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Abstract 12 

BACKGROUND: Ethylene oxide, which is industrially produced by ethylene epoxidation, is an 13 

important versatile chemical intermediate, thus its selectivity enhancement can bring substantial economic 14 

profits. In this work, the effects of two important, but still debatable, factors, i.e. catalyst specific surface 15 

area and active phase crystallite size, on the catalyst selectivity enhancement were investigated. Surfactant 16 

assisted sol-gel method with good control ability on the pores structure was selected to produce mesoporous 17 

strontium titanate nanocrystals (SrTiO3) with various specific surface area.  SrTiO3 nanocrystals were used 18 

as the supports of silver for ethylene epoxidation.  19 

RESULTS: Ag/SrTiO3 catalysts with various surface areas were obtained by changing the surfactant-20 

alkoxide ratio and the calcination time. The ethylene oxide selectivity of the prepared catalysts was 21 

examined in a laboratory-scale fixed bed reactor. The best performance was observed at the lowest 22 
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surfactant-to-alkoxide ratio of 0.2 and calcination time of 4 h, with the surface area of 1.7 m2/g and silver 1 

crystallite size of 15 nm.   2 

CONCLUSION: The best catalyst selectivity was observed at the lowest surface area and the highest 3 

average silver crystallite size. In this condition, the selectivity of the Ag/SrTiO3 catalyst without any 4 

modifier was superior to a commercial Ag/Al2O3 catalyst with 3.7m2/g surface area and alkaline earth metal 5 

modifiers. 6 

Keywords: Ethylene epoxidation; sol-gel method; SrTiO3; α-alumina 7 

Introduction 8 

Ethylene oxide (EO), industrially produced by method of direct ethylene oxidation in air,  is one 9 

of the most important chemical intermediates with the global capacity of 25 million tons per year 10 

in 2013 (1).  11 

The working catalyst for this reaction is silver on an ultrapure aluminum oxide support with low 12 

specific surface area, normally below 2 m2/g (2). The ethylene oxide selectivity for catalysts 13 

without any promoter is around 50%, but adding 100–500 mg/kg of alkali or alkaline earth metals 14 

improves the selectivity significantly(3). Nevertheless, the ethylene oxide yields are rather low, 15 

and the reaction mechanism is still under debate (4). Ethylene oxidation is represented by the 16 

following exothermic overall reactions  (∆H1= -146kJ/mol, ∆H2= -1320kJ/mol, ∆H3= -17 

1174kJ/mol) (5), 18 
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The rate of ethylene oxide oxidation (reaction 3) is very low (6), thus, the third reaction is often 1 

neglected. The second reaction is thermodynamically favorable and this is the reason for the low 2 

selectivity of ethylene oxide production (5). However, the selectivity is a crucial parameter for this 3 

reaction and an its enhancement in just 1% can bring a profit of several dozens million euro per 4 

year (7).  5 

Ethylene epoxidation is a structure sensitive reaction, indicating that the morphology and the silver 6 

crystallite size affect the specific activity and selectivity (8, 9). Some evidence has been presented, 7 

which confirmed an increase of the ethylene oxide selectivity with increasing silver crystallite size 8 

(8-10). However, the effect of this parameter is still open to debate. Van den Reijen et al. (1) 9 

reported selectivity values at constant ethylene conversion are independent on the silver crystallite 10 

size. Because different temperatures were used to reach the same conversion for different catalyst 11 

the findings in ref (1) must be handled with care.  12 

Moreover, the size and distribution of nanocrystalline silver particles, as the unique active phase 13 

in ethylene epoxidation (11), depend on the morphology and structure of the support (12). Supports 14 

with fine pores tend to create small silver particles, which are more active for the total oxidation, 15 

and consequently lead to a lower selectivity of ethylene oxide. Moreover, microporous catalysts 16 

result in pore blockage by metal particles. Therefore, applying mesoporous catalysts has attracted 17 

much attention.  18 

The superior quality of mesoporous catalysts prepared by the surfactant-assisted sol-gel method 19 

has attracted much interest. This method, results in materials with regular pore size distributions 20 

and the shape and volume and specific surface area of the pores can be controlled by changing the 21 

preparation conditions (13-17). Sakulkhaemaruethai et al. (15) compared four different 22 

laurylamine-to-titanium (IV) isopropoxide ratios of 0, 0.25, 0.5 and 1 which the best quality of 23 
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titania nanocrystals was observed at the ratio of 0.25. Puangpetch et al. (18) reported similar results 1 

with a stronger dependence for mesoporous SrTiO3 as a photocatalyst.  2 

In a recent study, Chongterdtoonskul et al (19) compared several oxide supports and claimed that 3 

the Ag catalyst supported on SrTiO3 prepared by the surfactant-templated sol-gel method has a 4 

very high ethylene oxide selectivity. However, they did not report the surfactant-alkoxide ratio and 5 

the calcination time and rate, which are the most important parameters for defining the regularity, 6 

morphology and chemical characteristics of a mesoporous support. 7 

Different mechanisms have been proposed to understand the role of a surfactant as a structure-8 

directing agent in mesoporous materials (20,21). In the most plausible pathway, an inorganic 9 

compound interacts with the surfactant micelles after formation of individual micelles. After 10 

polymerization and crosslinking of the inorganic-surfactant, the final mesophase with a three-11 

dimensional ordered hexagonal arrangement is formed. The most popular mechanism of this kind 12 

is the cooperative formation mechanism (22, 23). Despite the dependence of this route on the 13 

preparation conditions, the generally known concepts are still applicable for making acceptable 14 

inferences about the reason behind the experimentally observed effects of surfactants. 15 

Despite various reports on the effect of the surfactant amount on the preparation of mesopores at 16 

higher surfactant-to-alkoxide ratios (i.e., 0.25, 0.5 and 1), no research has been conducted on the 17 

effect of this ratio at lower amounts. However, in the previous mentioned studies the lowest ratio 18 

of 0.25 was reported as an optimum amount and the highest change in the surface area of the 19 

mesoporous materials was observed between surfactant-to-alkoxide ratios of 0 and 0.25, compared 20 

to 0.25 and 1. Moreover, because the pore structure of mesoporous materials prepared by surfactant 21 

assisted sol-gel method is well-defined and controllable, this method can be well-suited to study 22 
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the effects of pore structure and consequently active phase crystallite size on ethylene epoxidation 1 

as a structure sensitive reaction.   2 

The present study is focused on the effect of two decisive parameters for the specific surface area 3 

of mesoporous martials (i.e. surfactant-alkoxide ratio and calcination time) in preparing a 4 

mesoporous SrTiO3 support for a silver-based ethylene epoxidation catalyst and the effect of these 5 

parameters on the selectivity of epoxidation reaction. The surfactant-alkoxide ratios were changed 6 

around the optimal amount of 0.25 (i.e., 0.2, 0.25 and 0.3). By preparation of the supports with 7 

various specific surface areas, the effect of the specific surface area and the silver crystallite size 8 

distributions on the selectivity of ethylene epoxidation was investigated. The characteristics of the 9 

catalysts including pore size distribution, pore volume, surface area and crystallite size distribution 10 

of silver particles under different preparation conditions were analyzed and activity and selectivity 11 

of the epoxidation reaction for each catalyst were measured. Finally, the performance of the best 12 

catalyst was compared with that of a commercial Ag/α-Al2O3.  13 

 14 

Materials and methods 15 

Materials 16 

During the preparation of mesoporous Ag/SrTiO3, all the chemicals were used without any further 17 

purification. Titanium (IV) isopropoxide (TIPT) as a titanium precursor, strontium nitrate 18 

(Sr(NO3)2) as a strontium precursor and laurylamine (LA) as a structure directing agent were 19 

purchased from Sigma-Aldrich. Acetylacetone (ACA), used as the modifying agent, was provided 20 

by Fluka. Silver nitrate (AgNO3) was obtained from Fisher Scientific. Anhydrous ethanol and 21 

hydrochloric acid (HCl) were also purchased from Sigma-Aldrich. ACA is a modifying agent, able 22 
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by changing the coordination number of Ti from 4 to 5 to decrease the high reactivity of TIPT to 1 

air moisture. The reaction between ACA and TIPT and the change in the coordination number of 2 

Ti are illustrated in Fig. 1 (24): 3 

 4 

Without using the modifying agent, a rapid reaction between TIPT and water prevents TIPT from 5 

efficient interactivity with the surfactant and giving solid precipitation as a separate phase (25). 6 

However, at a high ACA-TIPT molar ratio, the coordination complex between these compounds 7 

becomes saturated and cannot react with the head of the surfactant (15). Therefore, the molar ratio 8 

of 1 was selected for ACA-TIPT (15). Using LA as a surfactant results in mesoporous nanocrystals 9 

with a higher purity and crystallinity (18), and, therefore, LA was used as a structure-directing 10 

surfactant. 11 

Catalyst preparation by the sol-gel process 12 

The mesoporous SrTiO3 supports were prepared by the surfactant-assistant method (15, 19). To 13 

this end 2 gr of ACA was mixed dropwise with an equimolar amount of TIPT (5.68 gr) under 14 

continuous stirring. In another beaker, 4.23 gr of Sr(NO3)2 was dissolved in 24 ml of distilled water 15 

under stirring. Afterwards, 36 ml of ethanol was added to the solution. Ethanol was chosen as the 16 

solvent because nanocrystals prepared using ethanol have a higher purity (18). However, Sr(NO3)2 17 

Figure 1. Scheme of the reaction between acetylacetone and titanium (IV) isopropoxide and the 

change in the coordination number of Ti 



7 

 

does not completely dissolve in ethanol, and an appropriate amount of water should be added to 1 

the mixture.  2 

 After completely dissolving Sr(NO3)2 in water and ethanol, three different amounts of LA were 3 

added to the mixture to prepare solutions with the surfactant-alkoxide (LA/TIPT) molar ratios of 4 

0.2, 0.25, and 0.3. upon changing the amount of surfactant in the solution, catalysts with different 5 

pore structures and specific surface areas were prepared. The pH of the solution was adjusted by 6 

adding 0.5 ml of HCl. Ultimately, the prepared solution was added dropwise to the ACA/TIPT 7 

solution under continuous stirring.  8 

The prepared sol was placed in an oven at 80 ͦ C for 4 days to form the gel. Finally, the gel was 9 

dried at 100 ͦ C for four days. The dried samples were calcined at 650 ͦC for 4h and 8h to prepare 10 

the mesoporous SrTiO3 supports. The calcination rate was 2 ͦC/min and prior to heating at 650 ͦC, 11 

the catalysts were kept at 350 ͦC for 50 min. A higher calcination rate decreased the specific surface 12 

area. 13 

To introduce the active phase (Ag) on the SrTiO3 support, the prepared supports were impregnated 14 

with an aqueous solution of AgNO3 in a rotary evaporator in two steps. In each step, the mixture 15 

of the AgNO3 solution and the SrTiO3 support was rotated for 4 h, and then the solvent was 16 

evaporated at 40 ͦ C under vacuum. Thereafter, the catalyst was kept at 100 ͦ C for further drying. 17 

The dried catalyst was calcined at 500 ͦ C for 3 h. Four different catalysts with silver loadings of 18 

22.9, 17.8, 15.6 and 8.4 wt% were prepared by this method.  19 

Catalyst characterization 20 

The average sizes and size distributions of silver particles were investigated using bright-field 21 

micrographs obtained by transmission electron microscopy (TEM) (JEM 1400 Plus). The 22 
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acceleration voltage and resolution were 120 kV and 0.38 nm, respectively. The samples for the 1 

TEM analysis were prepared by ultrasonic dispersion of the powders in EtOH, and then one drop 2 

of each specimen was transferred on the TEM grid and dried in vacuum prior to the 3 

characterization.  4 

 Surface area, pore size distribution, pore volume and adsorption-desorption isotherms of 5 

mesoporous materials were obtained by nitrogen physisorption (TriStar 3000, Micromeritics). The 6 

Brunauer–Emmett–Teller (BET) method was applied to interpret the physisorption data. The data 7 

points for the BET area calculation were selected in the relative pressure range of 0.05 to 0.2. To 8 

calculate the pore size distribution, the Barrett–Joyner–Halenda (BJH) method was utilized. 9 

The Philips X’Pert Pro MPD X-ray powder diffractometer was used in XRD measurements. The 10 

diffractometer was operated in the Bragg-Brentano diffraction mode, and the monochromatized 11 

Cu-Kα radiation (λ = 1.541874 Å) was generated at the voltage of 40 kV and the current of 45 12 

mA. The primary X-ray beam was collimated with a fixed 0.25° divergence slit and a fixed 10 mm 13 

mask. A 7.5-mm anti-scatter slit was used in the diffracted beam side prior to the proportional 14 

counter. The measured 2θ angle ranged from 5.0° to 85.0° with the step size of 0.026° and the 15 

measurement time of 20 s per step. The samples were ground gently prior to measurements to 16 

minimize sample texture (preferably crystal orientation). The samples were measured on copper 17 

sample holders.  18 

Experimental setup and procedure 19 

The prepared catalyst was crushed and sieved to obtain particle sizes within the range of 250 to 20 

500 μm. The catalyst was tested in a tubular quartz reactor with a 10 mm inner diameter. The first 21 

section of the reactor was filled with glass beads (400-600 μm particle size), and a mixture of 0.5 22 



9 

 

g of the powder catalyst and 2.5 g of glass beads was introduced in the second section. The length 1 

of the catalyst zone was 3 cm and glass bead sections was 15 cm. Each section was fixed and 2 

separated from other parts by quartz wool. The reactor was heated by a tube laboratory furnace 3 

(Carbolite furnace MTF 12), equipped with a programmable temperature controller (CAL 9500P). 4 

The reactor was fitted in a cylindrical aluminum block and was inserted into the tube furnace. The 5 

temperatures of the bed and the aluminum block were measured by two K-type thermocouples. 6 

The temperatures were measured in the middle part of the bed and aluminum block. Temperature 7 

differences between two thermocouples in all cases were below 0.1 ͦ C. The utilized feed gases 8 

were ethylene (99.95%, Linde Gas) and oxygen (99.999%, AGA) and helium (99.996%). Three 9 

mass flow controllers (Brooks 5850E) were used to measure and control the inlet mass flow of 10 

each gas. The system was operated at atmospheric pressure. 11 

First, the catalyst was pretreated with 20 vol% ethylene in helium for 17 h at 280 ͦ C at the total 12 

flow rate of 15 ml/min. The ethylene pretreatment carried out in order to remove oxygen adsorbed 13 

on the catalyst surface (26). Aho et al., (27), however, have recently reported that the most 14 

promising thermal pretreatment for ethylene epoxidation was first treating the catalyst with 1 ppm 15 

of DCE followed by overnight pre-treatment in 20 vol% ethylene. Nevertheless, all the 16 

experiments of the presents study were carried out with the same pretreatment method and 17 

confident comparisons between different catalysts performances are still possible. After catalyst 18 

pretreatment, the feed gas, consisting of 25 vol% ethylene and 7.28 vol% oxygen balanced with 19 

He, was introduced into the reactor at the feed gas flow rate of 30 ml/min. Thereafter, the 20 

temperature was raised from 250 to 300 ͦ C. The composition of the output gas was analyzed by an 21 

online gas chromatograph (GC) model Agilent 6890N with HP-Plot Q and HP-MOLSIV 5A 22 

columns (length: 30 & 60 m, ID: 530 µm, film thickness: 40 µm) and thermal conductivity (TC) 23 
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detector. The GC calibration for ethylene oxide and carbon dioxide was conducted with mixtures 1 

of 3% ethylene oxide in helium (AGA) and 1% carbon dioxide and 1 % oxygen in helium (AGA), 2 

respectively. For the calibration, the area of the GC peaks was related to the volumetric flow rates 3 

of each component with the aid of a Humonic Optiflow 520 Digital Volumetric flowmeter. 4 

The ethylene oxide selectivity and the ethylene conversion were calculated by the following 5 

equations (10): 6 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑡𝑜 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑜𝑥𝑖𝑑𝑒 =  𝑋𝐸𝑡 𝑡𝑜  𝐸𝑂 =
𝑦𝐶𝑂2

(𝑛𝑡𝑜𝑡𝑎𝑙)

𝑛𝐸𝑡(1 + 𝑦𝐸𝑂/2)
                               (1)

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑡𝑜 𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒 =  𝑋𝐸𝑡 𝑡𝑜  𝐶𝑂2
=

𝑦𝐶𝑂2
(𝑛𝑡𝑜𝑡𝑎𝑙 −

𝑛𝐸𝑡𝑋𝐸𝑡 𝑡𝑜 𝐸𝑜

2 )

2𝑛𝐸𝑡
  (2)

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑦𝐸𝑂

𝑦𝐸𝑂 + 0.5𝑦𝐶𝑂2

                                                                                                                              (3)

 7 

where y is the mole fraction in the product gas, and totn  is molar flow rate of the feed gas. The total 8 

conversion was calculated as the sum of ethylene consumption along both routes (1) and (2). 9 

  10 
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Results and discussion 1 

Mesoporous SrTiO3 was prepared by the surfactant-assisted sol-gel method. The effects of some 2 

preparation conditions on the structure and ethylene epoxidation activity of the Ag/ SrTiO3 catalyst 3 

were investigated. 4 

Catalyst activity results in different preparation conditions 5 

Effect of the surfactant-alkoxide ratio  6 

Due to the effect of the surfactant-to-alkoxide ratio on the morphology and surface area of 7 

mesoporous materials (15, 18, 28) and the importance of the catalyst surface area on the ethylene 8 

epoxidation, the effect of this ratio on the characteristics of SrTiO3 nanocrystals was investigated.  9 

The pore size distribution and nitrogen adsorption-desorption isotherms for different LA-to-TIPT 10 

ratios are shown in Fig. 2. The isotherms in Fig. 2 indicate that a lower textural porosity is seen 11 

for [LA]/[TIPT]=0.2, illustrated in Fig 2a. The pore size distribution was uniform in all cases. 12 

Table 1 shows the effect of the LA-TIPT ratio on the total pore volume and the BET surface area 13 

of the prepared SrTiO3 nanocrystals. It is evident that the specific surface area increased with the 14 

LA-TIPT ratio. Sakulkhaemaruethai et al. (15) also reported the same trend for titania. While a 15 

slight decrease of the surface area was observed at higher ratios in the range of 0.25 and 1, the 16 

authors (15) reported an increase of the titania surface area at lower ratios between 0 and 0.25. 17 

Later, similar results were observed for SrTiO3 at the same amounts of the LA-TIPT ratios (18). 18 

Therefore, it can be concluded that there is a direct relationship between the LA-TIPT ratio and 19 

the specific surface area below LA-TIPT ratio of 0.3.  20 
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As can be seen from the pore size distributions displayed in Fig. 2, the average pore size of the 1 

catalysts with [LA]/[TIPT] of 0.2, 0.25 and 0.3 are 11.3, 10.8 and 10.8 nm, respectively. Therefore, 2 

a slight increase in the surfactant amount does not significantly affect the pore size. Therefore, an 3 

increase of the surface area at higher surfactant-metal alkoxide ratios can be attributed to the 4 

number of pores. According to the mechanism of mesoporous materials synthesis, which involves 5 

interactions between the surfactant and the inorganic compound, a higher concentration of the 6 

surfactant can result in a higher amount of micelles which thus lead to more pores and eventually 7 

to a higher surface area of the mesoporous SrTiO3. This can have consequences for catalysis, as 8 

the porosity and the specific surface area of SrTiO3 as the support for silver can affect the size 9 

distribution of the active phase (Ag).  10 

Transmission electron microscopy (TEM) was used to obtain the average silver crystallite size and 11 

its distribution. The results of the TEM analysis and the silver size distributions are presented in 12 

Fig. 3. This figure shows that the silver particle size increased with a decreasing surfactant-metal 13 

alkoxide ratio, and the largest particles were observed at the lowest ratio, which can be attributed 14 

to the lower specific surface area of the support, resulting in larger silver particles. The average 15 

silver crystallite sizes for LA-TIPT ratios at 0.2, 0.25 and 0.3 were 15, 7.3 and 5.7 nm, respectively.  16 

It is shown below that the best catalytic activity was observed for the catalyst with 17 

[LA]/[TIPT]=0.2, calcination time and temperature of 4 h and 650 ͦ C, respectively, possessing 18 

17.8 % silver loading. The XRD analysis was conducted for this catalyst to elucidate the crystalline 19 

size of SrTiO3 and silver nanoclusters. The XRD results are displayed in Fig. 4. The peaks assigned 20 

to cubic SrTiO3 and Ag were present, allowing to calculate the size of crystals which were 50 nm 21 

and 21 nm, respectively.  22 

  23 
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 1 

Effect of calcination time 2 

The two calcination times of 4 and 8 h for the preparation of the SrTiO3 support were examined 3 

and their effect on the pore structure was investigated. The heating rate and the calcination 4 

temperature were adjusted to 2 ͦ C/min and 650 ͦ C, respectively. The effect of the calcination time 5 

on the total pore volume and the BET surface area of the prepared SrTiO3 nanocrystals is shown 6 

in Table 1. By decreasing the calcination time, the total pore volume and the specific surface area 7 

increased. Similar results were obtained for adsorption-desorption isotherms shown in Fig. 5. 8 

These results are in line with the results reported by Sreethawong et al., (16) attributing the findings 9 

to the crystallization of the walls between mesopores at higher calcination times. 10 

Catalytic behavior in epoxidation   11 

The catalytic activity of the Ag/SrTiO3 catalysts synthesized at different conditions was 12 

investigated for ethylene epoxidation in the fixed bed reactor. To find the optimum amount of 13 

silver, four different catalysts were prepared. The yields and selectivity in ethylene oxide synthesis 14 

at different Ag loadings are summarized in Table 2. The optimum silver loading was 17.8%, 15 

exhibiting the best selectivity and yield at all temperatures among the materials studied. At higher 16 

and lower loadings both selectivity and yield were decreased. Therefore, the silver loading was 17 

kept at 17.8% during investigation of other parameters.  18 

Fig. 6 displays the yield and selectivity towards ethylene oxide using Ag/SrTiO3 catalysts prepared 19 

with different LA-to-TIPT ratios at different temperatures. Lower LA-to-TIPT molar ratios gave 20 

higher yields and selectivity. This observation can be attributed to lower specific surface area and 21 

larger silver particles at lower LA-TIPT ratios (Fig. 2 and Fig. 3). The results are in line with 22 
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previous studies, indicating the preference for catalysts with very low surface areas and larger 1 

silver particles for ethylene oxide synthesis (2, 8, 9). However, as revealed by Fig 6, the 2 

dependence of the catalyst yield and the selectivity on this ratio is more significant at higher 3 

temperatures but becomes less pronounced at lower temperatures. 4 

As mentioned earlier, another effective parameter in controlling the morphology and properties of 5 

the catalyst is the calcination time of the support. Fig. 7 demonstrates a slight difference in the 6 

catalytic performance of Ag/SrTiO3 for the calcination times of 4h and 8h. The results show that 7 

the performances of the two catalysts are slightly different. The selectivity of the catalyst calcined 8 

for 8 h, however, was slightly higher than that of the catalyst calcined for 4 h, which can be 9 

attributed to the lower specific area of the catalyst calcined for 8 h, as shown in Table 1 and Fig. 10 

5. However, the overall yield of the catalyst with 4 h calcination time was somewhat higher, and, 11 

therefore, 4 h calcination time was used to prepare the catalysts.  12 

 13 

Comparison with a commercial silver on alumina catalyst 14 

To provide a better overview on the performance of the best catalyst from this work (prepared at 15 

[LA]/[TIPT]=0.2, calcination time: 4h, calcination temperature: 650 ͦ C, and the silver loading of 16 

17.8 wt%), the catalytic results were compared with those of a commercial Ag/Al2O3 catalyst with 17 

a low surface area. The specific surface area and silver loading of the commercial catalyst were 18 

3.7 m2/g (29) and 17.7 wt%, respectively.  19 

The yields and selectivity of both catalysts at different temperatures with time-on-stream are 20 

shown in Fig. 8. For both catalysts, by decreasing temperature, the ethylene oxide selectivity 21 

increased, while a lower activity at lower temperatures resulted in a lower yield. Moreover, by 22 
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decreasing the temperature, the selectivity and yield were changed stepwise for both catalysts. This 1 

step changes were more noticeable in the selectivity of the synthesized Ag/SrTiO3 and the ethylene 2 

oxide yield on the commercial catalyst. The trend of the variation of the selectivity during time-3 

on-stream for both catalysts were different. The commercial catalyst showed a slight increase in 4 

the selectivity at first, but then the selectivity declined slightly. The synthesized catalyst showed a 5 

stable selectivity at temperatures 523-563 K, but a decrease of the initial selectivity was observed 6 

at 573K. The experiment carried out at 573K was the first one, so evidently stable Ag sites were 7 

formed during this initiation period. No activity decrease was observed for the prepared catalyst. 8 

For the commercial catalyst, the dynamics was clearly slower; for example, at 573 K the 9 

commercial catalyst did not reach the steady state conditions even after about 8h. Therefore, the 10 

results at this temperature for commercial catalyst was eliminated from the analysis. 11 

Although the activity of the Ag/SrTiO3 catalyst is significantly lower than that of the commercial 12 

catalyst, the selectivity of the prepared catalyst is far superior at all temperatures. However, it is 13 

clear from the SEM-EDX analysis of both catalysts (Table 3) that alkaline earth metals (i.e. Mg, 14 

Ba and Ca) were used as common modifiers in the commercial ethylene epoxidation catalysts. 15 

However, no modifier was used during the preparation of our catalyst. It should be also noted that 16 

no other additives such as dichloroethane typically boosting selectivity were applied in the current 17 

work.  18 

 In the industrial process, the operating pressure is normally increased to 25 bar in the ethylene 19 

epoxidation. Because the system was operated at atmospheric pressure for both catalysts in the 20 

present study, we expect a higher activity for both catalysts under industrial conditions. 21 

Chongterdtoonskul et al, also reported a high amount of selectivity for Ag/SrTiO3 catalyst in 22 

ethylene epoxidation (19). However, they reported the amount of 99% for the selectivity of this 23 
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reaction at 548 K, but we could not observe this amount in any of our experiments and the highest 1 

observed selectivity was 63% at 523 K in our experiments. Moreover, an increase in the selectivity 2 

was reported in their experiments between 498 and 548 K, but the selectivity of the catalysts in 3 

our experiments was decreased by increasing the temperature as it is common for this reaction.   4 

Fig. 9 demonstrates the selectivity of the catalyst versus the conversion on both commercial 5 

Ag/Al2O3 and Ag/SrTiO3 catalysts at 573 K. In Ag/SrTiO3, the selectivity decreased with the 6 

conversion but afterwards, it increased, while for the commercial catalyst after a slight increase in 7 

the selectivity, it decreased continuously. In order to better illustrate the small differences among 8 

the observations, the first data point of Ag/SrTiO3 catalyst was excluded. 9 

Scanning electron microscopy (SEM) was used to compare the shape and distribution of the silver 10 

crystallites in the both commercial Ag/Al2O3 and Ag/SrTiO3 catalysts. As clearly seen in Fig. 10, 11 

the silver particles (white particles in Fig 10a and 10c) in Ag/SrTiO3 have spherical shapes, while 12 

in the commercial catalyst the silver particles are agglomerated and they have lost their sphericity. 13 

Lower catalytic activity of Ag/SrTiO3 can be attributed to the existence of some large spherical 14 

silver particles which are in the range of 1 to 2 micron (Fig. 11). This observation is in line with 15 

previous studies (9), which show decreasing the specific activity with increasing the silver 16 

crystallite size in spherical crystallites. Nevertheless, the specific activity can increase with the 17 

crystallite size as they begin to lose their sphericity.  18 

Formation of large silver particles can be attributed to the method used for impregnation of the 19 

active phase on the support. Because the main objective of this article was the evaluation of the 20 

effect of the support structure on the performance of ethylene epoxidation catalyst and finding the 21 

most appropriate support, a simple method of wet impregnation was used for silver impregnation 22 

on the support. After finding the most appropriate support, the next step, however, can be 23 
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improving the method used for the impregnation of the catalysts and replacing the wet 1 

impregnation method by the methods described in patents and recent papers (27).  2 

Conclusions 3 

Mesoporous Ag/SrTiO3 was prepared by the sol-gel method using laurylamine as the structure-4 

directing agent. By changing some crucial parameters during the catalyst preparation, catalysts 5 

with different structures and morphologies were prepared, and their performances as 6 

heterogeneous catalysts in the ethylene epoxidation was examined and compared. The best 7 

catalytic performance was obtained for the lowest surfactant-alkoxide molar ratio (studied in the 8 

range between 0.2 and 0.3) giving the lowest specific surface area, and the largest silver crystalline 9 

size. On the contrary, the calcination time did not have a significant effect on the surface area and 10 

the performance of the catalyst. The 17.8 wt% Ag/SrTiO3 catalyst exhibited the highest yield and 11 

selectivity of ethylene oxide among the catalysts investigated. Under favorable conditions (i.e., at 12 

[LA]/[TIPT]=0.2, the calcination time and temperature of 4 h and 650 ͦC, respectively), the 13 

selectivity of the Ag/SrTiO3 was remarkably higher than that of the commercial Ag/Al2O3 catalyst 14 

with alkaline earth metal promoters.  15 
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Table 1. Effect of some critical condition parameters on the specific surface area and the total pore 1 

volume of SrTiO3 nanocrystals 2 

Preparation condition parameter BET area (m2/g) Total pore volume (cm3/g) 

 

Surfactant-to-alkoxide ratio 

 

0.2       1.7 0.008 

0.25 4.1 0.017 

0.3 6.7 0.03 

Calcination time (h) 

8  

4  

3.3 

4.1 

0.014 

0.017 

 3 
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 1 

  2 

Figure 2. Adsorption-desorption isotherms of nitrogen and pore size distributions of SrTiO3, calcined 

at 650 ͦC for 4h and different surfactant-alkoxide ratios, a) 0.2, b) 0.25 and c) 0.3 
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 1 

Table 2. Results of ethylene conversion, ethylene oxide selectivity and ethylene oxide yield at 2 

various silver loadings on SrTiO3 support at different temperatures. Reaction conditions: total flow 3 

rate of 30 ml/min, 25 vol% ethylene and 7.28 vol% oxygen. 4 

Silver loading 

(%) 

 Temperature (  ͦC) 

573 563 553 543 533 523 

22.9 

 

 

 

 

Selectivity (%) 34.7 35.7 34.5 35.7 39.9 44.2 

Conversion (%) 1.79 1.52 1.31 1.13 0.95 0.8 

Yield (%) 0.62 0.54 
 

0.45 
 

0.40 
 

0.38 
 

       0.35 
 

17.8 

 

 

 

 

Selectivity (%) 47.5 51.2 53.9 56.5 59.7 62.9 

Conversion (%) 1.83 1.54 1.34 1.11 0.86  0.67 

Yield (%) 0.87 
 
 

0.79 
 
 

0.72 
 
 

0.62 
 
 

0.51 
 
 

0.42 
 
 

15.6 

 

 

 

 

 

Selectivity (%) 36.7 39.8 41.2 43.7 47.8 51.9 

Conversion (%) 1.63 1.38 1.20 1.01 0.83 0.68 

Yield (%) 0.59 
 
 

0.55 
 
 

0.49 
 
 

0.44 
 
 

0.40 
 
 

0.35 
 
 

8.4 * 

 

 

 

Selectivity (%) 20.9 _ _ _ _ _ 

Conversion (%) 0.4      

Yield (%) 0.098      

* The amount of ethylene oxide at silver loading of 8.4 % at other temperatures were very low and 5 

were not detectable by the GC. 6 
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Figure 3. TEM images and pore size distributions calcined at 650 ͦC for 4 h and different surfactant-to-

alkoxide ratio, A) 0.2 B) 0.25 C) 0.3. 
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Figure 4. XRD of synthesized Ag/SrTiO3. 
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Figure 5. Nitrogen adsorption/desorption isotherms and pore size distributions of SrTiO3, 

calcined at 650 ͦ C, with [LA]/[TIPT]=0.25 at different calcination time, a)4h  b)8h. 
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Figure 6. Yield and selectivity of ethylene oxide using catalysts prepared at various surfactant-to-

alkoxide ratios at different temperatures. Reaction conditions: total flow rate of 30 ml/min, 25 vol% 

ethylene and 7.28 vol% oxygen. 
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Figure 7. Yield and selectivity toward ethylene oxide using catalysts prepared at various calcination 

times. Reaction conditions: total flow rate of 30 ml/min, 25 vol% ethylene and 7.28 vol% oxygen. 
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 1 

Table 3. SEM-EDX analysis of the commercial Ag/Al2O3 catalyst and the best prepared Ag/SrTiO3 2 

catalyst, calcined at 650 ͦC for 4 h and surfactant-to-alkoxide ratio of 0.2. 3 

 O Na Mg Al Si Ca Ti Ag Ba 

Ag/Alumina 

26.415 0.785 0.32 27.67 4.95 1.54 0.225 17.745 1.61 

         

Ag/SrTiO3 
O Cl Ti Sr Ag 

30.34 2.62 19.21 30.3 17.8 

 4 

  5 
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Figure 8. Comparison between the best prepared catalyst (Ag/SrTiO3) and the commercial Ag/Al2O3 

catalyst. Reaction conditions: total flow rate of 30 ml/min, 25 vol% ethylene and 7.28 vol% oxygen. 
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 2 

Figure 9. Selectivity of the catalysts as a function of conversion. Reaction conditions: total flow 3 

rate of 30 ml/min, T=573 K, 25 vol% ethylene and 7.28 vol% oxygen. 4 
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Figure 10. SEM images of a,b) Ag/SrTiO3 calcined at 650 ͦC for 4h and different surfactant-

alkoxide ratios, a) 0.2, b) 0.25 and c) 0.3, c,d) commercial Ag/Al2O3 



34 

 

 1 

Figure 11. SEM images of Ag/SrTiO3 catalyst showing the size of larger silver particles  2 

 3 

 4 

1.78 µm  

1.79 µm  

1.3 µm  


