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The unsteady state kinetics of ethylene epoxidation on a silver catalyst were studied in order to
investigate the role of the reaction intermediates in determining the rate and selectivity of ethylene
oxide formation. An automated cyclic pilot in association with a semidifferential fixed-bed reactor
was used to evaluate the abundances of the intermediates from the analysis of their desorption
products in oxidation and reduction pulses. A steady state kinetic rate equation was also obtained
with the automated cyclic pilot; Langmuir-Hinshelwood behavior confirms the role of the de-
posits, and the proposed reaction scheme takes into account the reversible adsorption of reactants

as well as the irreversible adsorption of the deposits.

INTRODUCTION

Unsteady state operation of chemical re-
actors can be used to increase the yield of
catalytic processes (/). The study of tran-
sient phenomena occurring on the catalyst
surface also represents a good method for
defining the elemenatry steps of the reac-
tion (2, 3).

Ethylene epoxidation on a supported sil-
ver catalyst is a good example of a simple
oxidation process presenting selectivity
variations as a function of the operating
conditions, even at low conversion, i.e.,
when the oxidation of ethylene oxide to
CO, is negligible:

r
—_—

C2H4

N CO, + H,0“
Selectivity at low conversion is defined as

CH,O

r

r1+r2

This reaction may be conveniently studied
in a gradientless fixed-bed semidifferential
reactor (4, 5). It may be expected that un-
steady state operation has an effect on the
activity of the catalyst and selectivity at
low conversion.
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In order to study the chemical engineer-
ing aspects of the unsteady state operation
we had previously developed a square-
pulse cyclic reactor (5). It was shown (5, 6)
that this reactor was useful for studying the
oxygen species present on the catalyst dur-
ing the reaction and that, at the end of the
reaction pulses, carbonaceous deposits
were left on the catalyst surface. These de-
posits had also been observed, by means of
infrared spectroscopy, by Force and Bell
7).

Guseinov et al. (8) have measured the
coverage of deposits on the catalyst by
means of a so-called chromatographic pulse
reactor. However, one disadvantagc of this
method is that during the short pulses, the
partial pressures of reactants and products
are changing. Kobayashi (9) has used chro-
matographic analysis to study the response
to step impulses while operating at a low
temperature (91°C) in order to retard the
phenomena. During the desorption stages
the amount of reversibly and irreversibly
adsorbed products were determined.

Klugherz and Harriott (10) presented a
kinetic study of the epoxidation reaction in
1971; their results show a strong retardation
at high ethylene partial pressures. They at-
tributed this effect to competition for ad-
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sorption sites. Ghazali et al. (4) observed
the same negative orders but attributed
them to retardation by deposits, the de-
posits being defined as the intermediates of
the total combustion reaction.

We have decided to fully automate the
square-pulse cyclic reactor previously used
in our laboratory for a study of the un-
steady state buildup of the deposits as well
as their influence on the steady state rate
equation and selectivity variations.

EXPERIMENTAL
Materials and Equipment

Catalyst. The catalyst was prepared us-
ing the impregnation method. Silver acetate
and barium acetate were dissolved in a
pyridine-water solution containing 10%
water; the solution was then added under
vacuum to a silica support supplied by Pro-
labo, France (Spherosil XOC 005, surface
area 14 m?/g) (4-6).

After preparation, the silver content of
this catalyst was 25 wt% and that of barium
was 2 wt%. Transmission electron micro-
graphs of the catalyst particles showed that

silver was present as spherical particles of
about 300 A in diameter.

Apparatus. The square-pulse cyclic reac-
tor described in the previous paper (5) has
been totally automated and is diagrammed
in Fig. 1. A U-shaped stainless-steel tube of
4.7 mm inside diameter was used as a reac-
tor; it was immersed in a silicone-oil bath,
allowing temperature control up to 200°C.
The mixture of reactant gases was obtained
with mass flowmeter controllers whose set
points were selected by the control com-
puter.

Three-way electric valves were used to
implement the cyclic pulse operations. A
microcomputer (Hewlett Packard HP 85)
with an HP-IB interface and a digital <> an-
alog convertor (PCI 6300 multipurpose
computer interface) was used to control the
electric valves and the flow controllers.

On-line analysis was performed by auto-
matic injection of the effluent gas from the
reactor into a gas chromatograph equipped
with a thermal conductivity detector. The
injection valve, the chromatograph, and the
integrator were also controlled by the mi-
crocomputer. Hydrogen was used as a car-
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FiG. 1. Automated square-pulse cyclic reactor. R, fixed-bed tubular reactor; M, mass flowmeter
(Brooks); P, power supply and manual adjustment of mass flowmeters; PCI, process control interface
(1, analog input; O, output; R, relay), HP-IB, computer interface; HP-85, microcomputer, EV, electric
valve; I, automatic injection valve; GC, gas chromatograph; INT, integrator; TC, temperature control-

ler; CA, compressed air.
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FiG. 2. A typical cyclic operation (R-N-O-N-H-N
cycle). g, duration of the reactant pulse; #, to 4, dura-
tion of individual pulses; t,, period of one cycle.

rier gas and isothermal analysis at 130°C
was carried out with a §-in. 5-m, Porapak Q
column.

Procedure

The catalyst was first stabilized at 180°C
by steady state operation in the flow system
with a reactant gas mixture (C,Hy: 40%, O,:
10%, and N;: 50%). The steady and un-
steady state experiments were carried out
by the automated microplant; all experi-
ments were conducted at 160°C and at at-
mospheric pressure.

A. Cyclic operation (unsteady state). A
typical cyclic operation was obtained with
several pulses of gases as shown in Fig. 2.

First the catalyst surface was cleaned by an
oxygen pulse (O-pulse) followed by a hy-
drogen pulse (H-pulse) and then the reac-
tant gas mixture was introduced onto this
clean catalyst surface. The three main
pulses, namely, reactant (R), oxygen (O)
and hydrogen (H), were separated by short
nitrogen (N) pulses. This 6-pulse cycle is
called R-N-O-N-H-N cycle.

The partial pressures of the reactant gas
{(ethylene, oxygen) and the duration of the
reactant pulse (R-pulse) were varied in the
different experimental runs.

After about 50 cycles, a pseudo steady
state condition is obtained: all the following
cycles give the same results as long as the
cycle definition is not changed. A full re-
sponse to a given R-H-O-N-H-N cycle may
then be obtained (Fig. 3): at each cycle, ata
given time interval defined from the begin-
ning of the cycle, the reactor effluent is in-
jected into the chromatograph. The time in-
terval is modified from one cycle to the next
and the cyclic operation is repeated until
the full response to the cycle is obtained.
The time intervals are stored as a table in
the computer memory. The difference be-
tween two time intervals may be chosen to
be as small as 0.2 s.
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F1G. 3. A typical cyclic response at 160°C (R-N-O-N-H-N cycle). Composition of the reactant pulse:
(C,H, = 88%, O, = 12%); time lapses: t = 180's, t, = 608, t; = 360 s, £, = 1205, 15 = 180s, 1, =60s; S

= instantaneous selectivity.
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Cyclic operation was used to study the
transient kinetic mechanism, especially the
formation and the role of the reaction inter-
mediates (deposits) formed on the surface
during the reaction, as will be described
later.

B. Steady state operation. After each
change in gas composition a quite long pe-
riod is necessary to obtain steady state op-
eration; in general this steady state is ob-
tained in about 1 h. During this time the gas
mixture is passed continuously through the
reactor. The effluent is then automatically
injected into the chromatograph. Two analy-
ses are performed, one after the other, and
compared by the computer; if they do not
differ by more than a predefined value the
computer starts a new experiment by
changing the reactant gas composition or
the gas flow rate.

The same small reactor used for the un-
steady state experiments was also used in
these trials: it had 4.7 mm inside diameter
and 30 cm length. Heat and mass transfer
resistances were reduced by a combination
of small reactor diameter, small catalyst
particles (d, = 150 pm), and high dilution
with quartz (0.1 g catalyst for 3 g quartz).
The calculation of Mears’ criteria (/1) has
shown (6) that, in all cases, the heat and
mass transfer resistances were negligible.

NOMENCLATURE
E ecthylene
EO ethylene oxide
H  hydrogen

deposit desorbed as CO, by combus-
tion in the oxygen pulse

J deposit desorbed as CO; in the hydro-
gen pulse

k;  reaction rate constant

K; adsorption equilibrium constant of
component {

N  nitrogen

O  oxygen

P; partial pressure of component i (atm)

q1  amount of the I deposit (mol CO,/g)

gy amount of the J deposit (mol CO,/g)

r rate of epoxidation (reaction of C,H,
to C,H,0) (mol C2H4/g . h'l)

r,  rate of combustion (reaction of C,H,
to CO, and H,0) (mol C,H4/g - h™)

R reactant

S selectivity: r)/(r; + ry)

t; pulse time of the ith puise (s)

tx  pulse time of the reactant pulse (s)

0c, fraction of sites covered with chlorine

6;  fraction of sites covered with compo-

nent i

6, fraction of sites covered with I de-
posit

0y  fraction of sites covered with J de-
posit

0r fraction of sites covered with ethyl-
ene

fro fraction of sites covered with ethyl-
ene oxide

0o fraction of sites covered with molecu-
lar oxygen

6o fraction of sites covered with atomic
oxygen

0;. fraction of the vacant sites

RESULTS AND DISCUSSION
1. Formation of Reaction Intermediates

(Deposits)

A typical cyclic response is shown in Fig.
3. In this R-N-O-N-H-N cycle the reactant
gas mixture was composed of 88% ethylene
and 12% oxygen. The flow rate of the gases
in each pulse was 3 liters/h and the duration
of each pulse is indicated in the figure.

The response of the ethylene concentra-
tion presents a good square pulse, indicat-
ing that the concentration of the reactants
was practically constant during the reactant
pulse.

The variation of the concentration of re-
action products, ethylene oxide and CO,,
as well as the instantaneous selectivity are
shown in this figure.

An important observation to be made is
that the catalyst is partially covered with
deposits producing CO, during the oxygen
and the hydrogen pulses. The CO, desorbed
in the H-pulse is desorbed in a very short
time and the quantity of the CO, obtained



ETHYLENE EPOXIDATION KINETICS

by integration of this CO, response curve is
small, representing about 10% of the CO,
evolved in the O-pulse. The amounts of
CO, desorbed in the O- and H-pulses are
not modified when the order of these two
pulses is inversed.

The CO; desorbed in the O-pulse by com-
bustion of the deposits is probably due to
reaction intermediates of an alkoxide or ac-
etate type and that in the H-pulse to a
mono- or bidentate carbonate (7).

A decrease in the epoxidation rate was
observed in the R-pulse. This rate de-
creases by a factor of 3 within 3 min while,
as will be shown later, the amount of the
deposits is increasing. This observation is
important since it was believed until now
(10, 12) that competition of the two reac-
tants for the adsorption sites was responsi-
ble for the low or negative reaction orders.
Since this phenomenon has never been
studied before, we initiated a study of the
influence of the deposits on the epoxidation
rate as a function of time and as a function
of the partial pressures of the reactant gas
mixture.

An experimental run with a feed compo-
sition rich in oxygen (30% C,H,, 70% O,) is
shown in Fig. 4. In this case the catalyst
reactivity for the production of ethylene ox-
ide and carbon dioxide remains constant

85

during the R-pulse and the amounts of de-
posits produced in the O- and H-pulses are
small. Therefore, in these conditions of
high oxygen partial pressure, the catalyst is
self-cleaning.

In order to understand the mechanism of
the formation of deposits, an investigation
of the influence of pulse time (fg) and reac-
tant compositions was undertaken. The
data obtained are presented in Table 1. The
first four columns of this table indicate the
partial pressures and the pulse time, re-
spectively.

The rate of epoxidation at the end of the
R-pulse, after a time tg, and the amount of
CO,; desorbed in the O-pulse and H-pulse
are also shown in the table. The total selec-
tivity is calculated by taking into account
the total amount of C;H,O and CO, pro-
duced in a full cycle.

The I and J deposits increase with the
pulse time, fg; for example, deposit I in-
creases by a factor of 4 and deposit J by a
factor of 16 when tg is varied from 10 to 900
s at a reactant composition of 88% C,H,
and 12% O,. Under the same operating con-
ditions the epoxidation rate decreases by a
factor of 3 when #; increases. However, in
the same period of time the decrease is
smaller (45%) when the reacting mixture
has the composition C;H4 30%; O, 12%; N,

t
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FiG. 4. Cyclic response to a reactant pulse rich in oxygen (C;H, = 30%, O, = 70%). The other

conditions are the same as in Fig. 3.
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TABLE 1

Variation of the Amount of Deposit with the Operating Conditions

R-pulse r O-pulse H-pulse Siotal
att = g (%)
Py Py Py IR (umol C;H,O/ q q
(atm) (atm) (atm) (s) gcat - s (umol CO,/ (umol CO»/
g cat) g cat)

0.88 0.12 0 10 0.42 8.32 0.22 42.7
0.88 0.12 0 30 0.33 13.24 0.26 51.8
0.88 0.12 0 180 0.22 22.87 1.70 60.0
0.88 0.12 0 900 0.15 23.36 3.52 67.4
0.30 0.70 0 30 0.50 7.74 0.37 48.6
0.30 0.70 0 180 0.48 7.49 1.03 57.0
0.30 0.12 0.58 10 0.47 8.17 0.20 34.7
0.30 0.12 0.58 30 0.43 11.83 0.38 46.6
0.30 0.12 0.58 180 0.35 16.25 1.03 57.2
0.30 0.12 0.58 900 0.34 14.27 3.20 59.2
0.10 0.90 0 30 0.62 4.64 0.26 44.3
0.10 0.90 0 180 0.61 4.81 0.65 50.4
0.10 0.10 0.80 180 0.14 8.98 0.57 493

50%. The epoxidation rate becomes practi-
cally independent of rg at higher oxygen
partial pressures (above 0.7 bar).

Table 1 shows that the I deposit is
formed more rapidly than the J deposit and
that they reach an asymptotic value when g
increases. I increases with increasing ethyl-
ene partial pressure but decreases with in-
creasing oxygen partial pressure while J in-
creases with both increasing ethylene and
oxygen partial pressures. These trends are
sufficiently confirmed and though the
amount of data is rather sparse; formulae
giving the amount of I and J deposits as a
function of Pg, Po, and tg are

b
ai=(aPe+ 5) A =e @)
q; = (@)Pg + byPo)1 — ™).  (2)

These are the simplest formulae which can
provide a reasonable explanation for the
existence of the asymptotes and the varia-
tions of the deposits with Pg and Po. The
correlation parameters were obtained by
statistical treatment (nonlinear regression)
of the data of Table 1; they are presented in
Table 2.

Deposit 1 increases with Pg and de-

creases with Pg, but the increase of I with
Pg is much more important than the de-
crease with Pg since aj is 16 times larger
than b;. Equation (1) also shows that the
catalyst is more self-cleaning at low Pg and
high Po. The increase of J with Py is rela-
tively important but in general the quantity
of deposit I is much more significant than
that of J; therefore, the reaction is retarded
by deposit 1. It is interesting to note that I
and J form very slowly, particularly J, as
indicated by the small value of C; (=
0.0024).

The decrease in the epoxidation rate, as
measured at the end of the R-pulse, with
the development of the deposits is illus-
trated in Fig. 5. The curves giving r; as a
function of tz at different compositions of
the reactant mixture show clearly that a

TABLE 2
Constants of Eqs. (1) and (2) and Their Standard
Deviations
Deposit a b c x 102
1 16.7 = 3.0 1.0 £ 0.2 4.4 .0
J 50x1.2 27 %23 24 =15
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FiG. 5. Epoxidation rate at the end of a reactant pulse as a function of the duration of pulse (), at

different compositions of reactant mixture.

more significant decrease takes place at
hlgh Pg and low Pq.

It is well known that ethylene and oxygen
adsorb on the surface of silver (/3); the ad-
sorbed quantities will certainly be lower if
the surface is partially covered by the de-
posits 1 and J. Consequently the usual
Langmuir-Hinshelwood expression with
competition for adsorption sites should be
modified to take into account the amount of
deposits; the new model would be applica-
ble not only to the steady state but also to
the transient conditions if we suppose that
the rate of adsorption and desorption of the
reactants and products is high compared to
the rate of deposit formation.

Langmuir-Hinshelwood model with de-
posits. The Langmuir-Hinshelwood ex-
pression with competition for adsorption
sites is well known (/4); the same formula-
tion may be used to take into account the
reaction intermediates (deposits):

05+00+6[+01+0L=l, (3)

where 6, 6o are the fractional coverages of
ethylene and oxygen, 6;, 6y are the frac-
tional coverages of the I and J deposits, and
0y is the fraction of vacant sites.

Taking into account the adsorption equi-
librium constants for ethylene and oxygen,
Kg and K, the following equattons can be
written:

0}3 = KEPEOL
=KgPg (1 — 0 — 6o — 6, — 6;) (4
00 = KOP09L

=KoPo (1 =8 — 60 — 6, — 6)). (5

Adding these two equations and rearrang-
ing the terms, the following equation is ob-
tained:

1—(6:+6y)
1 + KgPe + KoPo'
©)

Since the rate of epoxidation, r;, may be
written as

1*913—00—0[—01:

r = kifefo )

after substitution, the following rate equa-
tion is obtained:

[1— (6 + )]

rn = k]KEKO (1 T KEPE ¥ KOPO)2 PEPO.
(8)
This equation shows that the usual

Langmuir-Hinshelwood expression, with-
out (6; + 6;) in the numerator, is not appli-
cable if the reaction intermediates cover an
important part of the sites and if this cover-
age is a function of Pg and Py. When half of
the surface is covered by the I + J deposits
the rate constant decreases by a factor of 4
since ry is proportional to [1 — (8; + 6))]%
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For the experimental conditions de-
scribed in Table 1, namely Pg = 0.88, Pp =
0.12 and 7z = 900 s, the quantity of deposits
is equal to 26.9 wmol CO; per gram of cata-
lyst. Taking into account the average silver
crystallite diameter of 300 A and the num-
ber of surface silver atoms, 1.3 X 10" at-
oms/m? (15), and assuming that one carbon
atom covers one silver atom, we estimate
that this quantity of deposit covers about
50% of the catalyst surface. Evidently, this
method is not sufficiently accurate to define
6; + 65; this quantity is proportional to q; +
g; and by nonlinear regression of the steady
state experiments the following expression
was obtained:

- [1 —0.017 (g1 + gpP?
U7 + 6.41Pg + 1.56P,)

PePy. (9)
However, this expression lacks precision
because g; + g; was calculated using the
formulae (1) and (2) at ¢ = o,

The combination of Eqs. (1), (2), and (9)
gives the steady and unsteady Langmuir—
Hinshelwood equation with deposit forma-
tion. Equations (1), (2), and (8) are only
valid when coverages with ethylene oxide
and CO, are negligible as is the case at low
conversion. Data used to obtain Egs. (1),

(2) and (9) were related to experiments con-
ducted at low conversion.

Influence of chlorine coverage on deposit
formation. The catalyst was chlorinated
with 1,2-dichloroethane using a diffusion
tube (/6) and a series of unsteady state ex-
periments were carried out with the auto-
matic cyclic pilot. The R-N-O-N-H-N cycle
was used and the pulse time of the R-pulse
was varied for a constant composition of
the reacting gas mixture (C;H, = 40%, O, =
10%, N, = 50%) at 160°C.

One of the cyclic responses, with rg = 3
min, is shown in Fig. 6. It shows that the
decrease in reactivity of the chlorinated
catalyst is much more significant, a factor
of 7, and more rapid than in the case of the
catalyst without chlorine coverage even
though the total quantity of deposits is
smaller than in the first case.

The effect of this chlorine coverage had
to be included in the modified Langmuir—
Hinshelwood equation (Eq. (8)). If we des-
ignate the chlorine fractional coverage by
8¢, Eq. (3) may be written as

B+ 6o+ O+ 6 +0a+6.=1 (10)

and the following rate equation is obtained:

o _INIH]J N

(atm)

Peoneo o Peon X 103

<100

(%)

So—o

] 10 12 124 12.2 16

{min)

FiG. 6. Cyclic response of a chlorinated catalyst at 160°C. R-N-O-N-H-N cycle (180 s, 60 s, 360 s,

120 s, 6 5, 234 s).
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_ (1 — e — (6 + )]
n = kKeKo (TR Py + KoPol

PgPo.
(In

The experimental results concerning the
formation of the I and J deposits on the
chlorinated catalyst have been compared to
the results obtained with the unchlorinated
catalyst. The total quantity g; + g; of the
deposits is not significantly modified by the
presence of chlorine (10.9 umol CO, per
gram of catalyst without chlorine and 7.5
umol CO, with chlorine at rzg = 900 s). The
coverage with deposits is of the order of
20% in the first case and 14% in the second.

Using Egs. (8) and (11), and supposing
that 8¢, is equal to 0.5, it is possible to com-
pare the decrease in reaction rate during the
R-pulse:

Without chlorine r; ~ (1 — 0.2)*> = 0.64;

with chlorine
r~ (1 —0.5-0.14 = 0.13.

The effects observed, namely a decrease in
the reactivity by a factor of 1.5 without
chlorine and by a factor of 7 with chlorine
(Fig. 6), are explained satisfactorily by the
model of rate equations with deposits. We
have observed that this last factor can be as
high as 20 when the ratio Pg/Pg is high, i.e.,
greater than 10.

Influence of C;H,0 and CO, on deposit
formation. It is known (9, 17, 18) that ethyl-
ene oxide and carbon dioxide adsorb re-
versibly on silver. At high conversion the
Langmuir-Hinshelwood equation should
be written with Pc,u,0 and Pco, in the de-
nominator. However, the fact that g, and g
are also functions of these two partial pres-
sures, as indicated by the results presented
in Table 3, is probably more important.

These results were obtained with a reac-
tant mixture containing 6% ethylene oxide
or 10% CO, at the end of a R-pulse of 180 s.
In both cases the amount of I decreases and
that of J increases and these effects are not
due to reversible adsorption of C,H; or
COs.

TABLE 3

Influence of CO, and C,H,O on the Formation of
Deposits: R-H-O-N-H-N Cycle (180, 60, 360, 120,
180, 60) at 160°C

R-pulse 1 )
(umo!l COy/  (umol CO»/
Pr Py Pn Pcoy,  Peango g cat) g cat)
(atm)  (atm) (atm) (atm) (atm}
0.4 0.1 0.5 (] 0 11.26 .60
0.4 0.1 0.4 (8] 0 8.42 1.69
0.4 0.1 0.44 ¢ 0.06 7.47 1.46

These observations as well as other ob-
servations made in the unsteady state ex-
periments were taken into consideration in
the choice of the reaction scheme that will
be presented later.

2. Steady State Kinetics

The kinetic study in the unsteady state
has shown the important role of the de-
posits. However, the inhibition effect could
have been easily attributed to a normal (re-
versible) Langmuir—-Hinshelwood cover-
age, which at high coverage can lead to the
presence of maxima and negative reaction
orders (10).

As will be shown in this section the
Langmuir—Hinshelwood formula provides
a good representation of steady state kinet-
ics even when the catalyst is not self-clean-
ing. Since we were planning to obtain a rate
equation only at low conversion, conver-
sion of ethylene was kept very small and
the partial pressure of ethylene oxide was
less than 0.002 atm in all cases. Under these
conditions it can be assumed that all the
carbon dioxide is formed directly from eth-
ylene and not produced by the further oxi-
dation of ethylene oxide; the effect of site
coverage with CO,, H,0, and C,;H,O may
also be neglected.

Ethylene and oxygen partial pressures
have been varied from 0.1 to 0.9 atm; the
total flow rate of the reactant gas mixture
was maintained at 3 liters/h. The use of the
automated micropilot permitted this kinetic
study to be conducted in a relatively short
period of time (4 days) without any signifi-
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cant drift of the catalyst activity. However,
it was necessary to correct the reaction
rates by taking into account the small
change of catalyst reactivity as a function
of time. Each experimental rate constant
has been corrected by a correction factor
obtained by repeating a standard run (40%
C,H,, 10% O,, 50% N>) every 5 h.

The kinetic data obtained at 160°C can be
represented graphically by plotting the re-
action rates as a function of the partial pres-
sures of ethylene and oxygen. Figure 7
shows the effect of the ethylene and oxygen
partial pressures on the rate of epoxidation.
The reaction rates attain a maximum with
increasing P for each constant Py. These
maxima are obtained at higher ethylene
pressure when the oxygen pressure in-
creases.

The phenomena observed in this study
conform with the previous results pub-
lished by Klugherz and Harriott (/0) and by

Py (stm}
2.0 N
. 0.8
° 0-7
[ 0-86
5] 0.5
A 0-4
1.5
a 0-3
—
F . 0-2
NG o 0.1
°
£
-
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FiG. 7. Effect of Pg on the rate of epoxidation at
different values of Py at 160°C. The curves represent
Eq. (12) with the three constants obtained by nonlinear
regression.

Ghazali et al. (4) under different operating
conditions. It can be observed, however,
that the maxima of the reaction rates in our
study are located at lower values of Pg than
in the case of these two earlier studies.
With a simple Langmuir-Hinshelwood ex-
pression

_ k KgKoPgePo
(1 + KgPr + K0P0)2

(12)

r

it is possible to represent the maxima,
whose abscissae are obtained by

dr1 _
ap; 0
which gives
1 + KoP
Prpe =1 (13)

The low value of Pg_,, in our study could be
interpreted as an increase of Kg (ethylene
adsorption constant) when the temperature
decreases since our experiments were con-
ducted at 160°C, compared to 220°C for
those of Klugherz and Harriott (/0) and
180-210°C in the case of Ghazali et al. (4).

Equation (12) can be written in its linear-
ized form

< PEPO> )

r

1 + KegPe + KoPo). (14)

1
" Vi KeKo (

Figures 8 and 9 represent (PgPo/r))'? as a
function of Pg or Po at constant Py or Pg
and they show that straight lines are ob-
tained. However, a slight decrease of the
slopes can be observed when Pg increases
(Fig. 8) or when Pg increases (Fig. 9). The
same observations were made by Klugherz
and Harriott with their o-alumina-sup-
ported catalyst operating at 220°C.
Neglecting this small variation of the
slopes, it appears that the Langmuir-Hin-
shelwood formula is a good representation
of the experimental data. The parameters
and their standard deviations were obtained
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by nonlinear regression:

k x 103 Kg Ko
14.96 = 0.45 10.03 = 0.35 1.59 = 0.09

These parameters have been used to draw
the curves represented in Fig. 7. The selec-
tivity defined as

ry

S = (15)

r+r

where 7, is the rate of total combustion, is
correlated as a function of Py and Py and
results in

§ = 81.5P%" Po".

A typical selectivity obtained in our experi-
ments was 79.1% for P = 0.6, P, = 0.1, a
high value for a catalyst operating without
chlorine coverage.

The close agreement between Eq. (12)
and the experimental data in our case, as
well as in the work of Klugherz and Har-
riott (/0) and of Ghazali et al. (4), is very

1 n 1 e 1 4 n "
o 0.5 1.0

R (atm)

Fic. 8. Linearized Langmuir-Hinshelwood graph:
(PePo/r)? as a function of Pg.
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F1G. 9. Linearized Langmuir-Hinshelwood graph:
(PgPo/r)'? as a function of Pp.

surprising since it has been shown in the
previous section that, at least in our case,
retardation by the deposits is larger than
retardation by adsorption. As will be seen
in the next section this means that 8; and 6,
of Eq. (8) are specific functions of Pg and
Po.

3. Reaction Model with Reaction
Intermediates

A simple phenomenological model may
be used to interpret the main features of the
data obtained in this study. According to
Kilty and Sachtler’s model (/3) and Camp-
bell’s recent data (/9), we assume that mo-
lecularly adsorbed oxygen O,, with cover-
age 6o produces C,H,O and also part of the
CO; after formation of a common interme-
diate and one branching step. We further
assume that this intermediate is some sort
of adsorbed ethylene oxide in equilibrium
with ethylene oxide present in the gas
phase. The scheme is presented in Fig. 10.

O, represents the atomic oxygen species
with coverage 6p. The I and J species are
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k.
CHy + (Op), 1w Oye (CoHO), =—x (CoH,O)gyq

\
OaN:z y Qa5
3
i o J
MK at
(02)6 AN 6 ON
CO, CO,

Fic. 10. Proposed ethylene epoxidation reaction
scheme.

pseudo or lumped species defined by group-
ing various species with at least one com-
mon characteristic; this grouping technique
has been illustrated by Luss and Golikeri
(20) and by Jacob et al. 21).

We define as 1 all species formed from
the first intermediate I’ and consuming mo-
lecularly adsorbed oxygen

p
I'+ 0, —>1I"

K
I"+ Oy, — I" etc.

and by J, all species formed from J’ and
consuming atomic oxygen

J + Oati» J" etc.
The quasi-stationary model shows that
ké Blr 00 = k" 01" 00

and consequently 6y, 6, etc. are all pro-
portional to 6y; the sum 6y + 6y + 0 +. . .
is also proportional to 6p. Therefore, a
lumped species I may be defined and used
to replace all the I intermediates. In the
same manner a J lumped species may be
defined with the atomic oxygen-consuming
intermediates.

The previous scheme should be slightly
modified to take into account the direct dis-
sociation of molecular oxygen:

Oy, + free site —> 20,

We assume that, at high chlorine or deposit
coverage, the rate of this reaction is negligi-
ble.

The ‘‘useful reactions’’ are represented
by continuous arrows; i.e., if ks and kg are
equal to zero, the selectivity may reach the
limiting value (6/7) postulated by Kilty and
Sachtler (13). Atomic oxygen should not be

allowed to react with C;H40O, and molecu-
larly adsorbed oxygen O,, should not be al-
lowed to react with C;Hy, C;H,O, 1 or J; in
this ideal situation the stoichiometry is ob-
tained from the following two reactions:

6C,H, + 60, — 6C;H,0 + 60,
CHy + 60, — 2CO; + 2H,0

7C,Hs — 6C,H,O

The quasi-stationary equations for the rates
of formation and disappearance of atomic
oxygen, I, and J may be written

O.: ki6gbo = kzOEBE) + k30106
+ 4k40]0(') + k5001.;06

I: kzeEob = k30106 + ke6i00
J: k30[06 + k500E06 = k40]0(l).

(16)

These equations may be solved for ks = kg
=0
ks k

k_30E; 6, = —205.

01 = k4

a7

When ks and k¢ are not equal to zero but
are small, the system may be solved by
linearization, and approximate expres-
sions for 6; and 6; may be obtained (6).
These expressions in turn, may be, substi-
tuted in Eq. (11) to obtain the rate of ethyl-
ene oxide formation.

The resulting expression is too complex
to be useful for statistical evaluation. How-
ever, as shown in the Appendix, any type
of site coverage may be included either in
the numerator or in the denominator of the
Langmuir-Hinshelwood rate equation.
Since 6; and 6y are functions of Pg, P, and
Pgo the denominator of r;, as written in the
Appendix, may be linearized and written in
the form

(1 + KePg + KoPo + KroPro)*.

The new constants K, K¢, and Kgo do not
represent reversible adsorption constants
but the combined effect of reversible ad-
sorption and build-up of deposits. The
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straight lines of Figs. 8 and 9, as well as the
slight variation of slopes, can be explained
by these formulae, which qualitatively, are
in close agreement with the model (6).

CONCLUSIONS

The automated cyclic pilot had been pre-
viously used (5, 6) to show that a labile oxy-
gen species was very active and selective
for ethylene epoxidation. It has also been
shown (5, 6) that in some special cases dis-
sociated atomic oxygen left over by the ep-
oxidation reaction may recombine.

In this article, an unsteady state study,
carried out with the automated cycle pilot,
has been used to show the importance of
the deposits (the intermediates of the com-
bustion reaction) on the reactivity of the
catalyst. In some cases, i.e., when the cata-
lyst is partially covered with chlorine, the
rate constant may decrease by a factor of
the order of 10 due to high coverage with
deposits, and in these conditions the reac-
tion order in ethylene is negative.

These deposits are unavoidable since
atomic oxygen atoms left over by the epoxi-
dation reaction have to be consumed. How-
ever, their steady state concentration may
change as a function of the catalyst type,
the temperature, and the ratio of the partial
pressures of the reactants; i.e., the catalyst
is more or less self-cleaning.

Two types of deposit have been defined,
one desorbed in an oxygen pulse and the
other desorbed in a hydrogen pulse. These
two deposits may be special forms of alkox-
ides or carbonates; they should be consid-
ered as lumped or pseudo species. From
certain points of view, they play the same
role (especially the carbonate type deposit,
J) as the chlorine coverage: the reaction of
an adsorbed molecular oxygen with an ad-
jacent free site is inhibited at high carbonate
coverage and consequently the selectivity
may reach a value close to 6/7 at low tem-
perature.

The chromatographic method of analysis
associated with the fixed-bed automatic dif-

ferential reactor is a very convenient
method for studying the formation of de-
posits.

A reaction scheme has been presented
and used to obtain an approximate steady
state rate equation. A surprising feature of
this equation is that it is very similar to a
normal Langmuir-Hinshelwood equation
with retardation related to competition for
adsorption sites.

A study of the buildup of the two de-
posits as a function of the catalyst prepara-
tion procedure, the nature of the support,
or the nature of the promoting agents would
certainly be of interest.

APPENDIX
The sum of the fractional coverages is
equal to I:
0E+00+6E0+01+0J+0CI+0L:1-

Ok, 6o, and Ogg can be written as

05 = KEPE 0]_ = KEPE
(1 =0 — 00— 00— 6 — 6, — 6c) (Al)

0o = KoPo 6, = KoPq
(1 =0 — 6o — 0o — 6 — 0; — 6c)) (A2)

bgo = KeoPro 61 = KeoPro

(1 —6g— 00— 00— 6, — 6 — 0c). (A3)

Adding these equations and rearranging, a
first expression of the rate equation is ob-
tained (see Eq. (8) in the text):

(1 —(6; + 0) — 6a)?
(1 + KePe + KoPo)?

r = k]KEKO PEP().

A second expression may be obtained in the
following manner: when 6; and 6y are writ-
ten as

0

01:5]:

0y
O, 0y= o oL
and added to g, 6o, and O as defined by

Egs. (Al), (A2), and (A3), the following
equation is obtained:
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1—0a+@e+6p+6g0+0+60;+0c—1)

Therefore, rate equation can also be written

as

0

0
(KEPE + KoPo + KgoPgo + — + —J>
OL BL

(1 —6g— 00— 6go — 61 — 0y — Oc).

rn=

ki KgKoPePo (1 — 0c1)?

(1

O, ﬁ)z'

+ KEPE + KOP0+ KE()PE0+ 9
L
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