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Activat,ed cane sugar carbons with and without impregnated BaClt have been used as 
catalysts in the vapor phase dehydrochlorination of 1,2-dichloroethane to vinyl chloride. 
Differences in BET areas determined with Ng and 1,Bdichloroethane as adsorbates, the decrease 
in catalytic activity, changes in isotherm shape, and changes in surface texture of these catalysts 
during the course of this reaction have been recorded. These changes are interpreted in terms 
of the uniform crustation of a micropore and “ink-bottle” type of pore system, the nascence 
of new larger pores, and a pore-unblocking mechanism. 

INTRODUCTION EXPERIMENTAL 

It has been shown that the dehydro- 
chlorination of 1,2-dichloroethanc (DCE) 
on a carbon catalyst involves the decom- 
position of an adsorbed activated DCE 
complex into vinyl chloride (VC) and 
hydrochloric acid (1). However, the in- 
dustrial application of this decomposition 
is hindered by a rapid decrease in catalytic 
activity. In the present work an attempt is 
made to follow through and interpret the 
deactivation and textural changes of acti- 
vated cane sugar carbons, with and without 
impregnated BaC12, during the course of 
this heterogeneous reaction. Such textural 
changes have been deduced from the Nz 
adsorption isotherms at -195’C on the 
carbon catalysts taken out of the reactor 
at various stages during the course of the 
dehydrochlorination of DCE to VC. 

The carbon catalysts were prepared by 
heating refined cane sugar carbons first 
at 400°C and then at 800°C in a closed 
muffle and pelleting the ground product 
with additives such as pure organic binders. 
The final pellets were fired at 500°C and 
granulated. The granules were activated at 
950°C with CO, and air (2). The catalytic 
behavior of BaClz and other metal chlorides 
is well recorded; a free radical mechanism 
involving Cl’ has been proposed (3-5). 

1 Present address : Witwatersrand College for 
Advanced Technical Education, Johannesburg, 
South Africa. 

The kinetic experiments were carried out 
with a continuous flow reactor coupled to a 
gas chromatograph as described in (1). 
The activity, determined as pcrcentagc 
conversion per gram of catalyst, was 
periodically recorded during the course of 
the reaction. Samples of the catalyst Tyere 
periodically removed from the reactor. 
Adsorption isotherms for these catalyst 
samples were determined by a known 
volumetric method using pure X2, at 
- 195’C, as an adsorbate ; this temperature 
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FIG. 1. A schematic classification of low temperature (- 195°C) Nr adsorption isotherms and 
hysteresis loops of impregnated and nonimpregnated activated cane sugar carbons. 

was controlled by an auxiliary manometer 
(2, 6). From these isotherms, BET areas 
as well as pore-size distribution (PSD) 
data in the pore radius range of 0 to 100 
nm were obtained. The latter employed a 
method based on a cylindrical pore model 
(7). It was shown that for these carbons 
PSD results based on this model lvcrc 
comparable to those bawd on other models 
such as the “l’, - t” method (2). h blank 
experiment, without DCE, under the same 
cxperinwntal conditions was also done. 
BET arcas n-cre also determined with DCE 
as adsorbatr at) 15°C using a Perkin-Elmer 
Shell Model 212D sorptomctcr (8). The 
DCE was introduced into the sorptomctcr 

Surface orea, m’g-’ 

FIG. 2. Poisoning of catalyst 9 at 329°C. q , 
BET (N?) area; and 0, BET (DCE) area. 

according to a method described by Schwab 
and Knozinger (9). Helium was used as a 
carrier gas. The partial pressure of t,he 
DCE was detcrmincd with the gas chro- 
matograph. An estimated value of 3 nmz for 
the area of the adsorbed DCE ~-nol~cwle 
was used in the calculations. 

Electjron warming microscopy, clwtron 
probe microscopy, and X-ray mapping of 
Ba2+ on the carbon surface \vas doric~. 
Helium dcnsitics were also dctcrmincd for 
some of t,lic carbons. 

The only gases \\hich could bc dctcctcd 
under the prevailing experimental condi- 
t,ions n-crc VC and hydrochloric acid rind 
some acrtylcnc at high conversions. The 
reactivity of all the catalysts dccrwsrd 
during the course of the reaction. -111 
avcragc increase in catalyst mass of 0.173 
and 0.134 g per mol of VC for the I~OW 
imprcgnatcd and imprcgnatcd carbons, 
respectively, was found. No changes in t,hc 
isotherm, BET area, and PSD dat,a of the 
carbon wrc detected as a result’ of the 
blank rxperimcnt. 

A schematic classification of the isotherm 
types obtained is shown in Fig. 1. They 
consist of type I (BDDT) with varying 
amounts of type II or type IV character 
(10). Deactivation effects are illustrated in 
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Figs. 2-5. The data for the latter were 
obtained from the samples withdrawn at 
various times during the run by noting 

30. 

T m 
the percentage conversion at that time. 
Thereafter textural data as well as BET 
areas with Nz and DCE as adsorbates were 
established. Variations of surface textural 
parameters with impregnation are shown 
in Table 1 and variations of these param- 
eters with deactivation and time in the 
reactor, in columns 1-12 of Tables 2 and 3 
and columns 4-7 of Table 4. The latter 0 400 800 1200 

table also includes the comparison of BET Surface area, m’g-’ 

areas determined with Ng and DCE. Other FIG. 4. Poisoning of catalyst 11 at 388°C. 0, 
deactivation data are shown in columns BET (Nz) area; and 0, BET (DCE) area. 

13-16 of Tables 2 and 3. 
The headings to Tables l-3 are explained 

below. 
Columns 3-6: PSD data. A represents 

the fraction of the BET area of all the pores 
in a given pore radius range in nanometers 
written as a subscript to A. A micropore is 
here defined as an ideal cylinder with a 
radius less than 1 nm. 

Column 7: The total pore volume. 
Column 8: The P/P, coordinate of the 

point D in Fig. 1 where the isotherm 
commences to rise steeply toward the 
P/PO = 1 axis. 

Column 9: The P/P, coordinate of the 

0 200 400 600 800 1000 
Surface area, m’g-’ 

point H in Fig. 1 where the hysteresis loop 
closes. 

Column 10: The area of the hysteresis 
loop. This quantity has been proposed as a 
semiquantitative measure of the extent 
of change in pore shape as well as the 
contribution to hysteresis by a given pore 
type PG. 

Column 11: The mean pore radius, 7, of 
a cylindrical pore as given by 2 V,/(BET 
area). 

Column 14: The partial pressure of VC, 
conveniently expressed in millimeters of 
mercury (1 mm Hg = 133.3 Pa). 

0 300 600 500 
Time in Reactor, h 

FIG. 3. Poisoning of catalysts at 400°C. 0, BET FIG. 5. Degree of poisoning of catalysts at 400°C 
(Nt) area; and 0, BET (DCE) area of catalyst 11. with time in the reactor and partial pressure of 
[XI, BET (Nz) area; and @, BET (DCE) area of DCE = 1.649 X lo4 Pa. 0, catalyst 12; and 0, 
cat.alyst 12. catalyst 11. 
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TABLE 1 

Pore-Size I>istribut.ion and N, (- 195°C) Adsorption Isotherm I)at,a Showing the Effect of Impregnation 
wkh ca. 30% BaC12 on Activated Cane Sugar Carbons, U. S. Standard Mesh 20-35 

1’1 1340 0.870 0.100 0.028 0.002 0.600 0.77 O.G9 0 .50 0.90 :I 

2 ,I X39 - 0.379 0.74 0.75 0.28 0.90 :I 

:ir 867 - - - 0.391 0.W 0.70 0.35 0.90 :I. 

‘&‘I 122 0.812 0.131 0.053 0.002 0.061 - - 1.00 I’ 

Zh 124 0.823 0.121 0.0% 0.002 O.OGti - 1 .OG (1 

,iC 164 0.890 o.oti7 0.041 0.002 0.077 0.97 - 0.94 t’ 

7,I 835 0.880 0.090 0.029 0.001 0.360 O.(i4 0.M 0.94 O.Xli 0 

x b 477 0.849 0.101 0.048 0.002 0.223 0.92 0.94 1’ 

!I” 992 0.890 0.080 0.023 0.002 0.440 0.91 O.G4 0.50 0.X9 IL 

10h 39li 0.870 0.081 0.039 o.OQ2 0.268 o.xx - 0.89 

11” 1118 0.491 0.445 0.061 0.003 0.670 0.87 0.84 0.70 1.20 :: 

12h G8.5 0.587 0.366 0.053 0.005 0.372 0.85 0.81 0.38 1.1% < 

0 Konimpregnated carbons with a high initial micropore contmt. 
b Impregnated with ca. 30% BaClz of carbon mass. 
c Isotherms determined on selected black granules of the impregnated carbons. 
* Nonirr~prrgneted carbons with a low initial micropore content. 

Column 15: The estimated pore arca 
accessible t,o the DCE molecule calculated 
from (A,-,)/2 + A,-,,,. The estimate was 
bawd on extrapolated data for similar 
compounds (2 I, 18). 

Column 16: The decrease in the pore 
area acccssiblc to the IKE molecule, 
D(EAA), divided by the number of moles 
of VC produced, MVC. 

Column 17 : Helium (absolute) densities 
of the carbons. 

Perccntago ATi,/l’, is the differcncc be- 
tween the liquid adsorbate uptake at F 
in Fig. 1 and the pore volume, divided by 
the pore volume, expressed as a percentage. 
Its magnitude indicates the presence of 
large pores between XD and P/P0 = 1. 
The average flow rates, the temperature 
of the reaction, and the partial pressure of 
the DCE (expressed in pascals), all of 
which are constant for a given run, are 
shown as footnotes to Tables 2 and 3. The 
meaning of the headings to Table 4 follows 
from the above. 

Electron microscopy on the impregnated 
carbons showed partial covering up of the 
original pore mouths of the larger pores, 
the deposition of fine BaClz crystal debris 

up to 100 nm in “width,” and the exposure 
of underlying carbon through breaks in the 
BaClz film. However, the presence of 
actual deposits inside the fine pores was 
not discernablc. A redistribution of BaClz 
over the carbon surface after use in the 
reactor was also observed by S-ray 
mapping of Ba2+ (13). 

Helium densities done on the two non- 
impregnated carbons decreased with dc- 
crease in BET arra. Comparisons could not 
bc done for the impregnated carbons be- 
cause of the uneven deposition of BaClz 
over the surface of the carbon granulw 

I>ISCUSSION 

The observed increase in catalyst mass 
during the reaction can be explained by 
carbon deposition. This has been previously 
reported and interpreted via scvrral pos- 
sible side paths (3, 4, 14-16). The results 
of the blank experiment ruled out the 
possibility of pore blocking by mass 
transfer along the carbon surface a:: a 
complementary side effect. 

An upswing of the isotherm near the 
saturation axis of :cD > 0.95, say, for 
BDDT types I and IV isotherms, represents 
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TABLE 4 

Comparative Reactor Conditions, Pore-Size Distribution, and BET Area Data of Impregnated and 
Nonimpregnated Activated Cane Sugar Carbons, U. S. Standard Mesh 20-35, during Their Use as Cat,alysts 
in the Dehydrochlorination of DCE 

1. 2. 
Carbon Time in 

reference reactor 
no. b) 

3. 
Reaction 

temperature 

(“C) 

BE&N,) 

area 
Cm” g-9 

5. 
BET 

(CdLCl,) 
area 

W g-9 

6. 7. 
AO-1 A I--100 

9 0 - 992 410 0.89 0.11 
56 329 297 279 0.61 0.39 

12 0 - 665 362 0.59 0.41 
143 400 335 284 0.38 0.62 

11 0 - 1118 702 0.49 0.51 
30 388 1209 1257 0.28 0.72 

11 0 - 1118 702 0.49 0.51 
265 400 678 498 0.38 0.62 

liquid adsorbate uptake in macropores or 
in large interparticle spaces. These experi- 
mental isotherms can be considered as the 
superimposition of several isotherm types 
related to various pore shapes. The contri- 
bution of types I and IV (or II) toward the 
upswing could be significant particularly 
for the case of large xD values (e.g., 
zD > 0.85) as is the case for most of the 
carbons. Changes in zD values are there- 
fore significant in the detection of the 
presence of large pores. 

The xH values were used to indicate 
the appearance of hysteresis in pores of a 
given size. Tensile effects were ignored 
since the same type of adsorbent, at the 
same temperature, with the same adsorbate 
was used throughout for xH > 0.5. Gener- 
ally changes in zD and xH values, as will 
be discussed below, were considered as 
supplementary to the PSD data. 

(a) The Effect of Impregnation with BaClz 
(Refer to Table 1) 

Those carbons with a low initial BET 
area showed little change in BET area and 
pore volume while those with a high initial 
BET area showed a decrease of up to 50%. 
All the carbons showed little change or 

some increase in xD, an increase or elimina- 
tion of xH, a decrease or elimination of AH, 
and little change in percentage AVJV, 
values. This points to preferential blocking 
of the smaller pores as well as the blocking 
and/or change in shape of hysteresis- 
producing pores to nonhysteresis-produc- 
ing pores for the case of the larger pores. 

For certain carbons which were not used 
for kinetic purposes, BaCL deposition was 
nonuniform and some granules were free 
of white BaCL. patches. These selected 
granules showed higher AH, BET area, 
and pore volume as well as somewhat 
lower XD and xH values than the impreg- 
nated mixed batch samples or even the 
original samples for the case of the carbons 
with a low initial BET area. This points 
to granule disintegration and/or the un- 
blocking of debris-clogged pore mouths. 
The decrease of the A,,-J(BET area) ratio 
points to the blocking of micropores while 
the increase in this ratio for carbons with 
a low initial micropore content shows an 
unblocking of pores. The blocking exerts a 
greater influence on the carbons with a 
high initial BET area and the unblocking 
on carbons with a low initial BET area. 
The unblocking could also account for the 
absence of a significant decrease in F 
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values. Electron microscopy does not 
contradict these conclusions. 

(b) The Ejj’ect of the Dehydrochlorination of 
1 ,%Dichloroetha~~e (DCE) (Refer to Tables 
2-h and Figs. 2-5) 

The following is evident from the tables : 

(i) Chalzges in surface area and pore 
volwze. For both the impregnated as well 
as the nonimpregnated carbons, the cumu- 
lative crustation effect of carbon deposition 
reduced BET areas and pore volumes to 
below 30 m2g-1 and 0.03 cm3 g-l, respec- 
tively. For the carbons with a high initial 
micropore content, changes in pore-size 
distribution resulted in B 1--10o maintaining 
a narrow range between 50 and 95 m2 g-l 
down to a BET area of ea. 250 m2 g-l. 
For the carbons with a lower initial micro- 
pore content the 81-loo values covered a 
wider range. Port volume changes were 
similar to those of arca, while the mean 
pore radius increased with a decrease in 
BET area. Thrsc results may bc interpreted 
as follows : 

The presence of “ink bottles” in these 
carbons has been established (2). Minimal 
crustation causing but thin-layer deposition 
in t’hrse ports would block the narrow pore 
entrances, sealing off the pore areas and 
volumes. This would result in a decrease 
in Ao-J(BET area), an increase in P, and 
very large initial decreases in BET area and 
pore volume. The decrease in helium 
density confirms this possibility. This effect 
would be less pronounced for the carbons 
with a low initial micropore content and is 
also countered by the unblocking effect. 
This is confirmed by the small decrease and 
even increase in BET area after short 
sojourn in the reactor (e.g., from 1118 to 
1209 m3 g-l after 30 hr). Subsequent regular 
decreases in area and pore volume resulted 
from the cumulative uniform deposition 
on the walls of the larger pores. The 
exponential increase in 7 and percentage 

AV,/V, (e.g., 3.4 to 31 for the carbons with 
a high initial micropore content) points to 
even larger pores at high crustation and 
low BET arca. 

(ii) Changes in aD and zH values. For 
all the carbons which initially had a high 
rD value this parameter remained com- 
paratively constant except for some in- 
crease at low BET areas. This confirms the 
maintenance of large pores and tJhe subsc- 
qucnt appearance of even larger pores. 
Carbons with a low initial micropore 
content show-c-cd some decrease in xD after 
long sojourn in the reactor. This may be 
due to some unblocking of smaller ports 
and/or crustation narrowing of larger pores 
over and above pore-shape changes. Car- 
bons with a high initial BET area, a high 
initial micropore content, and a small 
initial XD value showed an increase in this 
parameter (e.g., from 0.67 to 0.80 after 48 
hr ; not shown in tables). This is in keeping 
with crustation blocking of smaller pores. 
The nascence of an mD value for a carbon 
with a low initial BET area and a high 
initial micropore content points to un- 
blocking or creation of larger pores (e.g., 
from 0 to 0.96 aft’cr 4S hr ; not shown in 
tables). 

For all the carbons, large XH values were 
maintained while smaller values were 
increased to a maximum at low BET area. 
Thus crustation climinatcd hysteresis from 
smaller pores only. mH eliminated by 
impregnation reappeared during the re- 
action. This points to the unblocking of 
BaClz from hgstcresis-producing pores. 
hfter long sojourn in the reactor some 
decrease in zH was observed for the 
carbons with a low initial microporc 
content. This could be due to either the 
unblocking of smaller hysteresis-producing 
pores and/or the crustation narrowing of 
larger nonhys tercsis pores to hysteresis- 
producing pores. 

(iii) Changes in hysteresis loop shape. 
Loop shapes changed from types a to c to d 
(Fig. 1) with further changes to f and d’ 
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for impregnated carbons. Types d and d’ 
resemble pore shape XV of a known 
classification (17) usually consisting of 
interparticle spaces built up from spherical 
particles. Type f is compatible with shape 
XV, superimposed by other types includ- 
ing nonhysteresis-producing pores which 
thinned the loop. AH values after progres- 
sively diminishing with crustation in- 
creased again at low BET areas. This too 
supports the possible naissance of a system 
of larger hysteresis-producing pores. Elec- 
tron microscopy observations also confirm 
this. These pore spaces could result from 
a coral-type crustation buildup which 
could entail the transformation of hystere- 
sis-producing to nonhysteresis-producing 
pores and vice versa. 

(iv) Changes in catalyst activity. The 
observed decrease in catalyst activity 
(Figs. 2-5) accompanied the decrease in 
surface area and concurs with the mecha- 
nism of a DCE complex on the catalyst 
surface (1). The decrease in activity, 
however, was not always proportional to the 
decrease in the surface area as determined 
with Nz. From Figs. 2 and 3 it can be seen 
that for catalysts 9 and 12 the activity 
initially decreased less than could be 
expected from the decrease in surface area. 
This is consistent with the initial blocking 
of the micropores which make a minor 
contribution area-wise to the activity. The 
catalytic effect of BaClz countered the 
lower initial micropore content of catalyst 
11. This can be caused either by a diffusion 
limitation of the reaction in these spaces 
or by an inaccessibility of the micropores 
to the DCE molecules. Calculations have 
shown that the reaction in the micropores 
is not diffusion-controlled under the pre- 
vailing experimental conditions (18). 

The alternative possibility that the DCE 
molecule is too large to enter the micro- 
pores is therefore more probable and is 
further substantiated by the following : 
Plots of activity against BET area as 
determined with DCE were linear. Also 

large differences in the values in columns 4 
and 5 of Table 4 for the high micropore 
ratio catalysts were noted. 

It was observed that for the case of the 
nonimpregnated catalyst 11 there was a 
proportionality between BET (Nz) areas 
and catalytic activity. This apparent 
contradiction can be explained by the much 
smaller micropore ratio of this carbon. 

Supplementary to the accessibility factor 
of the DCE molecule discussed above, 
useful conclusions on the change in catalyst 
activity can also be drawn from the param- 
eter D (EAA)/MVC. For the carbons with 
a high initial micropore content, the value 
of D(EAA)/MVC decreased with time. 
This correlates with the previous suggestion 
that an initial sealing off of large EAA 
occurs. This parameter decreases gradually 
with time because the proportion of micro- 
pores decreases, and at low BET areas 
there appears to be the nascence of new 
larger pores. 

For the carbons with a low initial micro- 
pore content at 4OO”C, the initial value of 
D (EAA)/MVC was lower than for the 
carbons with a high initial micropore 
content and thereafter increased with time. 
In other experiments at lower temperatures 
(379 and 338°C) the same carbon as that 
in Table 2 showed a low or even a negative 
initial D(EAA)/MVC value which there- 
after decreased and then increased some- 
what after a long sojourn (823 hr) in the 
reactor. The low initial D(EAA)/MVC 
values agree with the lower narrow neck 
pore content, while the negative values 
would be in accordance with the unblocking 
effect. At the highest temperature the 
gradual increase in D(EAA)/MVC with 
time may be due to the greater contribution 
of the carbon deposition side reaction. 
For this reason the experiments at the 
lower temperatures first showed some 
decrease since the influence of the side 
reaction shows itself after a longer period 
in the reaction. 

For the impregnated carbons with a high 
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as well as with a low initial micropore 
content, the D (EAA)/MVC values in- 
creased at the beginning and thereafkr 
decreased. This decrease after a long 
sojourn in the reactor is due to the smaller 
contribution of the side reaction as a wsult 
of thr greater activity of HaClz at t~h(> 
smaller areas. 
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