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The issue of optimal catalyst distribution was studied exper-
imentally for the ethylene epoxidation reaction network on a
Ag/α-Al2O3 catalyst in the presence of 1,2-dichloroethane (DCE).
For a fixed amount of silver, the influence of location and width
of the catalytic layer on the conversion of ethylene, and on the
selectivity and yield to ethylene oxide, was investigated for different
concentrations of DCE (0–2 ppm) using a single-pellet reactor.
Two levels of ethane in the feed (0 and 0.5 vol%) and a temperature
range between 210 and 270◦C were studied. Depending on the
experimental conditions, promotion, inhibition, and poisoning
effects of DCE were observed. The catalyst distribution and the
concentrations of DCE and ethane in the feed, which provide
high selectivity and yield, were identified. XPS analysis was also
conducted to determine the state and composition of the silver
catalyst, both prior and subsequent to reaction. c© 1998 Academic Press

INTRODUCTION

A number of theoretical and experimental studies have
demonstrated that nonuniformly distributed catalysts can
offer superior performance as compared to uniformly dis-
tributed catalysts. Some of the advantages include higher
activity, selectivity, yield, durability, and thermal sensitiv-
ity. Wu et al. (1) examined the issue of optimal catalyst
distribution in pellet for any performance index (conver-
sion, selectivity, or yield) and for the most general case of
an arbitrary number of reactions, following arbitrary kinet-
ics, occurring in a nonisothermal pellet, with finite heat and
mass transfer resistances. They showed analytically that the
optimal distribution is a Dirac delta function; i.e., for op-
timal performance, the catalyst should be deposited at a
specific location within the pellet. This location depends
on the physicochemical parameters of the system, as well
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as on the performance index being maximized. The same
conclusion was also reached for reaction systems with cata-
lyst deactivation (2). In related work, Morbidelli et al. (3)
have shown that the Dirac delta function can be approxi-
mated in practice by a narrow active layer with width less
than 5% of the characteristic pellet dimension. A recent
review of this subject has been published by Gavriilidis
et al. (4).

A number of experimental studies have also been re-
ported. They include CO oxidation over Pt/γ -Al2O3 pel-
lets (5, 6), ethylene hydrogenation over Pt/γ -Al2O3 (7) and
Pd/γ -Al2O3 (8), CO methanation over Ni/γ -Al2O3 (8, 9),
and ethylene epoxidation over Ag/α-Al2O3 (10) catalysts.
In all cases, a catalyst pellet with a narrow active layer
placed at the appropriate location offers the best conver-
sion and selectivity values.

A previous study by Gavriilidis and Varma (10) has
experimentally investigated the issue of optimal catalyst
distribution for the ethylene epoxidation network. Their
results clearly demonstrate that locating a thin layer of sil-
ver catalyst at the external surface of the pellet (surface
Dirac-type distribution) provides the optimum selectivity
and yield to ethylene oxide. However, this study was con-
ducted without the addition of alkali promoters (11) and
organohalide inhibitors (12–14) typically employed in com-
mercial reactors. Addition of chlorine (15, 16) and 1,2-di-
chloroethane (17) promotes selective ethylene epoxidation
over silver catalysts. Depending on the concentration of the
chlorine additive, activity promotion, selectivity promotion
or poisoning can occur.

In order to reduce catalyst poisoning by 1,2-dichloro-
ethane (DCE), paraffins are added to the feed (18). Ethane
is the most effective dechlorinating agent, at least an order
of magnitude better than methane and ethylene (19). Al-
ternatively, the addition of alkali compounds can also serve
as a buffer for excess chlorine (20).

In the present work, we investigate the effects of DCE
addition in the context of optimal silver catalyst distribution
for ethylene epoxidation. The performance of uniform and
Dirac-type catalysts was examined as a function of DCE
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concentration in the feed and reaction temperature. The
influence of ethane addition was also studied.

EXPERIMENTAL

Ethylene oxide is produced by partial oxidation of ethy-
lene over silver catalyst. Complete combustion of ethylene,
as well as further oxidation of ethylene oxide to carbon
dioxide and water, also occurs during the reaction.

C2H4

1/2 O2

C2H4O

3 O2 5/2 O2

2CO2 + 2H2O

Addition of organohalide inhibitors such as 1,2-dichloro-
ethane can significantly increase the selectivity toward ethy-
lene oxide (17).

Catalyst Pellet

Active powder of stabilized silver catalyst and inert pow-
der of α-alumina were mechanically pressed to form a cylin-
drical catalyst pellet. The silver catalyst contained 33.8 wt%.
Ag supported on α-alumina (Alcoa A-17, 3 m2/g) and had
an active surface area of 0.13 m2/g catalyst (680-nm crystal-
lites). The inert α-alumina powder was impregnated with
sodium hydroxide (0.3 wt%) to reduce its activity toward
ethylene oxide combustion and isomerization to acetalde-
hyde. The details of the preparation procedure are available
elsewhere (10).

Catalyst pellets with a narrow step distribution of the ac-
tive layer were prepared by pressing together one or two
layers of inert powder and a layer of active powder in a two-
piece die (cf. Fig. 1). The individual layers were pressed at
4000 psi (27 MN/m2), and the final pellet was pressed at
7000 psi (48 MN/m2). The cylindrical pellet was 20.4 mm in
diameter and 3.6 mm in thickness. The weight of the pellet
was kept constant at 2.50 g, with 0.45 g of active powder and

FIG. 1. Silver catalyst pellet. Dark band is Ag/α-Al2O3 and white bands are α-Al2O3.

2.05 g of inert powder. Pressing the active powder gives a
narrow (0.4 mm) active layer width, which could be posi-
tioned at different locations from the surface of the pellet.
The thickness of active layer was varied, without changing
the catalyst loading, by mixing the active powder with a frac-
tion of the inert powder before pressing into layer form. The
cylindrical surface of the pellet was wrapped with Teflon
tape and pressed fit into a Teflon sample holder within the
reactor. This provided thermal insulation and also restricted
the diffusion of reaction gases exclusively through the top
surface of the pellet.

Catalyst Characterization

The surface area of silver catalyst both before and after
reaction was measured using selective oxygen chemisorp-
tion in a dynamic (pulse) chemisorption apparatus at 200◦C
(21). A monolayer oxygen coverage and one oxygen atom
per surface silver atom stoichiometry were expected at
this temperature (22). The data from three consecutive
chemisorption experiments were reproducible to within
5%. Silver dispersion was calculated from the metal load-
ing measurements conducted in a Perkin–Elmer 2280 flame
atomic absorption spectrophotometer. The effects of reac-
tion and the presence of DCE on the surface composition of
silver catalysts were determined using X-ray photoelectron
spectroscopy (5600 ESCA, Physical Electronics, Inc.).

Ethylene Epoxidation Reaction

Experimental apparatus. The experimental apparatus
used has been described previously (10). It included a
single-pellet reactor, operated under well-mixed conditions
using a recycle loop. A gas recycle ratio of 170 was obtained
with a two-stage diaphragm pump. Thermocouples were in-
serted to monitor the temperatures of the reaction mixture
just above the pellet, as well as the reactor wall. The latter
was used for controlling the reactor temperature.
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Trace amounts of water present in the feed gases, oxy-
gen (Linde, zero grade), ethylene (Linde, CP grade), and
helium (Linde, UHP grade), were removed by moisture
traps. The flowrates of the individual gases were metered
using Unit UCF-1000 mass flow controllers to give an over-
all flowrate of 100 ml/min at a fixed gas composition of 6
vol% oxygen, 6 vol% ethylene, and 88 vol% helium (i.e.,
ethylene-rich conditions). The gases were mixed and pre-
heated to 300◦C prior to entering the reactor, which was
maintained at 15.6 psi (107 kN/m2) pressure.

A small portion of the exit gas was drawn off for analysis.
A Beckman 565 infrared CO2 analyzer provided continuos
monitoring of carbon dioxide production. Gas composition
analysis was performed using a Hewlett–Packard 5890 II
gas chromatograph, equipped with both thermal conductiv-
ity and flame ionization detectors. The gases were separated
by a Porapak-Q column (3.2-mm-OD, 1.8-m-long) at 90◦C.
The data were collected and analyzed using a Hewlett–
Packard 3396 II integrator. Periodic calibrations of the CO2

analyzer and gas chromatograph were performed to ensure
accuracy of the data.

Experimental procedure. The catalyst pellet was aged in
the reactor for 24 h at 280◦C under inlet reaction feed con-
ditions, and the temperature was then decreased to 210◦C
where it remained overnight. Data were collected for five
different temperatures between 210 and 270◦C at 15◦C in-
crements. For the study of the effects of DCE, concentra-
tions between 0 and 2 ppm were fed to the reactor, and the
role of ethane (0.5 vol%) was also investigated.

No homogeneous or wall reactions were detected for ei-
ther ethylene or ethylene oxide. Furthermore, the only re-
action products were ethylene oxide, carbon dioxide, and
water. The catalyst was stable, with no observable change
in activity up to 220 h. Each data point reported in this pa-
per is the average of at least three assays made after the
reaction had reached steady state and at intervals of about
30 min apart. The maximum variation in these measure-
ments was less than ±3%. The reproducibility for different
pellets prepared under identical conditions was excellent,
with a maximum variation of 6%. Carbon balances typically
closed to within 2%.

Definitions

The overall conversion of ethylene, X, is defined as

X = [(FC2H4)in − (FC2H4)out]
(FC2H4)in

,

where F is molar flow rate (gmol/s). The selectivity, S, to
ethylene oxide is defined as

S = (FC2H4O)out

[(FC2H2)in − (FC2 H4)out]
,

and the yield, Y, is

Y = X S= (FC2H4O)out

(FC2H4)in
.

The turnover frequency (TOF, molecules/surface Ag
atom · s) for ethylene consumption, TOFE, and productions
of carbon dioxide, TOFCD, and ethylene oxide, TOFEO,
were calculated from the corresponding mass balances

TOFE = (FC2H2)in − (FC2H2)out

SAg
NAv

TOFCD = (FCO2)out

SAg
NAv

TOFEO = (FC2H4O)out

SAg
NAv,

where SAg is the number of silver sites (Ag surface atoms) as
measured by oxygen chemisorption, and NAv is Avogadro’s
number (6.02 × 1023 molecules/gmol).

RESULTS AND DISCUSSION

In the present work, the effects of 1,2-dichloroethane ad-
dition on the optimal distribution of silver catalyst are inves-
tigated. The reaction study is divided into two parts. First,
the conversion and selectivity were determined for different
levels of DCE (0–2 ppm) in the absence of ethane for three
different active layer widths (0.40, 0.90, and 3.6 mm) and
three different locations [one surface (a = 0) and two sub-
surface (a = 0.14 and 0.64 mm)] of a Dirac-type (0.40-mm-
width) catalyst. Second, similar DCE experiments were per-
formed, in the presence of 0.5% ethane in the feed stream,
for a uniform (3.6-mm-width) and two Dirac-type (a = 0,
and 0.64 mm) catalyst pellets.

After the reaction, the catalysts were analyzed using XPS
for residual chlorine in the silver catalyst, the presence of
carbonaceous deposits (coke), and possible migration of
contaminants from the support material. Structural effects
of reaction were characterized using oxygen chemisorption
and X-ray diffraction.

Ethylene Epoxidation Reaction

The effects of active layer width and location on catalyst
performance for ethylene epoxidation reaction are summa-
rized in the selectivity vs conversion plots shown in Figs. 2a
and 2b, respectively. Figure 2a demonstrates that both selec-
tivity and conversion decrease with increasing active layer
width. The narrow Dirac-type catalyst exhibits the best per-
formance, while the uniform pellet has the lowest selectivity
and conversion values. Placing the Dirac-type active layer
at subsurface locations reduces catalyst activity and selec-
tivity (cf. Fig. 2b). These results obtained with ethylene-rich
feed are in good agreement with previous results obtained
under oxygen-rich conditions (10).
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FIG. 2. Selectivity as a function of conversion for various (a) active layer widths and (b) locations within the pellet.

The preceding results indicate that transport resistances,
expected to be important for thicker active layer widths
and at subsurface locations, are detrimental to both se-
lectivity and conversion. The fact that intraphase oxygen
gradients are detrimental to both activity and selectivity
is consistent with the observations of previous investiga-
tors (23–26), who report that higher oxygen concentrations
enhance ethylene oxide yield. In addition, intraphase tem-
perature gradients are also undesirable due to the higher
activation energy of ethylene combustion as compared to
the ethylene epoxidation reaction (27). Thus, the best per-
formance is achieved by concentrating the active catalyst

FIG. 3. Conversion and selectivity as a function of DCE concentration and temperature for (a) and (b) uniform and (c) and (d) surface Dirac-type
distributions.

toward the external surface of the pellet (i.e., a surface
Dirac-type distribution).

Effect of 1,2-dichloroethane addition on optimal cata-
lyst profile in pellet. DCE adsorbs on the surface of sil-
ver and decomposes to adsorbed chlorine and ethylene
(28, 29). Through either electronic or ensemble effects,
chlorine affects the oxidation of ethylene over silver cata-
lyst. The influence of DCE feed concentration on the perfor-
mance of uniform and Dirac-type distributions of catalyst
is shown in Fig. 3. Ethylene oxide selectivity for the uni-
form catalyst (Fig. 3b) increases with DCE addition at low
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FIG. 4. TOFCD, TOFEO, and selectivity as a function of DCE concentration at T = 240◦C for (a) uniform and (b) surface Dirac-type distributions.

concentrations, reaching a maximum between 1 and
1.5 ppm. Along with the monotonic decrease in conver-
sion (Fig. 3a), this indicates that addition of DCE promotes
catalyst selectivity, but inhibits the overall reaction. The
rapid decrease in activity and negligible selectivity enhance-
ment shown in Figs. 3c and 3d, respectively, suggest that the
primary effect of DCE addition on the surface Dirac-type
catalyst is indiscriminate poisoning of both combustion and
epoxidation sites.

Figures 4a and 4b show the turnover frequencies for ethy-
lene oxide (TOFEO) and carbon dioxide (TOFCD) produc-
tion along with selectivity as functions of DCE concen-
tration for the uniform and surface Dirac-type catalysts at
210◦C. For both catalysts, TOFEO and TOFCD decrease with
increasing DCE levels, which demonstrates that DCE in-
hibits both epoxidation and combustion reactions. Figure 4a
also shows that for a uniform catalyst, DCE at lower levels
inhibits combustion to a greater extent than epoxidation,
resulting in the observed enhancement of selectivity. No se-
lectivity improvement was observed for surface Dirac-type
catalyst (Fig. 4b), indicating that DCE inhibits TOFEO and
TOFCD by proportionate amounts.

These observations can be explained by the DCE gradi-
ent across the catalyst pellet. In a surface Dirac-type cata-
lyst, the activity is concentrated near the external surface
of the pellet where DCE concentration is the highest and
in the absence of paraffin leads to catalyst poisoning (18)
as shown in Fig. 4b. In a uniform catalyst, the activity is
distributed across the pellet where the average DCE con-
centration is less than that at the pellet surface, and the ex-
perimental results display a typical inhibition effect with ac-
companying selectivity promotion (cf. Figs. 3a and 3b). This
is in agreement with previous reports that depending on
its concentration, DCE can function as selective inhibitor
or poison for silver catalyst during ethylene epoxidation
(15, 16). It is also well known that chlorine can accumu-
late in the silver catalyst after prolonged exposure to DCE

(11). In order to minimize this effect, the experiments were
conducted at a fixed DCE level and the temperature de-
pendence was determined. During the 12-h period of the
experiment for DCE < 1.5 ppm, there was no significant dif-
ference between the initial and final catalyst activity and se-
lectivity. However, for DCE ≥ 1.5 ppm, a 10–25% decrease
in catalyst performance was observed.

Figure 5 demonstrates that the choice of catalyst distri-
bution depends on the performance index and the DCE
level. The selectivity, conversion, and yield are shown as a
function of reaction temperature for surface Dirac-type and
uniform catalysts. In the absence of DCE (cf. Fig. 5a), the
surface Dirac-type catalyst has better conversion, selectiv-
ity, and yield as compared to the uniform catalyst. The same
observation is also true for a relatively low DCE concen-
tration of 0.1 ppm (Fig. 5b). At higher DCE concentration
(0.33 ppm), the conversion for the surface Dirac-type cata-
lyst is lower than the uniform, but both selectivity and yield
are higher, as shown in Fig. 5c. Finally, the uniform catalyst
has better conversion and yield as compared to the surface
Dirac-type catalyst at DCE level of 1 ppm (cf. Fig. 5d). In
addition, it has higher selectivity for ethylene oxide at low
reaction temperatures.

The preceding results suggest that a subsurface location
of Dirac-type catalyst could provide better reaction per-
formance. Figure 6 shows the conversion and selectivity as
a function of DCE concentration and reaction tempera-
ture for two subsurface locations, a = 0.14 mm (Figs. 6a and
6b) and a = 0.64 mm (Figs. 6c and 6d). Figures 6a and 6c
(compare with Fig. 3c) indicate that the reaction inhibition
(i.e., decrease in conversion) occurs at higher concentra-
tions as the active layer is located within the pellet. As a
consequence, they exhibit slight conversion plateaus at low
DCE concentrations (0–0.5 ppm). But, more importantly,
the subsurface catalysts exhibit higher selectivity enhance-
ment (Figs. 6b and 6d) which is essentially absent in the
surface Dirac-type catalyst (cf. Fig. 3d).
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FIG. 5. Conversion, selectivity, and yield versus temperature plots of uniform (solid line) and surface (dashed line) Dirac-type catalysts for DCE
feed concentrations of (a) 0, (b) 0.1, (c) 0.3, and (d) 1 ppm.

Due to transport resistances, the concentration of DCE
decreases along the depth of the pellet. An active layer
placed at subsurface locations (cf. Fig. 6) is exposed to a
lower concentration of DCE as compared to the surface
Dirac-type catalyst. This gives rise to the desired inhibi-
tion effect that enhances selectivity, while preventing cata-
lyst poisoning which occurs at higher DCE concentrations.
However, there is a tradeoff in that the conversion (e.g.,
T = 270◦C) decreases from surface to subsurface locations
(cf. Figs. 3c, 6a, and 6c). This is caused by the lower reac-
tant (i.e., ethylene and oxygen) concentrations within the
pellet and further combustion of ethylene oxide, which are
consistent with the results shown in Fig. 2b.

The aforementioned change in the conversion–DCE and
selectivity–DCE plots (Fig. 6) is quite significant if we take
into consideration that the subsurface locations of the ac-
tive layer are relatively shallow, 0.14 and 0.64 mm, which
are about 4 and 18% of the pellet characteristic length, re-
spectively. This effect is especially pronounced for the case
of a = 0.14 mm. An examination of Fig. 2b shows that in the
absence of DCE, the performances of the surface and sub-
surface (a = 0.14 mm) Dirac-type catalysts are essentially
identical at temperatures less than 255◦C. However, this
thin diffusion barrier is sufficient to reduce catalyst poison-
ing by DCE, resulting in a significant selectivity promotion.

For this reason, the subsurface catalyst has better perfor-
mance.

Figure 7 shows the turnover frequencies for carbon diox-
ide (TOFCD) and ethylene oxide (TOFEO) productions of
the uniform (Figs. 7a and 7b), surface Dirac-type (Figs. 7c
and 7d), and subsurface (a = 0.64 mm) Dirac-type (Figs. 7e
and 7f) catalysts, as a function of reaction temperature and
DCE concentration. For the three catalyst distributions and
locations, TOFCD increases with increasing temperatures
and decreases with increasing DCE concentrations (cf.
Figs. 7a, 7c, and 7e). The presence of maxima in the TOFEO–
temperature curves (cf. Figs. 7b, 7d, and 7f) indicates ei-
ther that ethylene oxide combustion may be occurring or
that the intraphase concentrations of reactants were sig-
nificantly decreased. For both uniform and surface Dirac-
type catalysts, TOFEO decreases with increasing DCE lev-
els. TOFEO decreases by a lesser extent than TOFCD for the
uniform distribution, whereas TOFEO for the surface Dirac-
type distribution decreases by the same extent as TOFCD,
thus yielding the selectivity performance shown in Figs. 3b
and 3d. At low DCE concentrations (≤0.5 ppm), TOFEO for
the subsurface Dirac-type distribution increases with DCE
addition. The change in the shape of TOFEO–temperature
curves with the addition of DCE indicates that DCE also
inhibits ethylene oxide combustion.



        

OPTIMAL CATALYST DISTRIBUTION 7

FIG. 6. Conversion and selectivity as a function of DCE concentration and temperature for Dirac-type catalysts located at (a) and (b) a = 0.14 and
(c) and (d) a = 0.64 mm from the surface.

The role of ethane in ethylene epoxidation reaction. As
noted earlier, decomposition of DCE yields adsorbed chlo-
rine. Its accumulation can result in formation of bulk silver
chloride which can alter the topology of the active surface
and diminish catalyst activity (11). The presence of ethane
can effectively depress the steady-state concentration of
adsorbed chlorine by reacting with it (18).

For this study, three different catalyst pellets were pre-
pared: a uniform and two Dirac-type (a = 0 and 0.64 mm)
pellets. First, for each pellet, the conversion and selectivity
were measured in the absence of DCE and ethane. The pel-
lets were then exposed to 6 vol% ethylene, 6 vol% oxygen,
0.5 vol% ethane, and balance helium at 240◦C for 12 h. This
treatment ensures the removal of trace chlorine that may
be present in the catalyst due to contamination from the
atmosphere. The post-treatment conversion and selectivity
were then measured. The data obtained before and after
the treatment were within the experimental error of 5%,
indicating that the initial silver catalyst was free of chlo-
rine. In addition, the selectivity of the catalyst (43%) was
within the range of values for clean single crystal Ag catalyst
(30–42%) [30, 31].

Figures 8a–8d demonstrate that the addition of 0.5 vol%
ethane in the feed significantly alters the performance of
both uniform and surface Dirac-type catalysts. The decrease
in conversion (cf. Figs. 8a and 8c) occurs at higher feed

concentrations of DCE for both catalysts and at a slower
rate as compared to the previous results obtained in the
absence of ethane (cf. Fig. 3). In addition, both catalysts
display selectivity enhancement with addition of DCE (cf.
Figs. 8b and 8d) and the measured enhancements are larger
as compared to those of Figs. 6b and 6d. For example, at
1.5 ppm DCE and 210◦C, the selectivity for the uniform
catalyst is 65%, while for the surface Dirac-type catalyst, it
is about 72%. The subsurface location of catalyst (Fig. 8e
and 8f) yields conversions intermediate between surface
and uniform distributions, while the selectivity values are
somewhat better, particularly at lower DCE levels.

The conversion data shown in Figs. 8a and 8c display a
strong resemblance to those of Figs. 6a and 6c. This sug-
gests that the addition of 0.5 vol% ethane has the same
effect as placing the active layer at subsurface locations. In
both cases, the amount of adsorbed chlorine is decreased
either by reaction with ethane or by the decrease in local
concentration of DCE due to transport limitations. The use
of ethane is more advantageous, for it avoids the negative
effects associated with placing the catalyst at interior lo-
cations, such as ethylene oxide combustion which reduces
catalyst selectivity, and lower reactant concentrations
(ethylene and oxygen) which are detrimental to both con-
version and selectivity. The performance of the surface
Dirac-type catalyst in the presence of ethane (Figs. 8c and
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FIG. 7. Net reaction rates (TOFCD and TOFEO) as a function of temperature and DCE concentration for (a) and (b) uniform, (c) and (d) surface
Dirac-type (a = 0 mm), and (e) and (f) subsurface Dirac-type (a = 0.64 mm) catalyst pellets.

8d) is superior as compared to both subsurface catalysts
shown in Fig. 6.

The above results can be conveniently summarized in the
plots of selectivity at a constant conversion (10%) as a func-
tion of DCE concentration, for the different active cata-
lyst distributions investigated in this work. The results for
0 and 0.5 vol% ethane are shown in Figs. 9a and 9b, respec-
tively. Both figures indicate that a nonuniform distribution

of catalyst has better selectivity (hence yield) than the uni-
form catalyst. Low concentrations of DCE improve catalyst
selectivity, while higher concentrations are detrimental. A
surface Dirac-type catalyst has better performance at low
DCE levels (≤0.2 ppm). However, enhanced selectivity is
attained at higher DCE levels (0.7–1.5 ppm) for subsurface
Dirac-type catalysts. In particular, the broad maximum dis-
played by the subsurface Dirac-type catalyst in the presence



      

OPTIMAL CATALYST DISTRIBUTION 9

FIG. 8. Conversion and selectivity as a function of DCE concentration and temperature for (a) and (b) uniform, (c) and (d) surface Dirac-type,
and (e) and (f) subsurface Dirac-type (a = 0.64 mm) distributions.

of ethane allows a larger window of operation and greater
tolerance for fluctuations in the feed DCE concentra-
tions.

Catalyst Characterization

In the absence of DCE, the shape of the selectivity–
conversion plots shown in Fig. 2 is typical of ethylene epox-
idation reaction and is independent of the catalyst distribu-
tion. Addition of DCE without ethane results in a change of

the curve shape caused by both decrease in conversion due
to poisoning and increase in selectivity due to promotion
(Fig. 10). Similar behavior is also observed in the presence
of ethane, but the changes are less pronounced and occur
at higher DCE concentrations. This change in the shape
of the selectivity–conversion curve reflects changes in the
catalytic surface during reaction. The observed decrease in
activity can be caused by either sintering or formation of
inactive bulk silver chloride, which reduce the physical sur-
face area of the catalyst. It can also be caused by deposition
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FIG. 9. Ethylene oxide selectivity as a function of DCE concentration
at a fixed 10% ethylene conversion for various distributions of catalyst,
(a) ethane = 0, and (b) ethane = 0.5%.

of carbon and chlorine, which can block the active
sites.

Measurements of silver surface area were conducted be-
fore and after reaction using oxygen chemisorption. In
the absence of DCE and ethane, the catalyst surface area
remained constant throughout the experiment. This was

TABLE 1

XPS Data for Fresh and Spent Silver Catalyst

Sample Depth (Å) Al O Ag C Na Cl S F Si Fe N

α-Al2O3 support (A1) 15 33.60 59.30 — 0.59 5.90 — 0.11 0.14 0.13 0.04 0.22
70 33.90 59.90 — 0.46 5.40 — — 0.16 0.09 0.03 —

Fresh Ag/α-Al2O3 (A2) 15 25.52 48.10 4.12 19.80 2.20 0.12 — — 0.18 — —
70 28.12 49.60 4.84 14.10 2.20 0.20 — — 0.42 — —

Spent surface Dirac-type catalyst 15 27.29 47.40 2.48 17.50 2.40 0.15 0.45 1.20 0.86 — 0.38
(w/o ethane) (S1) 70 27.80 50.30 2.59 13.80 2.30 0.16 0.53 1.01 1.14 — 0.45

Spent surface Dirac-type catalyst 15 26.11 51.50 3.43 12.50 2.30 0.01 0.82 0.41 2.31 — 0.58
(w/o ethane) (S2) 70 27.23 52.80 3.74 10.90 1.93 0.06 0.76 0.32 2.04 — 0.25

Spent subsurface Dirac-type 15 28.68 48.24 4.84 13.55 2.99 0.45 0.10 0.22 0.65 — 0.60
catalyst (w/o ethane) (S3) 70 29.86 48.91 4.69 11.82 3.19 0.60 0.20 0.12 0.52 — 0.53

FIG. 10. Selectivity as a function of conversion and DCE concentra-
tion for a uniform catalyst pellets.

confirmed by the reproducibility of the conversion and se-
lectivity data, and shows that the catalytic surface was fully
stabilized using the pretreatment procedure outlined in the
experimental section. Catalysts exposed to DCE during
reaction exhibited poisoning which was significantly de-
creased by the addition of ethane. Spent catalysts from
these experiments were pretreated under reactant stream
containing ethane (DCE = 0) prior to the chemisorption
study. This procedure effectively removes surface chlorine
and recovers the initial catalyst activity, as also reported
by Endler (19). The surface area of the spent catalyst after
this pretreatment was essentially the same as that of the
fresh catalyst, indicating that although the active surface
area changes in the presence of DCE, no physical sintering
occurred under these reaction conditions.

X-ray diffraction studies revealed peaks corresponding
only to silver and α-alumina for both fresh and spent cat-
alysts. Diffraction lines corresponding to bulk silver chlo-
ride were not detected. This suggests either that there is no
formation of bulk silver chloride crystals or that its amount
is below detection limits.
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X-ray photoelectron spectroscopy was conducted on
both the fresh and the spent catalyst samples, and the results
are summarized in Table 1. Two angles of incidence were
employed, 15 and 80◦, to obtain the corresponding pene-
tration depths of 15 and 70 Å, respectively, which provide
information on both the surface and bulk compositions of
the catalyst. The α-alumina powder (A1) contains sodium,
carbon, fluorine, and silicon as main impurities arising from
the manufacturing and pelletizing steps. Trace amounts of
iron and sulfur were also detected. The fresh silver catalyst
powder (A2) shows a significant deposit of carbon and trace
amounts of chlorine. The carbon probably resulted from de-
composition of lactic acid used in the catalyst preparation.
Sodium present in the catalyst originated from the support.
Since sodium is also a promoter (32), this may influence the
performance of the fresh catalyst.

XPS analysis of the two surface Dirac-type catalysts (S1
and S2) employed in the experiments (Figs. 3c and 3d and
Figs. 8c and 8d, respectively) demonstrates that the addi-
tion of ethane (S2) significantly reduces both surface and
subsurface chlorine. The similarity of the surface and sub-
surface chlorine signals for the S1 catalyst suggests that
bulk silver chloride is present for the silver exposed to
DCE in the absence of ethane (cf. S2 in Table 1). It was
shown in the preceding section that besides addition of
ethane, placing the active layer at subsurface locations can
also retard catalyst poisoning. The composition of such a
catalyst (S3) is shown in Table 1. The analysis shows a
higher chlorine content as compared to both surface Dirac-
type catalysts (S1 and S2), probably because this catalyst
was exposed to higher DCE levels during the reaction
experiments.

The XPS data also indicate the presence of sulfur in both
the support A1 and spent catalysts (S1–S3). Sulfur exists
as SO2−

4 contaminant in the alumina support as received.
Examining sample A2 indicates that sulfur in the spent cata-
lysts (S1–S3) is due to contamination from the hydrocarbon
feedstocks. It is interesting to note that in the subsurface
catalyst (S3), sulfur is significantly lower than in either sur-
face catalysts (S1, S2). This demonstrates that the presence
of a diffusion barrier can significantly prevent undesirable
contaminants from reaching the active catalyst. The fluo-
rine signal measured from the spent catalysts is likely due
to the Teflon wrapping employed in the experiments. The
relatively fixed value of sodium signal indicates that there
is no significant migration of sodium from the surrounding
α-alumina.

CONCLUDING REMARKS

In the present work, it has been demonstrated that for
ethylene epoxidation, the choice of silver catalyst distribu-
tion in pellets depends on the performance index (i.e., con-
version, selectivity, and yield) being optimized, the DCE

level, and the presence of ethane in the feed. In the ab-
sence of DCE and ethane, a surface Dirac-type catalyst
pellet exhibits high ethylene conversion, as well as high se-
lectivity and yield toward ethylene oxide. In the presence
of DCE, with or without ethane, a subsurface Dirac-type
distribution has the best selectivity and yield. In general,
a nonuniform distribution of silver catalyst exhibits better
performance than a uniform distribution.

Catalyst characterization studies indicate that loss of ac-
tivity in the presence of DCE is reversible and is not caused
by sintering of silver crystallites. Formation of subsurface
chlorides is apparent from the XPS analysis of catalysts (S1
and S3) exposed to DCE in the absence of ethane. Placing
the active layer at a subsurface location (S3) significantly
reduces the amount of contaminants (e.g., S) reaching the
silver catalyst.
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