Kinetics of the Hydrogenation of Ethylene

A. C. PAULS, E. W. COMINGS, and J. M. SMITH

(On a Nickel Catalyst)

A differential type of flow reactor, 0.25-in. I.D., was used to study the kinetics of the
hydrogenation of ethylene on an alumina-supported nickel catalyst. This is apparently
the first investigation made above atmospheric pressures. Data were obtained from 14.7
to 70 Ib./sq. in. abs. and feed compositions from 40 to 90 mole 9;, hydrogen. Measurements
at temperatures from 30° to 80°C. indicated an apparent activation energy of 11,600 cal./g.-

mole,

It was found that the activity of the catalytic surface was reduced by exposure to
ethylene, or mixtures containing an excess of ethylene, owing to the formation of acetylene
residues. Pretreatment of the catalyst at temperatures of 170°C, with mixtures of ethylene
and hydrogen stabilized the catalyst so that reliable rate data could be obtained.

The rate measurements at 70°C. were correlated by an equation. While the mechanism
of the reaction cannot be determined from the data, the rate expression and other kinetic
studies suggest a process in which hydrogen is adsorbed on the small fraction of the
surface not occupied by acetylenic residues and the reaction takes place between this
adsorbed hydrogen and ethylene in the gas phase.

The hydrogenation of ethylene has
served as a basis for numerous kinetic
studies and as a reaction medium for
studying surface catalysis [for example,
the work of Beeck and coworkers (I,
2)]. Most of the investigations were
made by following the decrease in pres-
sure with time in a static system.
Wynkoop and Wilhelm (16) employed a
tubular flow reactor and carried out rate
measurements on a copper-chromium
oxide catalyst. Their data were taken
at atmospheric pressure restricting the
possible conclusions concerning the kine-
tics of the reaction. The objective of the
present study was to make a kinetic
study of the nickel catalyzed reaction,
using a commerical type of catalyst,
that is one with porous material as a
carrier; (L4in., cylindrical alumina pel-
lets were employed for this purpose).
To strengthen the kinetic interpretation,
data were obtained up to 5 atm.

Table 1 summarizes the previous ki-
netic studies with a nickel catalyst.
Most measurements were made with
pure, unsupported nickel in a static
system, and all the results were obtained
at pressures less than atmospheric. The
works of Rideal (7, 15), Twigg (13),
and their colleagues provided the most
extensive measurements. Their efforts,
along with those of Beeck (1), established
the existence of acetylenic residues on
the nickel surface. This concept appears
to be the most likely explanation for
the adverse effect of ethylene on the
rate. The ethylene is considered to be
adsorbed by a dissociative mechanism, so
that there remains an acetylenic complex
occupying four adjacent active sites on
the catalyst.

The previous studies demonstrated
that ethane had no effect on the reaction
other than that of an inert diluent.
Hence in the present work no data were
obtained with ethane added to the feed.
As indicated in Table 1, many of the
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data were consistent with a first-order
(with respect to hydrogen) rate equation.
This result was not found in the present
study, as brought out later in the devel-
opment. Measurements over a range of
partial pressures of each reactant show
that ethylene has a significant effect on
the rate. The quantitative evaluation
of ethylene’s part in the reaction is
complicated by the side effects that
oceur, particularly the acetylenic com-
plex formation on the catalyst surface.

EXPERIMENTAL WORK

The apparatus, as shown schematically
in Figure 1, consisted of a reactants-purify-
ing section, a gas-metering section, a
packed-bed flow reactor, and a gas-analyz-
ing section.

Reactor

The reactor was made of 0.25-in. I.D.
stainless steel tubing packed with catalyst
pellets and jacketed with a 1-in. brass pipe
for a length of 24 in. As depicted in Figure
2, temperatures were measured in a 0.065-
in. thermocouple well (stainless steel) ex-
tending the length of the reactor. Two
copper-constantan thermocouples, prepared
from 30-gauge wire, were employed, one
inserted through each end of the well.

Gas-Purification System

The hydrogen was first purified (of
oxygen) by being passed through an elec-
trically heated converter consisting of a
3-ft. section of l4-in. galvanized pipe. It
was packed with 6-20-mesh copper-mag-
nesium oxide catalyst. After leaving the
converter, the gas was cooled in a 14-in.
copper tube jacketed for a length of 35-in.
with 14-in. copper tubing. Water passed
through the jacketed section. Finally the
gas was dried by flowing through 14-in.
black iron pipe packed with 6-16-mesh
silica gel for a length of 3 {t. To ensure
proper operation of the equipment temper-
atures were continuously recorded at the
exit of the converter and the entrance to
the dryer.

Oxygen was removed from the ethylene
stream by passing through a 14 in., 3 ft.
long, galvanized pipe packed with copper
shot or copper-magnesium oxide granules.
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A cooler and drier system similar to that
employed for the hydrogen system was
also used in the ethylene feed as illustrated
in Figure 1.

Gas-Analysis System

The reactor operation was of the differ-
ential type; that is the conversion was
limited to a few per cent. This reduces the
problem of temperature and composition
changes within the catalyst bed, but it
requires precise analytical results to deter-
mine aceurately the small conversions
obtained. A thermal conductivity cell,
operated at a current of 140.00 = 0.05 ma.,
was used in this study. In order to increase
the sensitivity of the apparatus for measur-
ing the conversion the outlet gas from the
reactor was compared with the inlet gas
in a single cell. This is equivalent to using
the inlet stream as the reference gas.
Used in this way the unbalanced voltage
of the bridge circuit of the ccll was a
direct measure of the increase in ethane
concentration due to reaction. However
it was necessary in using this method
to calibrate the cell for each inlet-gas
composition. The cell was calibrated by
comparing a known sample mixture of
hydrogen, ethylene, and ethane with a
known reference mixture of hydrogen and
ethylene. In the calibration procedure the
ratio of hydrogen to ethylene was the same
in the sample and reference gas mixtures.
This does not correspound. to the.operation
of the reactor, except when the ratio is
unity. The error introduced because of
this discrepancy is small because the
thermal conductivities of ethane and ethyl-
ene are nearly the same, while that of
hydrogen is almost seven times larger.
Calculations, based upon the assumption
that the conductivities are additive, indi-
cate that the error introduced is less than
1.0% over the composition range 20 to 80
mole % hydrogen.

Analysis of the random or accidental
errors in the calibration procedure indi-
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Fig. 1. Schematic diagram of apparatus.
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TABLE 1. SUMMARY OF EXPERIMENTAL INVESTIGATIONS OF THE CATALYTIC HYDROGENATION OF ETHYLENE ON NICKEL

Temperature Total Gas Activation
range, pressure, agita- encrgy, Refer-
Catalyst °C. cm. Hg. tion keal./mole Rate relation*® ence
Ni foil 73-200 12 No 1.8 r = kpa with B in excess 9
r = kpg with 4 in excess
195 Nion — — — 3.6 T = kpy 10
charcoal
Ni ribbon —~10-130 0.003-0.02 — 0 (90°C.) r = kpa (T' < 67°C.) 18
r = kpy (1 + Bpa)(120°C.)
Ni wire 20 4.2 No — ro= 4
Ni wire 0-17 0.34-1.3 No 0 (140°C.) r=1Ff 13
Ni mass —-78-0 20-56 No 6.1 r = kps with P and py in excess 11
r increases with decreasing
pg at constant P and py
Ni powder 99-165 20-60 No — r = kp4 at constant P and pp 12
kpg
r T+ Bos at constant P and p4
Ni wire 60-207 3.7-7.2 No 14 (60°-100°C.) r = kpy 15
0 (207°C.)
Ni film 0 10-50 Yes 10.7 (—80° r = kpy 1
-150°C.) 2
Ni film 20-180 4-15.4 Yes 10.2 (20°-145°C.) r = kp4 (114°C.) 7
kpape
0 (165°C. o= e 5°C.
( ) T+ Bon (165°C.)
*A denotes hydrogen and B designates ethylene.
TaBLE 2. SUMMARY OoF RESULTS AT 50°C. AND 1 ATM. unit time, based upon the stoichiometry
r X 105, of the reaction, is
Qi’ (pa)awy (pb)avw ____ITIOIES Tz'; AT, Nl df[/c
Run  ce./min. 9, Yeo atm. atm.  (min.)g.) °C. °C. r o= m)*g aw (1)
3.5 2,010 0.730 0.101 0.716 0.234 122 50 5.5 Equati 1 i v diff
3.7 2010 0.730 0.0857 0.718 0.238 105 50 3.75 quation (1) applies to a truly differ-
3.9 2010 0.730 0.0700  0.721 0.244 87.0 50 2.5  ential reactor, that is one in which the
3.12 2010 0.730 0.0559  0.722 0.250 70.3 50 1.5  change in mole-fraction ethane through
3.14 2,010 0.730 0.0489  0.723 0.252 62.0 50 1.0 the reactor and the mass of catalyst
4 2,010 0.730 0 0.730 0.270 0 50 0 are both infinitesimal. For the actual

cates a maximum error of about 29%. It
is believed that the over-all errors in
determining the mole-fraction ethane in
the reactor effluent are less than 5%
under all the operating conditions.

CATALYST PREPARATION AND ACTIVATION

The carrier used for the catalyst con-
sisted of 0.14-in. diameter spheres prepared
by attrition from 3g-in. alumina spheres.
The internal area of the material was
approximately 150 sq. m./g. An aqueous
solution of nickel nitrate containing 10 g.
of nickel/100 cc. of water was added to a
flask containing the alumina carrier under
a vacuum. The pellets were agitated for
1 hr. and the excess solution then poured
off. After draining for 10 min. on cheese-
cloth the particles were dried in a labo-
ratory oven at 220°F. for 2 hr. The nitrate
was decomposed to nickel oxide by heating
in a furnace at 400°C. for 10 hr. The nickel
content at this stage was 2.94% by weight.

The reactor was packed with a 17-cm,
length of plain alumina spheres preceding
the catalyst to allow the entering gases to
attain reaction temperature. Preliminary
tests showed unimpregnated alumina had
no catalytic activity at 110°C. The active
bed consisted of a 39-cm. length of tubing
packed with a mixture of three parts of
plain alumina spheres and one part of
catalyst (155 spheres with a mass of
6.27 g.). One thermocouple was placed at
the entrance to the catalyst bed and the
second 10 cm. prior to the exit of the bed.
The reduction of nickel oxide to active
nickel was carried out in place at 250°C.
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with hydrogen flow through the reactor for
24 hr.

SCOPE OF EXPERIMENTAL WORK

The feed-gas composition was varied
from 40 to 90 mole 9, hydrogen and the
total flow rate from 800 to 8,000 cc./min.,
measured at 1 atm. and 70°F, These rates
correspond to a space-velocity interval of
66 to 660 reciprocal min. Runs were made
at 70°C. over a pressure range from 14.7
to 70 1b./sq. in. abs. At atmospheric pres-
sure data were obtained from 32° to 80°C.,
although most of the measurements were
carried out at 50°, 70°, or 80°C.

RESULTS

With differential type of operation
the rate of rcaction can be computed
directly from the measured ethane con-
tent of the product gas and the param-
eters of the feed. The expression for
the rate, in terms of the moles of ethane
produced per unit mass of catalyst per

reactor, approaching differential opera-
tion, this expression may be used to
compute the rate corresponding to the
arithmetic average composition in the
reactor.

Equation (1) may be written in dif-

ference form:
1 [y
[(1 T u)] @

Nayeo
T Tw
where the term in brackets represents
the average value through the reactor.
The error, as a function of conversion
or exit value of ethane mole fraction,
introduced in the use of Equation (2)
can be established from a rate equation.
Since an expression of the form

___kpaps
’ 1+ KBpB (3)

best fits the experimental data, Equation
(3) was used with Equation (1) to obtain
the correct rate at the average compo-
sition in the reactor. These correct

TaBLE 3. SUMMARY OoF RESULTS AT VARYING TEMPERATURE AND CONSTANT
CoMPOSITION AND PRESSURE

Qiy (pa )avay

Run  ce./min.  ggq Yeo atm.
8 814 0.730 0.0036 0.729
11 814 0.730 0.0069 0.729
14 814 0.730 0.0081 0.729
19 814 0.730 0.0183 0.727
21 814 0.730 0.0340 0.724
23 814 0.730 0.388 0.667
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r X 105,

(pb )avqy ._~___n101€s T: s AT’
atm. (min.)(g.) °C. °C.
0.269 1.9 34.5 0
0.268 3.7 43.2 0
0.267 4.3 50.4 0
0.264 9.7 61 0
0.259 17.7 72.5 0
0.139 158 81 2.0
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TaBLE 4. SUMMARY OF RESULTS AT 80°C. aAnND 1 ATM.

Qi) (pa)aum

Run  ce./min. g, Yeo atm.
42 912 0.909 0.0188 0.908
a3 1,633 0.582 0.0210 0.578
54 1,034 0.579 0.319 0.512
57 1,812 0.904 0.0151 0.903
80 1,802 0.534 0.1288 0.504
84 1,047 0.912 0.0145 0.912
92 1,541 0.859 0.0246 0.857
100 1,944 0.630 0.1193 0.608

results, when compared with Equation
(2), indicated that the error in the use of
Equation (2) is less than 29, for feed
gases containing 40 to 70 mole 9, hydro-
gen at values up to 20 mole 9, of ethane
in the reactor efluents and that at 80 mole
9 hydrogen in the feed the error reaches
29 at 14.29, of ethane in the effluent.

In the experimental program the con-
version was maintained well within these
limits, so that the use of Equation (2)
was justified. This analysis indicated
that maintenance of small temperature
gradients is more significant than small
conversions, if precise rates of reaction
are desired.

The temperature of the reactor was
controlled by circulating water at the
reaction temperature through the jacket
around the catalyst tube. With this
system and the diluted catalyst bed it
was possible to reduce radial temperature
changes to less than an estimated 2°C.
Longitudinal temperature changes were
a function of the extent of conversion
and the pressure, and in a few instances
these changes, at the highest pressures,
reached values of 10° to 20°C. The rate
computed from Equation (2) was given
a temperature corresponding to the
arithmetic average of the entrance and
exit values. It was then corrected to the
nomingl run temperature by the use of
an activation energy of 11,600 cal./g.
mole. (This value was determined from
experimental rate measurements at dif-
ferent temperatures.)

Tables 2 to 5% show the results of
the rate measurements and include in
successive columns the entrance flow
rate (at 70°F. and 1 atm.); the inlet
mole-fraction hydrogen; the exit mole-
fraction ethane; the average partial pres-
sures of hydrogen and ethylene, (pg)eeo
and (Ps)a.;; the reaction rate; the inlet
gas temperature; and the increase in
gas temperature through the reactor, AT'.
Tables 2 and 4 depict a part of the pre-
liminary data showing the effect of time
and pretreatment upon the activity of
the catalyst.

ANALYSIS OF THE DATA
Poisoning Reactions
Exposure of the catalyst to ethylene
*Tabular material has been deposited as docu-
ment 6050 with the American Documentation Insti-
tute, Photoduplication Serviee, Library of Congress,

Washington 25, D. C., and may be obtained for
$1.25 for photoprints or 35~mm. microfilm,

Vol. 5, No. 4

r X 105

(pb)avm _2(.)_12_ T, AT,
atm. (min.)(g.) °C. °C.
(.083 11.1 80 ¢
0.411 22.2 80 0
0.329 172 81 4.2
0,089 17.9 80 0.25
0.432 137 81 2.2
0.081 9.9 80.8 G.25
0.131 24.5 80.2 0.5
0.332 137.8 80 1.2

reduces its activity for the hydrogenation
reaction. The data in Table 2 at a con-
stant feed composition of 73 mole %
hydrogen and a temperature of 50°C.
illustrate this behavior. The decrease in
rate and temperature rise is depicted
for some of these runs in Figure 3.

These results fit the general model of
ethylene poisoning of pure nickel films
proposed by Jenkins and Rideal (7).
1t is postulated that ethylene is adsorbed
and dissociates into an acetylenic regidue
plus two adsorbed hydrogen atoms. The
hydrogen atoms are then available to
react with ethylene, resulting in the
so-called ‘“self-hydrogenation reaction.”
The sites vacated by this reaction will
adsorb more ethylene until all the
groups of four sites capable of disso-
ciatively adsorbing ethylene have been
utilized. In Rideal’s model the remaining
sites are assumed to catalyze the hydro-
genation of ethylene by adsorbing hydro-
gen, which then reacts with ethylene
in the gas phage.

Pretreatment of the catalyst with
ethylene at relatively high temperatures
partially stabilizes the rates. Figure 4
has been drawn from the data in Table
3, which were obtained after passing
ethylene through the reactor at 170°C.
Although these rates were measured at
80°C., they are less than those shown
in Figure 3 for the freshly activated
catalyst. In terms of the Rideal model
the high-temperature ethylene treatment
results in breaking down the acetylenic
complexes into hydrogen and carbide
residues. Presumably the rate of re-
action 1is stabilized because the rate
of removal of the carbides by hydrogen
in the feed gas is low at the normal
reaction temperatures, that is 50° to 80°C.

The dependence of the rate on the
partial pressures of hydrogen and ethy-

TaBLE 5. SuMMARY oF REsuLTs AT 70°C

(pa)avm

Q;, ib./sq.

Run ce./min. 1, Yeo in. abs.
212 4,048 0.50 0.0126 7.6
217 8710 0.50 0.1600 31.0
218 3,370 0.40 0.00703 6.0
223 7,280 0.40 0.1534 24.0
224 1,404 0.80 0.0707 11.6
229 3,070 0.80 0.1789 53.2
235 3,970  0.90 0.0921 60.6
236 1,616 0.70 0.0536 10.2
241 3,680 0.70 0.1913 45.9
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Fig. 2. Reactor detail.

lene is shown in Table 4 and Figure 5.
These data are for a total pressure of
1 atm. and illustrate the combined effects
of changes in both p, and ps. The
circles show the results when the acti-
vated catalyst has been treated with
ethylene at 170°C. for 12 hr. The squares
represent, the rates after the catalyst
had been subsequently exposed to mix-
tures containing an excess of ethylene
at 80°C. The decreased rate shown by
comparing the squares and circles evi-
dently results from the formation of
additional acetylenic residues. The rates
corresponding to the upright triangles
were observed after the catalyst had
been further exposed to hydrogen for
14 hr. at room temperature. From the
results it is clear that the acetylenic
residues are removed by hydrogen at
relatively low temperatures. If the
catalyst is exposed to ethylene for long
periods of time, the acetylenic residues
practically cover the surface as indi-
cated by the results depicted by the
inverted triangles. These low rates were
measured after the catalyst had been
treated for 48 hr. with ethylene at room
temperature.

These preliminary data demonstrated
that the catalyst surface was dependent
upon its previous history and that a
procedure for obtaining reproducible data

. AND VARYING PRESSURE AND COMPOSITION

(P8 )avgs r X 105,

1b./sq. moles AT,

in. abs. (min.}(g.) r70e X 105 °C.
7.6 33.3 31.4 1.2
31.0 805 280 22.6
9.0 15.5 15.3 0.2
38.6 645 257 19.5
2.52 61.4 49.8 4.2
8.71 312 173 12.2
3.93 222 152 7.8
4.13 54.2 44.0 4.2
15.9 382 203 13.2
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would have to be developed before
kinetic studies were possible. It was
found that pretreatment at 170°C. with
feed mixtures of the same composition
as those used for the following rate
measurements results in a stable surface,
presumably because the poisoning re-
actions reached a steady state. All the
kinetic data at 70°C. were obtained by
this procedure and are shown in Table 5.

Effect of Temperature

The data in Table 3 show the effect
of temperature on the rate using the
stabilized catalyst, that is after the
surface has been treated with ethylene
at 170°C. The plot of the results in
Figure 6 indicate an apparent activa-
tion energy of 11,600 cal./g.-mole. The
linear nature of the data strengthens the
conclusion that diffusion of the reac-
tants to the catalyst surface is not a
significant resistance in the over-all
process from reactants in the gas to
produet in the gas.

This activation energy was used to
correct rate data for individual runs to
the nominal temperature of the run series.

Rate Equation

The rate data of Table 5 were first
used to determine the empirical depen-
dence of the rate on the partial pres-
sures. The method of least squares gave
the following result:

r = 2.73 >< 10~5pA0v93pB0,33 (4)
The first-order dependence on hydrogen
partial pressure confirms the results of
earlier studies (2, 9, 10, 11, 12, 15, 18).
The one-third power effect for ethylene
suggests a Langmuir type of mechanism,
in which the adsorption of ethylene on
the surface is significant.

The derivation of rate equations based
upon the Langmuir adsorption theory
and the equilibrium postulate have been
treated extensively in the literature
(5, 6, 17). The equations are derived by
the assumption of a mechanism for the
reaction and then the supposition that

m T T T T T T
RUNS 5.0-5.12, TABLE 2
[ [
« - T =381 N
330 P = | ATM
z Yolave = 0.70
i
Z280- 1
o

7/ Ml
;8%

» o
TEMPERATURE RISE ACROS8 REAGTOR, 8T, °C

REACTION RATE, I x 10% GM. MOLES

~

[) % i 1 - 1 1 J— .
2 4 0 ] 10 [} ¥

TIME, t, MIN.

*o

Fig, 3. Variation of catalyst activity with
time.

Page 456

the rate is determined by a single step
in the procesds, the remaining steps
occurring under equilibrium conditions.
Within this framework the concept of
the reaction which best fits the data
is as follows.

If the adsorption on the active part
of the surface for the reaction is ideal
(that is Langmuir adsorption), and if
the rates of all the steps except one in
the over-all reaction are sufficiently fast
that pseudo-equilibrium conditions are
maintained, then the process is one in
which ethylene is adsorbed on single
sites, hydrogen and ethane are not
adsorbed, and the controlling step is
the reaction between adsorbed ethylene
and gaseous hydrogen. The corresponding
rate equation is

APAPB

ro= R 5

1+ Bp, (5)

and a least-squares fit of the data yields
the numerical form

_0.86 X 107paps ©
1 -+ 0.079p;
Figure 7 shows both the experimental
data and the line corresponding to
Equation (6).

The catalyst-activity studies, Figures
3 to 5, and the work of Jenkins and
Rideal (7) are not in agreement with
the concept of a reaction between
adsorbed ethylene and gaseous hydrogen.
These studies suggest instead that ethy-
lene dissociates when adsorbed, forming
acetylenic or carbide residues. On this
basis the hydrogenation reaction can
occur only on those sites not occupied
by the residues and only by reaction
between adsorbed hydrogen and gaseous
ethylene. The mechanism may be re-
presented as follows:

k

H, 4+ N¢, = H,Nv¢, @
ko

ka

H,Ni, 4+ C,H, - C,H, 4+ Ni. (8

Jenkins and Rideal used a steady state
approach to derive a rate equation for

360 T T T T T L

RUNS 24-24.30, TABLE 3

320 T = 80° 1
Pw 1ATM
Yolave = 0.0

260]- .

, 8T,%

1
n

REACTION RATE, I x J0°, GM. MOLES CsHe / MIN.- GM. CAT.
»
TEMPERATURE RISE ACROSS REACTOR

[] 1 L i A 1] — o
0 5 10 15 20 28 30 38
TIME, t, MIN.

Fig. 4. Variation of catalyst activity with
time.
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this mechanism. In this method it is
supposed that the concentrations do not
vary with time once a steady state has
been reached. It is not assumed that a
single step is controlling, as in the
development of Equation (5). In this
sense the steady state method leads to
more general equations, and indeed the
single-step controlling equations can
always be obtained from the steady
state development by making additional
assumptions.

If the fraction of the surface (available
for the reaction) occupied by adsorbed
hydrogen is 8, the steady state concept
requires that (d6/df) = 0. Hence from
Equations (7) and (8)

0 _ 0 = kp.(1 — 6

dit

— ko8 — kyOps (9
In the formulation of this equation it
is supposed that of the available surface

part is occupied by hydrogen and part
is bare. From Equation (9)

kypa
= 1
ks + /f']pA + kzpB ( 0)

The rate of reaction is obtained from
Equation (8):

0

kmAPR
ks + kps + kaps Ol)
Keii (8) found it necessary to postu-
late a very low surface concentration
of adsorbed hydrogen in order to explain
the rates of formation of the deutero-
ethylenes and deutero-ethanes in the
reaction between light ethylene and
deuterium. Also the studies of the
parahydrogen conversion on nickel (4,
14, 15), in which ethylene was found
to inhibit the conversion, indicate that
the concentration of adsorbed hydrogen
must be very low. These separate studies
suggest that the term kip, in the de-
nominator of Equation (11) is nédgligible,
so that Jenkins and Rideal’s final form
of the rate equation

7 = kgepy =

8 T T T T T

T=80°
P= | ATM
RUNS (TABLE 4}

g

7 34-33
O s4-72
O ©0-84
A 9i-i00

8 8 &
T T T
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REACTION RATE, I X10% GM. MOLES Gy Mg/ MiN-GM.CAT.
@
o
T

[-1o] o4 b
40 w
20 -
o 1 L L i 1 1
3 - 5 K] T 8 k-] [Ee]
AVERAGE MOLE FRACTION OF HYDROGEN IN REACTOR
{yadave

Fig. 5. Effect of catalyst treatment on
reaction rate.
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RUNS 7 - 23, TABLE 3
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Fig. 6. Temperature dependence of reaction
rate.

p = FPaPs
ks + kips
is obtained.

Equation (12) is of the same form as
Equation (6), which was found to fit
best the experimental data. However the
mechanisms upon which the two equa-
tions are based are different. In view of
the catalyst activity studies and the
considerable amount of kinetic data from
other sources supporting the dissociation
of ethylene on the catalyst the Jenkins
and Rideal approach is favored.

Several other theories for the reaction
have been proposed (I, 3, 14) and rate
equations developed for them, either in
the present investigation or by those
suggesting the mechanism. None of these
agree with the experimental rate data.
Twigg’s concept (14), which has enjoyed
gsome popularity in the literature, re-
quires that ethane be formed by the
reaction between adsorbed ethyl radicals
and adsorbed hydrogen atoms. Ethy-
lene i§ adsorbed by the associative pro-
cess, and hydrogen is adsorbed only
through the interaction of a gaseous
hydrogen molecule and an adsorbed
ethylene complex. The data of this study
do not fit such a picture. The arguments
in favor of the Twigg concept are based
not so much on the dependence of the
rate on pressure and concentration as
on the variation of first-order rate con-
stants with temperature and on infor-
mation for related reactions.

(12)

CONCLUSIONS

Studies of the rate of the reaction
on an alumina-supported nickel catalyst
from 14.7 to 70 1b./sq. in. abs. indicate
complex kinetics. The commonly pro-
posed simple rate equation, first order
with respect to hydrogen and indepen-
dent of ethylene partial pressure, is not
valid.
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Fig. 7. Rate-data correlation.
Ethylene is a poison for the nickel- 6 = fraction of catalyst surface cov-

alumina catalyst, presumably owing to
surface complexes of acetylene polymers
formed when ethylene is adsorbed at
low temperatures. These residues are
only slowly removed by hydrogen at
temperatures below 80°C. but are com-
pletely eliminated at high temperatures.
Comparable rates of reaction, suitable
for kinetic study, can be obtained by
pretreating the catalyst at 170°C. with
mixtures of hydrogen and ethylene.
Rate data are then taken at lower
temperatures with a feed of the same
composition as used in the pretreatment.

The rate data alone are not sufficient
to determine the mechanism of the
reaction. The same satisfactory rate equa-
tion can be obtained from at least two
concepts of how the reaction occurs.
The previously available data for the
nickel catalyzed reaction and the activity
studies for the present catalyst suggest
a reaction between adsorbed hydrogen
and ethylene in the gas phase.

ACKNOWLEDGMENT

Financial support for this work was
provided by the Engineering Experiment
Station, Purdue University, and by the
Pure Oil Company. J. M. Woods of Purdue
University gave generously of his time for
discussions of the project.

NOTATION

A = constant in Equation (5), depen-
dent on temperature

constant in Equation (5), depen-
dent upon temperature

apparent activation energy
equilibrium constant
reaction-rate constant

molal flow rate, g.-moles/min.
partial pressure, atm.

volumetric flow rate, ce./min. at
70°F. and 1 atm.

reaction rate, g.-moles/(min.)(g.
of unreduced catalyst)
temperature

time, min.

mass of catalyst, g.

mole fraction

B

T O =N
It L o T

Hna

A.L.Ch.E. Journal

ered by adsorbed hydrogen
[Equation (10)]

Subscripts

A, a = hydrogen

B, b = ethylene

C, ¢ = ethane

) = reactor inlet conditions
0 = reactor outlet conditions
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