+ para-substitution alone. First-order rate 
expressions for the (ortho)O and (meta 
+ para)MP reactions are as follows: 

Cl0 
- = li,O 
de 

CllllP 

---- = 
k,,,,MP 

(10 

DividingTthese expressions-we obtain : 

(10 lC”0 
__ = __.-- 
dMP IL&P 

0 4 6 ,e 16 20 24 Integrating gives : 
Time (Hrs) 

FIG. 4. Experimentally observed Aroclor hydro- 
dechlorination kinetic behavior at 50 atm of Hz 
using 61% Ni on kieselguhr catalyst. 

meta and para isomers is approximat’ely log Fpi 

constant. Figures 6 and 7 are plots vs 
chlorine conversion of the relative fraction Figure S is a log-log plot of O/O0 vs 

of 2- and 2,2’-isomers to total ortho + meta MP/MPO that gives straight lines with 
+ para isomers for ++l and $42, respec- slope h/km,. Figure 8 shobv-srthat for the 
bively. In both cases the relative amount 60, SO, and 100°C experiments, the value 

of ortho-substituted mat’erial increases with of I?,/%,, = 0.52 while for the 130” cxperi- 

chlorine conversion, indicating that ortho- ment where catalyst deactivation occurred, 

substituted chlorine is less labile than 
meta- and para-substituted chlorine, which 
are similar in reactivity. 

To quantitate this behavior, we assume 
that any PCB mixture can be characterized 
by t’he degree of ortho- vs combined meta- 

FIG. 5. Distribution of 1-chloro PCB ortho and FIG. 6. The fraction of o&o to total (ortho 
meta-para isomers is a function of chlorine con- + me&z + para) isomers in monochlorobiphenyl 
version at. 50 stm of HI, 80°C. ex Aroclor 1248 increases with conversion. 
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Figure 9 is a plot of l’d on (r-A1203- 
catalyzed vapor-phase sclcctivity data ob- 
tained in the pulse microroactor. The 
curves arc calculated based on a consccu- 
tivc back-mixed model; and the c>quation 
set was modified accordingly. The values 
of the relative rate constants were : 

I-’ 6 43 it’,, I\.‘21 li'l,j 
-- -- 
k’& g jcrj4 F;; 

0.85 0.50 0.70 0.95 

O&o-substituted chlorine was also ob- 
served to be less reactive than meta-para 
in the pulse experiments over I’d on 
a-A1203. 

I>ISCURSION ANI) CONCLCSlONH 

Selectivity analysis has shown that 
aromatic hydrodcchlorination of I’CBs is 
a consecutive reaction prowss in which one 
chlorinr atom at a time is removed from 
the biphcnyl structure. Corwrtcd rcwt’ions 
in which mow than one chlorine is romoved 
without intermcdiatc desorption from t’hc 

X 
Chlorine Convers!on 

FIG. 7. The fraction of 2,2’-ortho to total (o&o+ 
meta $ para) isomers in dichlorobiphenyl ex Aroclor 
1248 increases with conversion. 

FIG. 8. The fir&order rate constant ratio for 
total ortho to total (VI f p) isomers is k,/k.,, = 0.52 
from A0 to 100°C. 

catalyst do not nppwr to occur. In liquid- 
phase DDE stud& (2) concortcd removal 
of aromatic and nlofinic chlorine was 
obwrvcd. The fact that the sclwtivitirs 
(of spccics lumped by number of chlorine 
atoms per molt $4;) arc dcacribcd by 
pscudohomogc~tlc~ous first-order oxprcssions 

Chlorine Convsrrion X 

FIG. 9. Experimental data and calculated reaction 
paths for vapor-phase Aroclor 1248 hydrode- 
chlorination over Pd on ~A1203 at 2.3 atm of 
Hz and 220 f 5°C (pulse microreactor). 
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indiwtcs that the absolute kinrt’ics arc of 

the Langmuir--Hinshel\~nod type. The lack 
of tcxmperature dcpcndencc of relative 
rate constants suggest’s the swmc activation 
cncrgy for removal of a chlorine: atom from 
any of the +$i. 

In doscribing the kin&s of 1u111pcd 
species, I,uss (10) strossw the importnncc 
of avoiding aggregation of spcciw with 
widely different kin&c behavior. In our 
studiw where thr: constants for orlho 
compounds ditfcrcd from mefa-pwru by :t 
factor of about 2, the behavior of a lumped 
spccicks +$i could st,ill bc drscribcd by :t 
single first-order relative rate constant over 
the complctc conversion range (Fig. 2) 
indicating that lumping in t’his manner did 
not introduce swious error in th(t v:~luos of 
the l~‘;j valws obt,aincd in thwcb stud&. 
The fact that the V:I~UPS of k’;j ~:MS through 
through a minimum for the Xi on Al,O,- 
cat:tlyz(~d liquid ph:w rwrtioll, 

1.0 0.40 0:x8 
94;-4c1--+wJs- 

o.:oi 0.40 
44Y - 441- d&h 

is not, however, cxpwtc~d. 
Similar behavior was obwrwd in t,hc 

Pd-A1203-catalyzed gas-phase hydrodcchlo- 
rination of PC& whrrc thr corwsponding 
values were 

0.70 0.0s 
+#Q - d41 - MO. 

Based on statistical considerations alone, 
one would expect the values of the relative 
rate constants to decrease monotonically as 
the number of chlorine atoms per molecule 
decreases. Each l<‘ii is t’he product h-iiKi, 
and we believe the more highly chlorinated 
species are more strongly adsorbed. This 
could in principle cause the values of li’+ 
to decrease with chlorine number even 
more rapidly than the statistical prob- 
abilities. 

In t’he case of DDE (1, .2), the hgdrodc- 
chlorination reaction behavior of the aro- 
matic moiety was justified on the basis 
that adsorption of the benzene ring is 
ncwssary for charge dclocalization : 

A carbon-chlorine double bond forms, and 
this is actually the rcact’ive sprcies: 

This has also been involved in explanations 
of carlier work on hydrodcchlorination of 
dichloroethylcncs (6). 

Hutzingrr (5) statw t,h:it “there is 
considerable stcric hindrance to rotation 
with ortho substituted biphenyl moieties 
and in addition t,his steric cffwt also 
l)rcvc>nts coplanarit~y b~%wccw the two 
phmyl rings.” Such a configuration prc- 
f(wnti:tlly limits the :WPSS of ortho- 
subst,itutcd chlorine, to a planar surface and 
thcrcby explains thn reduced activity of 
ortho-substitutcbd chlorine which n-c have 
c~xpcrimmtally obscrwd. Hnwvcr, as 
hydrodcchlorination procwds, the number 
of &ho-subst,itutcd chlorinw per molecule 
also dccrrascs, oven though the proport’ion 
increasrs. This allows for a more planar 
configuration to exist and then be adsorbed. 
WC> believe this reduction of steric inter- 
ference accounts for the increased reac- 
tivity of the more highly dechlorinated 
biphenyls. 
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