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Ethylene oxidation was investigated in a flow-type reactor, using silver catalysts supported 
on a series of aluminas which were pretreated at different temperatures between 300 and 
1800°C. Steady activity and selectivity at a set of reaction conditions were dependent upon 
the surface area of the catalyst which was a function of the thermal treatment of alumina. 

The specific rates of ethylene oxidation, the oxidation of ethylene oxide, ethylene oxide 
isomerisation to acetaldehyde, and acetaldehyde oxidation were investigated in a pulse reactor, 
using three kinds of catalysts supported on aluminas pretreated at 1150, 1200, and 1800°C. 
By comparing the activities of these catalysts for the above four reactions, the following were 
deduced: (1) A direct oxidation path of ethylene to carbon dioxide and water could be assumed 
for each catalyst; (2) the consecutive oxidation of ethylene via ethylene oxide was assumed 
to occur on each catalyst tested, and it predominated on catalysts supported on aluminas pre- 
treated at lower temperatures, which was interpreted in terms of the complete oxidation of 
acetaldehyde formed in the pores of alumina by the isomerization of ethylene oxide. 

INTRODUCTION 

Many studies have been done on the 
catalytic oxidation of ethylene over silver 
catalysts and the results have been reviewed 
by several authors (1-5). Much attention 
has been devoted to the chemisorbed 
oxygen species on silver and their interac- 
tion with ethylene in connection with the 
mechanism of silver-catalyzed ethylene 
oxidation. Not only in academic studies but 
also in industrial practice, the silver 
catalysts have been used in supported form 
on proper carriers, alumina having been 
considered to be the most important one 
(C-14). Despite the practical importance 
of alumina as a supporting material, its 
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characteristics and behavior in the silver 
catalyst’s are not yet well understood. 

In the course of the catalytic ethylene 
oxidation, the following processes are 
assumed to occur simultaneously : (1) A 
part of ethylene is oxidized to ethylene 
oxide, and the ot’her part to carbon dioxide 
and water; (2) a part of ethylene oxide 
which was produced by the partial oxida- 
tion of ethylene is further oxidized to carbon 
dioxide and water; (3) another part of 
ethylene oxide isomerizes to acetaldehyde ; 
and (4) acetaldehyde is oxidized to carbon 
dioxide and wat,er. The activities for these 
reactions and the selectivity for epoxidation 
of supported silver catalysts are assumed 
to depend not only on the catalytic 
propert’ies of silver itself, but also on the 
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properties of carriers. The present, paper 
reports on the dependences of activities 
and selectivit’y of silver cat,alysts on some 
physicochemical properties of alumina as 
a function of thermal treatment. 

EXPERIMENTAL METHODS 

Aluminum isopropoxide, purified by dis- 
tillation under reduced pressure, was hydro- 
lyzed in water. The precipitated alumina 
hydrogel was dried at 115°C and heated 
at different t’emperat,ures between 300 and 
1800°C. To each alumina thus obtained, 
40yG of its weight, of Agl oxide, which was 
prepared from aqueous silver nitrate (10%) 
and pot,assium hydroxide (lOy,) solutions, 
repeatedly washed with distilled water 
and dried at llO”C, was mixed and t’ri- 
turated. The rnixt’ure was heat,ed in a 
&earn of hydrogen at 50P60”C for 30 hr 
to reduce Agl oxide to met8allic silver. 
The unsupported silver catalyst’ was pre- 
pared by reducing the powdered Agl oxide 
in the same manner as the support)ed 
catalysts. 

Argon (99.999”j,), ethylene (99.99%), 
hydrogen (99.9%), oxygen (99.S%), and 
helium (99.995% minimum purity) were 
used without further purification. Ethylene 
oxide was prepared from et,hylene chloro- 
hydrin (95%) and potassium hydroxide 
(reagent grade) and purified twice by 
distillation. Acet,aldehyde (SOyc) was pu- 
rified twice by distillation. Air was passed 
successively through a column of 20% 
sodium hydroxide solution and a silica gel 
column. 

The catalyt,ic act’ivit,y for ethylene oxida- 
tion was measured using 0.875 g of each 
catalyst, (t,he content, of met,allic silver 
was 0.237 g) in a Pyrex-glass reactor using 
a 3~97 ethylene:air flow. The gas flow 
rate was 1.5 lit#er hr-’ (STP), corresponding 
to W/F of 435 g-cat,al hr mol-C&HI-‘. The 
reactor of 29-mm inside diameter was 
heated in a stirred salt bath (KN& 
NaNO:$-Na?;O,) and t’he catalyst, bed 

temperature was kept at 250 f 0.5”C. 
The react’ion products were analyzed by 
gas chromatography using a Porapak Q 
column at’ 100°C. The reaction was con- 

tinued for 30 hr to get the steady activity 
and selectivity. 

The activity and selectivity of supported 
cat,alysts for ethylene oxidat,ion together 
with activities for the ot’her three reactions 
described in the preceding section were 
measured in a pulse react,or. The reactor 
was a Pyrex-glass U-tube with 3-mm inside 
diameter, which was heated in a cylindrical 
electric furnace. The t’emperat)ure of the 
furnace was controlled wit#hin fO.5”C. 
0.05 g of supported cat’alyst (t,he content 
of metallic silver was 0.0135 g) or 0.025 g 
of unsupported catalyst was placed bet’ween 
glass wool beds which were packed in the 
reactor tube. One end of the reactor was 
connected to a four-way t,ap, t,hrough which 
the reactjams were pulsed. Through anot)her 
four-way tap, which was connected between 
t’he above-menGoned t’ap and the other 
end of t’he reactor tube, a flow of hydrogen 
or oxygen was imroduced to t)he react,or for 
the catalyst, pret8reatment. 

hlixtJures of each hydrocarbon and 
oxygen (for reactions 1, 2, and 4) or helium 
(for react,ion 3) which contained 10% by 
volume of hydrocarbon were prepared and 
stored in 3-lit)er Aasks. The reactor and 
the gas reservoirs were connected to a 
vacuum system. For t’he reactions 1, 2, 
and 4, the catalysts were pretreated at 
react,ion temperatures with hydrogen 1 hr, 
t’hen wit’h oxygen 5 mm, and finally purged 
with helium 5 min. For react,ion 3, the 
catalysts were pretreated with oxygen 1 hr, 
then with hydrogen 1 hr, and finally 
purged wit)11 helium 5 min. After a sample 
was pulsed through the catalyst, bed, the 
vent, gas was passed directly to a gas 
chromatograph. A Porapak Q column at 
100°C separated He, 02, COZ, CzH4, H&I, 
CH,CHO, and CaHJO. 

The specific surface area was determined 
by argon BET at -198°C. The pore-size 
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TABLE 1 

Conditions of Thermal Treatment of Alumina and Some Physicochemical Properties of Catalysts 

Catalyst Treatment 
of 

alumina 

Crystallography 
of alumina 

Surface area Surface area Average 
of catalyst of Ag pore 

(mz g-catal-‘) (mz g-catal-‘) diameter 
m 

Cat 1 300°C 5 hr gelatinous boehmite 171.0 4.53 43” 
Cat 2 1000 3 y modification 73.0 101a 
Cat 3 1100 3 y modification 43.7 2.22 1285 
Cat 4 1150 3 (Y modification 7.42 1.03 88” 
Cat 5 1200 10 a modification 3.05 0.74 1118b 
Cat 6 1200 20 01 modification 2.66 0.81 11746 
Cat 7 1300 3 a modification 2.93 1354b 
Cat 8 1500 3 n modification 1.80 0.74 1364b 
Cat 9 1800 1 a modification 0.79 0.60 1381Ob 
Cat 10 1800 3 0: modification 0.37 0.49 

a Calculated from the total volume of pores smaller than 500 B in width. As Cat I-Cat 4 had no micro- 
pores which are smaller than 20 H in width, these correspond to average mesopore diameters. 

b Calculated from the total volume of pores smaller than 3500 k in width. Cat B-Cat 9 had no pores 
smaller than 300 B in width. 

distribution was determined by measure- 
ment with an Aminco 60,000 psi mercury- 
intrusion porosimeter. The surface area 
of silver was determined by measurement of 
oxygen chemisorption at 170°C. The sat- 
uration uptake was calculated from the 
Langmuir isotherm in a pressure range 
between 10 and 100 Torr (1 Torr = 133.3 
N m-2). Reduced silver powders, which 
were sintered at different temperatures to 
prepare a series of samples of different 
specific surface areas, were used to draw a 
calibration curve. A plot of specific surface 

area against saturation uptake was found 
to be linear. 

RESULTS AND DISCUSSION 

The conditions of thermal treatment of 
alumina and physicochemical propert’ies 
of catalysts used are summarized in Table 
1. The specific surface area and the pore 
volume of a series of catalysts decreased 
with the rise in the temperature of alumina 
pretreatment. Catalysts having larger sur- 
face areas than 10 m2 g-l gave ca. 100% 

FIG. 1. Dependences of total conversion (activity), selectivity and mesopore volume on catalyst 
surface area. (0) total conversion, (0) selectivity, (0) mesopore volume. 
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conversion and ca. 0% selectivity in 
ethylene oxidation at 250°C in the flow 
react,or. Ethylene oxide was produced only 
in the case of catalysts having specific 
surface areas smaller than 10 m2 g-l. 
Selectivity increased with decreasing 
specific surface area (Fig. 1). In E’ig. 1 is 

also pMted t)he relationship brtween 
specific surface area and mesopore volume, 
\vhich is defined as the total volume of 
pores smaller than 500 A in lvidth (15). 
All the catalysts used in the present 
experiments had no pores smaller than 
30 A. As the activit’y and selectivity were 
functions of surface area, and the latter 
depended on the thermal treatment of 
alumina, the activit#y and selectivit,y were 
also functions of the t’hermal treatment, of 
alumina. 

In order to get a deeper understanding 
about the effects of the thermal treatment 
of alumina on catalyst performance, kinet,ic 
measurements \vere carried out by the 
pulse technique for t)he four reactions over 
three kinds of support,ed catalysts lvhich 
lvere different in t’he t,hermal treat-merit of 
carriers. In cont8rast t>o the case of the 
flow reactor operating at st)eady state, 
et*hylene oxide and acetaldehyde were not 
detected in the effluent gas of the pulse 
reactor Jvhen catalysts supported on alu- 
minas pret’reated at’ temperatures belom 
1100°C \vere used, since et,hylene oxide and 
acetaldehyde Jvere strongly adsorbed by 
the carriers. Accordingly, in the pulse 
experiments, catalysts supported on alu- 
minas pretreated at, 1150 (Cat 4), 1200 
(Cat’ (i), and 1SOO”C (Cat 10) \vere 
examined. The same measurements Ivere 
also carried out over an unsupported 
catalyst for comparison. 

A small section of a catalyst, column 
containing w g of metallic silver in a given 

mass of cat,alyst# is considered (16, 17). 
If it- is assumed that, t’he cat,alyst does not 

adsorb the specified reactant hydrocarbon 
and t’he reaction is pseudo-first-order with 
IWspcct, to its partial pressure, the reaction 

rate is expressed as follows : 

r = -dn/wdt = kp, (1) 

where n is t,he number of moles of t’he 
hydrocarbon in the gas phase of the 
catalyst se&ion, p the partial pressure of 
the hydrocarbon, and h; the specific rate. 
If the volume of the gas phase per gram 
of silver is ?J, 

p = nR?‘,‘~w. 

Hence, from Eq. (1) 

or 
- dn/wdt = knRT/vw 

-dn/n = (lcRT/v)dt. 

Integration of Eq. (2) gives 

In No/N = (kRT/v)t,, (3 

lvhere AY0 and N are the number of moles 
of t,he hydrocarbon fed at the inlet and 
exhaust,ed from the outlet’ of the reactor, 
respectively, and t, is the residence time. 
If the volume flow rat,e of the carrier gas 
is F at> catalyst t,emperature and pressure, 
and W hhe total mass of metallic silver in 
the catalyst,, 

t, = l!W/F, 

IL, 
184 188 192 196 200 

lfT,103 ("K-l) 

FIG. 2. The log log l/(1 - z) versus l/T plots 
for ethylene oxidation over Cat. 6. (- - -) reduced 
catalyst, (--) oxygenated catalyst,; ( l ) ethylene 
oxide, (0) COZ, (0) total. 
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thus 

In No/N = kRTW/F. (4) 

As fractional conversion is defined as 
x = (No - N)/No, Eq. (4) can be rewritten 
as 

or 
In l/(1 - z) = kRTW/F (5) 

k = (F/RTW) In l/(1 - z). (6) 

Since F is proportional to T at con&ant 
pressure, W is proportional to the mass of 
catalyst (constant), and R is the gas 
constant, F/RTW is also constant for a 
series of kinet’ic measurements with a 
given mass of catalyst. Consequent’ly, if 
the pseudo-first-order kinetics holds, the 
specific reaction rates and the activation 
energy can be estimated from fractional 
conversions in a pulse reactor. 

Ethylene oxidation was carried out over 
Cat 6 which was pretreated in a flow of 
hydrogen at reaction temperatures. The 
results are shown in Fig. 2 (broken lines). 
Neither epoxidation nor complete oxidation 
obeyed pseudo-first-order kinetics with 
respect to ethylene. When the catalyst 
was pretreated in a flow of oxygen at 
reaction temperatures, the complete oxida- 

0.5 
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03 " 

2 
02 

s; 

0.1 

0 0 
230 240 250 260 270 

Tcmp ('C) 

FIG. 3. Temperature dependences of specific rat,es 
and selectivity for ethylene oxidation. (p) k, 
(---) selectivity; (0) Cat 4, (A) Cat 6, (b ) 
Cat 10, ( l ) unsupported. 

1.8 4 I 60 1.9 2 196 2.00 

l/T.103 ("K-I) 

FIG. 4. Arrhenius plots for ethylene oxide isomer- 
ization. (0) Cat 4, (A) Cat 6, (b ) Cat 10, (0) 
unsupported, (0) alumina support of Cat 4. 

tion and the total consumption of ethylene 
obeyed quite closely pseudo-first-order 
kinetics (solid lines in Fig. 2). But epoxida- 
tion did not obey pseudo-first-order kinetics 
even over the oxygenated catalyst. Over 
any other oxygenated catalyst pseudo- 
first-order kinetics were found to hold 
both for the complete oxidation and for 
the total consumption of ethylene. 

Similarly, the oxidation of ethylene 
oxide and acetaldehyde over oxygenat’ed 
catalysts followed pseudo-first-order rate 
law wit’h respect to ethylene oxide and 
acetaldehyde, respect#ively. Isomerization 
of ethylene oxide, when it was carried out 
over reduced catalysts, was also of pseudo- 
first-order with respect t,o ethylene oxide. 

Kinetic measurements were carried out 
over four different catalysts at several 
temperatures between 230 and 27O”C, 
and the relationships between specific rat’e 
(activit,y) and temperature were estimated. 
It is seen from Fig. 3, which represents the 
relationships of activity and selectivity 
versus temperature for ethylene oxidat,ion, 
that, a silver catalyst supported on alumina 
pret,reated at a lower temperature is more 
active than t,he one supported on alumina 
pretreated at a higher temperature, whereas 
the reverse holds for selectivit,y. The 
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TABLE 2 

Activation Energies for Four Reactions over Three Kinds of Alumina-Supported 
and Unsupported Ag Catalysts 

Catalyst Activation energy, E (kcal mol-I)” for 

Total consumption Ethylene oxide Ethylene oxide Acetaldehyde 
of ethylene oxidation isomerization oxidation 

Cat 4 16.7 17.3 18.2 25.2 
Cat 6 15.1 11.6 17.9 32.3 
Cat 10 11.1 9.6 20.1 14.6 
Unsupported 13.6 17.2 21.4 17.7 

a 1 kcal = 4.185 X lo3 J. 

activat’ion energies of the t,otal consumption 
of ethylene were calculated from the 
Arrhenius plots and are t’abulated in 
Table 2. In Table 2, the activation energies 
of the other three reactions are also 
tabulated, estimated from the correspond- 
ing Arrhenius plots, of which only those for 
et,hylene oxide t,o acetaldehyde isomeriza- 
tion are shown in Fig. 4. 

The ratios of activities of each catalyst 
for different reactions are tabulated in 
Table 3. From the results in Table 3, the 
followings can be deduced : 

1. In a t’emperature range of about 
230 t’o 27O”C, kz/(k1)co2 was smaller t,han 
unity for any catalyst, suggesting that a 
path ot’her than t,he consecutive oxidat,ion 
of ethylene via ethylene oxide cannot be 
excluded in the complete oxidation of 

ethylene. This direct path is more preferred 
over Cat 10 and unsupported catalyst than 
over Cat 4 and Cat 6. We suggest that the 
intermediat’e occurring in this direct path 
may be an adsorbed radical formed from 
an ethylene molecule and oxygen adatom 
(18, 19). 

2. The fact that the larger values of 
kJ(kJoo2 were estimat,ed for Cat, 4 and 
Cat 6 compared wit)h Cat 10, suggests that 
the combustion of ethylene oxide including 
the combustion of acetaldehyde formed by 
the isomerizat’ion of ethylene oxide pre- 
dominates in the former cat’alysts. This 
can be ascribed in one part to the ease for 
isomerization of et,hylene oxide to acetal- 
dehyde over the carriers of the former 
catalysts. The broken line in Fig. 4, which 
represents the Arrhenius plot for et,hylene 

TABLE 3 

Ratios of Specific Rates for Cat 4, Cat 6, Cat 10, and Unsupported Catalyst” 

h/(h)co,b k,/kzb krh” 

2YOc 242 256 270 230 242 256 270 230 242 256 270 
-~ 

cat 4 0.64 0.66 0.68 0.70 0.41 0.41 0.42 0.43 2.89 3.40 4.13 4.83 
Cat 6 0.61 O.&J 0.62 0.62 0.43 0.50 0.61 0.69 1.09 1.52 2.15 3.14 
Cat 10 0.21 0.20 0.19 0.19 0.68 0.87 1.18 1.47 2.41 2.12 1.77 1.61 
Unsupported 0.17 0.19 0.23 0.26 0.73 0.79 0.88 0.97 1.31 1.21 1.10 1.01 

a The specific surface area of unsupported cat,alyst was 0.50 rnz g-1. 
b (kdco,, kz, k,, and kr are the sprcific rat,es (mol rnin-’ Torr-1 g-Ag-I) for complete oxidation of ethylene, 

oxidation of ethylene oxide, isomcrization of c>t,hyl(snc oxide, and oxidattion of acetaldchydc, rc~spc&v(~ly. 
c Tcm~~cratr~re (“C). 
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oxide isomerization over alumina pretreated 
at 115O”C, shows that ethylene oxide 
isomerizes not only over silver alone but 

also over alumina. But the fact that kS/kP 
was 0.4 to 0.7 even for these catalysts 
having high activity for isomerization 
suggests that there may be anot,her route 
for the oxidation of ethylene oxide, as we 
suggested elsewhere (18, 19). 

3. As described above, a part of ethylene 
oxide is assumed to be oxidized via isomer- 
ization to acetaldehyde. The rat,io k3/k2, 
which can be regarded as a measure of t’he 
participation of isomerization in ethylene 
oxide oxidation, was larger for t#he un- 
supported catalyst and Cat 10 than for 
Cat 4 and Cat 6. It must be reminded, 
however, that ethylene oxide isomerization 
was investigated over reduced surfaces in 
a helium atmosphere, whereas the oxidation 
of ethylene and ethylene oxide were 
investigated over oxygenated surfaces in 
oxygen atmospheres. In the presence of 
oxygen, a larger fraction of the sites on 
silver would be occupied by adsorbed 
oxygen species, so t’hat the actual rate of 
isomerization must be lower than the rat,e 
in t,he helium atmosphere. 

4. Over any catalyst examined, acetalde- 
hyde was oxidized to carbon dioxide and 
water at a rate larger than the rate of its 
format#ion, in agreement’ with the fact that 
only a trace amount of acetaldehyde is 
usually detected in the reaction mixture at 
ordinary conditions of ethylene oxidation. 

It has become apparent in t’he present 
experiments that t’he catalytic activities of 
silver were higher when it was supported 
on aluminas pret,reated at lower tempera- 
tures. It has been shown in Table 1 t’hat 
silver had larger specific surface areas when 
it was supported on aluminas pretreated at 
lower temperatures, e.g., t’he specific surface 
area of silver in Cat 1 was 4, 6, and 9 times 
that of Cat 4, Cat> 6, and Cat 10, respec- 
tively. Consequently, higher act,ivities of 
silver cat,al@s supported on alumina, 

pretreated at lower temperatures may be 
attributed to the larger surface area of 
metallic silver. 

As the cat’alysts used in the present 
experiments were prepared in a relatively 
high silver concentration (Ag:A1203 = 
0.3723 : l), the percentage exposed, or metal 
dispersion, calculated on the basis of 
1.31 X 10lg Ag atoms/m2 (20), was only 
3.92% even in Cat 1. The average metal 
crystallite size was 350 A. The percent,age 
exposed of Cat 4, Cat 6, and Cat 10 were 
OS9, 0.70, and 0.42%, respect,ively. The 
average crystallit’e sizes were 1500, 1900, 
and 3200 A, respectively. Accordingly, the 
crystallite size effect should be of no 
significance in the catalyses by such 
catalysts wit’h large metal cryst,allites. 

As shown in Fig. 4, the ethylene oxide 
isomerization was catalyzed not only by 
silver but also by alumina itself. A possible 
mechanism is that the oxide ions on 
alumina surfaces abstract hydrogen ions 
of ethylene oxide molecules to form carb- 
anion intermediates, thus forming acetalde- 
hyde molecules on desorption. As described 
above, t)he catalyst’s which were poor in 
selectivity had relatively narrow pores 
(ea. 40-130 A in average diameter) com- 
pared to t’he larger met,al crystallite size 
of silver (ca. 350-1500 A), so that a 
limited number of smaller met,al particles 
may be found in such narrow pores, and 
hence, both et’hylene and ethylene oxide 
which was formed from ethylene can 
rarely be oxidized in the catalyst pores. 
The only reaction accelerated in t’he pores 
should be the isomerization of ethylene 
oxide on the internal surface s&es of alumina 
to acetaldehyde, which can easily be 
oxidized to carbon dioxide and water, t#hus 
decreasing the selectivit)y for epoxidation. 
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