Kinetics of Ethylene Hydrogenation Over a Supported
Nickel Catalyst
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The kinetics of hydrogenation of ethylene over a supported nickel/silica~alumina
catalyst powder have been investigated using a differential flow reactor. It was found
that appreciable temperature gradients occurred even when an extremely dilute

catalyst was used and when conversions

were less than 3%. Purification of the

ethylene feed from oxygen impurities removed all poisoning effects. From the kinetic
results, a mechanism involving reaction between adsorbed ethylene and gaseous hy-

drogen is proposed.

INTRODUCTION

The heterogeneous catalyzed hydrogena-
tion of ethylene has been investigated ex-

tensively in the past.
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Kkinetics of the process are still controversial
and have been further complicated by the
poisoning effects which are frequently en-
countered.

Most of the earlier work was earried out
in closed systems, often on metal films, and
the progress of the reaction followed by
noting the change of system pressure with
time. In recent years more attention has
been devoted to flow systems using sup-
ported metal catalysts. A survey of the
literature reveals that there is general
agreement that the reaction is first order in
hydrogen and the activation energy is low,
ranging up to 14 keal mole*. The order in
ethylene is more controversial but where

this has been determined a value of less
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feature of the reaction is that the activation
energy tends to decrease with rise in tem-
perature and a negative value has been re-
ported in some instances (1, 2). The tem-
perature at which this negative value first
appears has been designated as the inver-
sion temperature and this occurs at tem-
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precise value depending on the pressure
used (I).

Earlier studies suggested that the reac-
tion proceeds through an associative ad-
sorption of ethylene but opinions differ
whether the subsequent reaction goes via a
uangm'uu-ulnSut'quuu mechanism with
adsorbed hydrogen or by an Eley-Rideal
reaction with gas-phase or Van der Waals'
adsorbed hydrogen. Farkas and Farkas (3),

on the basis of exchange experiments, sug-
oosted

gested
adsorbed hydrogen and adsorbed ethylene.
Horiuti and Polanyi (4) proposed that the
reaction goes through a half-hydrogenated
state. Later, Jenkins and Rideal (§) postu-
lated a mechanism involving reaction be-
tween adsorbed hydrogen on the nickel
surface and gaseous ethylene. The dissoci-
ative adsorption of ethylene with the for-
mation of poisonous acetylenic residues on
the active sites was suggested to account
for the observed adverse effect of ethylene
on the reaction rate.
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received significantly less attention. Beeck
(6) suggested that some ethylene molecules
are adsorbed on that part of the surface
not covered by acetylemc complexes and
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between adsorbed ethylene and adsorbed
hydrogen. A fast reaction between gaseous
ethylene and adsorbed hydrogen also oc-
curs. Using the exchange reaction with
deuterium, Twigg (7) concluded that hy-
drogen is first dissociated into atoms on the
surface through reaction with adsorbed
ethylene. Hydrogenation occurs with the
addition of another hydrogen atom. Re-
cently, Pauls et al. (8) and Kostenblatt
and Ziegler (9) carried out experiments
using flow systems with nickel on alumina
catalysts. Both sets of authors obtained a
rate equation which suggested a reaction
between adsorbed ethylene and gaseous hy-
drogen, but because of the poisoning effects
obtained with ethylene, the results were
interpreted in terms of the Jenkins-Rideal
mechanism (5), in which hydrogen is ad-
sorbed on dual sites and reacts with gaseous
ethylene, but with no adsorption possible
on that fraction of the surface occupied
with ethylene or acetylenic complexes.

As part of a wider study in which the
hydrogenation of ethylene was used as a
model reaction to study the effects of trans-
port limitations on catalytic reactions, it
was found necessary to redetermine the ki-
netics of this reaction on a silica—alumina-
supported nickel catalyst. Preliminary
work showed that even when using very
small amounts of diluted catalyst in a dif-
ferential reactor at conversions of less than
3%, steep temperature profiles developed
in the catalyst bed. Because of this, the
axial temperature distribution was meas-
ured at several points in the bed using fine
thermocouple wires and thus the conver-
sions were obtained at known bed tem-
peratures.

EXPERIMENTAL METHOD

Materials

Hydrogen of 99.9% purity was obtained
from cylinders, deoxygenated with a Deoxo
Unit and dried with silica gel before use.
Ethylene (C.P. grade 99.2% purity) was
freed from oxygen by passing over freshly
reduced MnO, granules and dried with
silica gel. Ethane (99.2%) was used with-

out further purification for calibration of
the gas chromatograph.

The catalyst was prepared by impregna-
tion of the silica~25% alumina powder of
average diameter 60 pm (kindly donated
by J. Crosfield & Sons Ltd.) with nickel
nitrate solution to give a material contain-
ing 5% by weight of nickel. This was cal-
cined at 500°C for 24 hr and after cooling
was diluted with seven times its weight of
silica—alumina support to give a final nickel
content of 0.525%. This dilution procedure
was found to be superior to the use of fine
glass beads which tended to sinter when
the catalyst was reduced in hydrogen at
400°C before use.

Apparatus

The apparatus is shown schematically in
Fig. 1 and consists of a gas purification
section, a flow monitoring system, the glass
differential flow reactor, and a gas chro-
matograph. Flow rates were controlled with
“Flostat” controllers and measured with
rotameters.

The reactor used is illustrated in Fig. 2
and was designed so that the whole as-
sembly could be immersed in an oil bath.
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The mixed reactants were prehe _ted_ 1 th
coil and passed downward throug the d1
luted ecatalyst bed of diameter 5.2 mm and
length 7 mm, supported on either side by
5-mm sections of inert carrier. The tem-
perature probe was constructed by attach-
ing a multi-junction thermocouple of Pt-
13% Rh/Pt wire, diameter 0.025 mm, to a
glass rod of diameter 0.7 mm. The
4-junction thermocouple was secured to the
glass rod by high temperature cement. The
distance between junctions was measured
using g travelling microscope and the probe

was pnmtu\pnﬂ nepf{'n”xr 1h +]mo rer}ntnr S0

that after filling with catalyst the upper
and lower thermocouple junctions just con-
tained the bed of active material. In addi-
tion, a thermocouple junction was posi-
tioned outside the reactor tube level with
the catalyst bed. Experiments in a wider
bore reactor referred to later established
that the radial temperature profile varied
by about 3°C for temperature rises from
20° to 70°C over the central 40% of the
bed diameter. Assuming that a similar
profile was obtained in the smaller diam-

eter reactor, the thermocouple probe could

be positioned easily within this eentral
region.

—
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Procedure

After activating the MnO, by heating in
hydrogen to 120°C the catalyst was re-
duced in hydrogen at 400°C for 25 hr using
an electric furnace. The reactor was then

artsy ad
removed from the furnace and positioned in

the oil bath which had been adjusted to the
required temperature. The gases were then
admitted in the required ratio and tem-
peratures and exit gas compositions re-
corded. Separation of hydrogen,

ethylene,
and ethane was achleved mth the gas
chromatograph using a 10-ft silica gel col-
umn at 55°C, with helium as carrier gas.
The temperatures at the four junctions
were measured in turn using a rotary selec-
tion switch and the temperatures recorded.
The Mn()z and catalyst were reduced be-

tween au t‘XpBIIIIlL’IlIdl runs.

Calculation of Conversion and
Average Bed Temperature

Because of the small amount of conver-
sion (less than 3%) the reactor operates
differentially. From the stoichiometry of

+} ~1a
the reaction, the mole

“"hn rtinn ~f

irgelion ¢ I3

oth ane,
N, is related to the conversion, X, by the
expression,

= No/(1 + N¢), 1)

in the reactor containing a mass W of
catalvst.

The reaction rate expressed in terms of
the plug flow reactor equation is

= F(dX/dW) (2)
where F is the total gas feed rate. There-
fore

R* = ¥ dN¢ 3)
(1 4+ Nep2 dW

S
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operation is differential, using the arith-
metic average of 1/(1 + N¢)?, ie,

* _ NCo 1 :
werfe (i), ©

where N, 1s the measured mole fraction
of ethane in the product gas. The error in-

e integrated



10 KOH AND
troduced by the use of this equation is less
than 2% for ethane values up to 14% in
the exit stream. In this work the ethane
concentration was always less than 3% so
the error is negligible.

The averaged reaction temperature inside
the catalyst bed was obtained by the fol-
lowing procedure. ¥From the reactor wall
temperature and the axial temperatures a
mean bed temperature was evaluated at
each thermocouple position assuming a
parabolic distribution of the radial profile.
The arithmetic mean of these values was
taken as the approximate temperature to
correspond to the rate computed from Eq.
(4). The corrrect temperature was eval-
uated by the following procedure. From the
preliminary uncorrected results, a plot of
reaction rate against temperature gave the
rate as a function of radial and axial posi-
tion in the bed. The total rate was then
obtained by summing the individual rate
contributions in the volumes at the known
temperatures. This summed rate was
equated to the experimental value of the
rate to give the average temperature in the
bed eorresponding o the experimental rate.

Resurts anD DiscussioNn

The reaction experiments were carried
out using hydrogen-rich gas mixtures con-
taining 7 to 43% of ethylene. Because of
the small particle size of the catalyst (aver-
age diameter 60 pm), mass and heat trans-
fer resistances external to the particle were
negligible. Most experiments were done
using a gas flow rate of 3 cm?® sec™, which
corresponded to a space velocity of about
30 sec?. Initial reaction temperatures were
in the range from 190°C down to room
temperature but most of the results were
obtained in the temperature range 90—
190°C. Varying amounts of catalvst were
used but the results reported refer to a
fixed amount of the active catalyst (0.01
gm before dilution).

Preliminary experiments in a wider bore
reactor in which 0.025 mm thermocouples
were placed across the bed established that
the radial temperature profiles were ap-
proximately parabolic. Very high tempera-
tures were obtained in this reactor which
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in turn produced high conversions. All
further experiments were made therefore in
the smaller diameter reactor depicted in
Fig. 2.

Blank experiments in which the reactor
contained only catalyst support but with
the thermocouples in position, established
that no measurable conversion occurred
under these conditions throughout the tem-
perature range investigated.

Poisoning Effects

The catalytic reaction between hydrogen
and ethylene is very suseeptible to poison-
ing. Previous work has suggested (5) that
the observed decline in rate with time is
only partially attributable to gas phase
impurities and the main cause of poisoning
is dissociative adsorption of ethylene to
give acetylenic complexes on the nickel
surface. 1t has also been reported that the
activity of the catalyst can be stabilized
by pretreating the catalyst with a mixture
of hydrogen and ethylene at relatively high
reaction temperatures. This processing is
believed to break down the acetylenic com-
plexes into hydrogen and carbided residues
and the rate of removal of these carbides
by hydrogn is low at the subsequent
(lower) temperatures employed for re-
action.

In this work, preliminary experiments
established that poisening occurred both at
high and low reactor temperatures and was
severe for low temperatures. The catalyst
pretreatment procedure, as advocated
above, was employed but without much
success. Thus, although catalyst pretreat-
ment at the higher temperature of 160°C
produced constant activity, no stable cata-
lyst activity could be obtained at tempera-
tures lower than this. In the present work
the poisoning was thought to be caused by
traces of oxygen present in the ethylene.
In the original experimental procedure, any
oxygen present in the ethylene was removed
by passing the ethylene through MnO,
granules which had been reduced in hydro-
gen at 250°C. Poisoning was present in
experiments carried out immediately after
this purification procedure. Adoption of a
lower reduction temperature for the MnO,
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granules produced a more reactive MnO
and in the subsequent experiments no
poisoning effects were observed. At the re-
action steady state, the activity of the
catalyst remained constant for many hours
during an experimental run and although
most of the rates reported were obtained
at temperatures above 90°C, reaction could
still be observed at temperatures as low
as 15°C. The use of a small amount of
catalyst also enabled any poisoning effect
to be readily detected.

Use of this purification procedure gave
reproducible ecatalyst activity for all the
series of runs in the low temperature region
(up to about 140°C), but a gradual de-
crease in activity occurred in the higher
reaction temperature region. This was ob-
served even though the catalyst was re-
duced in hydrogen at 400°C between every
series of runs. Inspection of the catalyst
after several series of runs in this tempera-
ture region revealed that the catalyst bed
now contained some black carbonaceous
deposits. Similar deposits were also ob-
served in the upstream catalyst carrier. On
this basis, the gradual decline in catalyst
activity at high reaction temperatures
could not be attributed to dissociative ad-
sorption of ethylene since the deposition
was nonselective. Moreover, it has been
demonstrated that if the surface is car-
bided, the catalyst activity is reduced for
both high and low temperature regions,
whereas the present results show that the
catalyst activity at low temperatures was
not affected. Deposition of carbon may be
supposed to reduce slowly the number of
active sites; this effect would be expected
to be more important at higher tempera-
tures where the availability of the surface
becomes important because of the high
reaction rate.

Observed Temperature Profiles

One of the major uncertainties in ex-
perimental kinetic studies of exothermie
catalytic reactions is the actual tempera-
ture corresponding to the reaction rate
measured. As indicated in the experimental
section, isothermal behavior could not be
obtained even when drastic dilution tech-
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Fie. 3. Variation of axial temperature profiles in
bed with mixture composition. Qil bath temp. =
115°C. Totaal gs flow rate = 3.3 cm?® sec™!. Mole
%C?‘H.i: O = 71, O = 112, X = 189, A = 282,
[ =347, © = 434,

niques to obtain lower conversion were
adopted.

The temperature distribution inside the
catalyst bed was a function of the extent
of conversion and the feed conditions and
was measured during the reaction. Figures
3-5 show some typical longitudinal tem-
perature distributions along the axis of the

1

i edge of the diluted catalyst bed
fem}

Fia. 4. Varjation of axial temperature profiles in
bed with mixture composition. Oil bath temp. =
134°C. Total gas flow rate = 3.1 cm?® sec™’. Mole
% CHy: O =74, X =122,0 = 182, @ = 24.1,
V = 206, A = 37.3.
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catalyst bed under steady-state conditions
but for different operating conditions. Be-
cause of the small diameter of the catalyst
bed, the radial temperature distribution
within the bed was not measured but earlier
experiments using a reactor of larger bore
had established that the radial temperature
distribution within the bed was approxi-
mately parabolic.

Figures 3 and 4 show the effect of mix-
ture composition on the axial temperature
profiles inside the catalyst bed at oil bath
temperatures of 115° and 134°C, respec-
tively. The temperature of the bed in-
creased rapidly with bed depth and despite
the use of a diluted catalyst, the maximum
temperature rise was almost 40°C in some
cases. In general, a slight decrease of tem-
perature was found at the exit of the bed;
this temperature decrease is caused by the
external cooling. It will be noted that the
maximum temperature rise in the bed does
not occur when the concentration of
ethylene is greatest. This is because, as ex-
plained later, the rate was found to be

approximately first order in hydrogen and
proportional only to a low fractional power
of the ethylene concentration. Consequently
the decrease in hydrogen concentration is
in no way compensated by the increase in
ethylene concentration and the reaction
rate decreases, giving a corresponding lower
temperature change in the bed.

Figure 5 shows the effect of the oil bath
temperature on the axial temperature pro-
files at constant gas mixture composition.
Clearly the temperature distribution inside
the catalyst bed was reasonably uniform
only at oil bath temperatures less than
about 100°C.

Activation Energy

Experimental values of the activation
energy measured for the reaction on the
nickel ecatalyst reported in the literature
vary from almost zero to 14 keal mole™.
The inconsistency of these results may be
attributed to the difficulty in estimating
the average temperature at which the re-
action occurs. In the present studies, the
value of the activation energy for the re-
action was measured over a farily wide
temperature range varying from 90° to
190°C. Arrhenius plots of the experimental
data, as shown in Fig. 6, revealed a break
occurring at about 135° to 150°C. The
value of the activation energy obtained
using a least squares method for the tem-
perature between 90-135°C was 12.00 *
0.95 kcal mole?, at a confidence level of
95%. In the high temperature region in-
vestigated (135-190°C), the activation
energy decreased to a value of 6.4 = 0.70
keal mole. The value of the activation
energy measured in the low temperature
region is in good agreement with other
workers. However, a precise value for the
activation energy at high reaction tempera-
tures is not available to compare with
present value of 6.4 keal/gm mole. The
change of slope of the Arrhenius plot has
also been reported previously and an ex-
planation (10, 11) given on the basis of
decreased adsorption of hydrogen or, al-
ternatively, by postulating a ecompeting re-
action for ethvlene at the higher reaction
temperature. These features together with
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the effect of ethylene concentration on the
reaction rate at higher temperatures will
be discussed later.

Rate Equation

The dependence of the reaction rate on
the component partial pressures was studied
at two temperature levels where the meas-
ured values of the activation energy were
different. The earlier experimental pro-
cedure was planned to establish the effect
of the average partial pressures of each
component while holding the average par-
tial pressures of the other component
constant for a constant total gas flow rate.
Nitrogen gas was employed as diluent to
make up the total gas flow rate. Figure 7
shows the results obtained for the experi-
ments with the concentrations of ethylene
and hydrogen held constant in turn. Tem-
perature corrections were applied in cor-
relating the obtained data at an average
value of the reaction temperature. The
empirical dependences of the rate on the
component partial pressures under two dif-
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ferent reaction conditions were as follows:

R* = 1.25 X 10~ P 1.2

(at constant Py, 120°C)  (5)
R* = 1.34 X 10~ Py

(at constant Pa, 124°C). (6)

However, the use of this experimental
procedure which kept one of the com-
ponent partial pressures constant might
presuppose advance knowledge of the exact
effect of all the variables controlling the
reaction rates. Hence, more experiments
were carried out in which the partial pres-
sures of the hydrogen and ethylene were
varied while keeping only the total feed
rate constant. Nitrogen was not used in
these later experiments. The empirical de-
pendence of the rate on the partial pres-
sures obtained by a least squares method
at two different temperature levels were
as follows:

R* = 2.93 X 10-2 P,1® P02t (128°C)

O
(162°C).

8

The first-order dependence on hydrogen

R* = 8.78 X 10~ P12 g
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partial pressure is in agreement with the
results reported above and also in agree-
ment with the results of some of the earlier
studies. Similar empirical dependence of
the rate on the component partlal pressures
was observed over a nickel-alumina cata-
iyst by Pauls et ai. (8). The fractional
order with respect to ethylene suggests a
Langmuir type of mechanism with adsorp-
tion of ethylene on the surface.

The rate equation based upon the Lang-
muir ausorpuuh uueOl‘y and the cquuwuum
postulate can be derived by the assumption
of a mechanism for the reaction and the
supposition of a single rate-determining
step in the process, the remaining steps
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Within this framework the concept of the
mechanism which best fits the kinetic data
is adopted.

Many different mechanisms for the cata-
lytic hydrogenation of ethylene may be
formulated. The reaction may be supposed
to occur by one of the following main
routes: (i) Reaction between molecularly
adsorbed hydrogen and adsorbed ethylene;
(2) reaction between atomically adsorbed
hydrogen and adsorbed ethylene; (3) re-
action between ethylene in the gas phase
and molecularly adsorbed hydrogen; (4)
reaction between ethylene in the gas phase
and atomically adsorbed hydrogen; or (5)
reaction between hydrogen in the gas phase
and adsorbed ethylene.

In nmnmnln the controlling step in

4l pPALIUE COLLT g = 2

of these reactlon processes may be adsorp-
tion of either hydrogen or ethylene, de-
sorption of ethane, or surface reaction,
modified where necessary because of the
conditions of the mechanism postulated.
A systematic analysis for choosing the
most plausible mechanism using the graph-

Crigeman and
ana

onln'hhmnm
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Potter (12) was applied to all the mech-
anisms proposed. Since no ethane was used
in the reactor feed and only a very small
conversion was obtained, the ethane ad-
sorption term could be considered neg-
ligible The partial pressures of the remain-
1ng two components could be expressed in
terms of either one. It is a requirement of
the theory upon which these equations are

UuDDlllﬂull
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AN

based that the applicable equations should
plot as a straight line with a positive inter-

cept and a positive or negative slope, de-
pending on the form of the nqnahnn

Uiy A0 ALl 1 uauiUii.

Only three kinetic expressions were found
to fit these conditions. These were for re-
action between adsorbed ethylene and
molecularly adsorbed hydrogen when de-
sorption of ethane controls and for reaction
between adsorbed ethylene and gaseous
hydrogen when the rate-controlling step is
either impact of hydrogen upon adsorbed
ethylene or desorption of ethane. The
appropriate equations are

1
p;ng = oK Kn 1+ KAPA + Kgpu)

=m + apa + bpg = (m + a)
+ G —-aps (9
PADsB

1
K " oK. (1 4+ Kgps + Kcpe)
=m+bpa+0pc»~vm+bps

(10)

PaPs _
i wl&

(1 + KR'DR) = m + bnn (11)
B

F =) \ 7

where the final expressions preceded by the
approximation sign refer to the conditions
already assumed of negligible ethane con-
centration and therefore pc = 0 and p, +
pe = 1. In all these expressions the term
o contains the rate constant. The reaction
between adsorbed hydrogen and adsorbed
ethylene when ethane desorption controls,
corresponding to Eq. (9), was rejected hp-
cause of reports whlch have suggested that
the amount of hydrogen adsorbed on the
surface is very low (7, 13). Equation (ii),
which gave a good fit, is based on the
reaction between hydrogen in the gas phase
and adsorbed ethylene when ethane absorp-
tion controls; it seems improbable because

Ridagl haa a]’\n (1 5Y that +tha dacarntian
aviycal uaav BLIUWll \J. v) Ull(l»\J LIL1C \ACDUIIJ\AUAA

of ethane was almost instantaneous and
therefore could not be rate controlling.
Therefore, although Eqs. (10) and (11)
reduce to the same algebraic form when the
amount of ethane is negligible, the mech-
anism best fitting the ev1dence is that of
Eq (10), hased on ethylene adsorption
with no adsorption of hydrogen or ethane
and with the reaction between adsorbed
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ethylene and gaseous hydrogen as the rate-
controlling step. This equation is

kpAPB
1+ KBpB

and a plot of the experimental results cor-
related with this expression is shown in
Fig. 8.

The same rate equation has been pro-
posed by other workers but used with dif-
ferent interpretations. Pauls et al. (8) and
also Koestenblatt and Ziegler (9) put for-
ward the reaction mechanism described
above but abandoned it because of its in-
ability to explain the poisoning effect of
ethylene on the catalyst surface which they
observed. The model of Jenkins and Rideal
(5) was then employed to suggest the dis-
sociative adsorption of ethylene with the
formation of poisonous acetylenic com-
plexes on the catalyst surface. However,
the model was used with the assumption
of negligible hydrogen adorption in order
to obtain the above rate equation which
best fitted their results.

In the present studies, however, no
change in catalyst activity was detected
and the proposed mechanism could then
be applied directly. As shown in Fig. 8,
Bq. (12) best fitted the kinetic data ob-
tained at the two different temperature
levels and use of the method of least

R = (12)

squares gave the following numerieal forms
R = 5.73 X 10~%paps
1+ 22.67ps

R = 7.61 X 107%paps
1 4 10.45pg

(at 128°C)  (13)

(at 162°C). (14)
In the above equations, the values of the
ethylene adsorption equilibrium constant,
Ky, were obtained as the quotients of the
intercept and slope of the plots.

For a heterogeneous catalytic reaction,
the complete rate expression describes not
only the temperature variation of the rate
constant but also the temperature variation
of the orders of the reaction and of the
adsorption coefficients. It is thus evident
from the above rate expressions that the
value of the ethylene adsorption equi-
librium constant is lower at higher reaction
temperatures. The decrease in Ky in the
high reaction temperature region could ex-
plain the drop in the measured value of
activation energy above 135°C. Generally,
the heat of adsorption is a function of
surface coverage, which may be due to
surface heterogeneity or repulsion between
molecules in the adsorbed layer. As a con-
sequence, the temperature variation at
constant reactant partial pressures affects
not only coverage but also by extension the
heat of adsorption. Thus, in the high re-
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Fic. 8. Correlation of rate data. ©: F = 1.32 X 10, T,, = 128°C. @: F = 1.21 X 107, T,y = 162°C.
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action temperature region where the surface
coverage is low, the apparent activation
energy is lower than the true one by the
heat of adsorption.

Bow = E + AH, (15)

When the surface coverage is high at lower
reaction temperatures, there is no desorp-
tion to allow for and hence the apparent
activation energy is the true one. In the
present case, the value of the activation
energy decreased from 12.0 kcal/mole
measured at lower temperatures, to 64
keal/mole at higher temperatures.
For a general rate law of the form

R* = (kpaps)/(1 + Kgps), (16)

it follows that in the low temperature
region Kgpy > 1, and the rate equation
reduces to

R* = kpa. (17

With the increasing temperature, ethylene
coverage decreases, Kppp <€ 1, and

(18)

In the present work, the first-order re-
action with respeet to hydrogen at low
temperature region has been confirmed ex-
perimentally. The Arrhenius plot (Fig. 6)
shows that the concentration of ethylene
has no significant effect on the rate meas-
ured in this temperature range. Limiting
second-order behavior at high temperatures
has also been detected since the rate is a
slightly increasing function of ethylene con-
centration at temperature above 135°C.
This tendency, however, was obscured to
some extent because of the slight decline
in catalyst activities encountered in the

R‘ = kpApB.

high temperature region. As shown in Fig,
6, run 2 with an ethylene concentration of
20.7 mole% should have a lower reaction
rate than that obtained in run 3, which had
a slightly higher ethylene concentration
(22.6 mole%). Run 4 which was carried
out after run 3 offset the decrease in cata-
lyst activity because of its higher ethylene
concentration and thus had a higher rate
of reaction. The results showed that the
level at which the reaction rate settled in
the high temperature region was deter-
mined by the two balancing effects, i.e., the
operating conditions of the catalyst and the
value of the ethylene concentration.
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