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Abstract 

This thesis deals with the development of a heterogeneously catalyzed process for the 

direct conversion of ethanol into ethylene oxide. Many catalysts consisting in gold, silver or 

copper nanoparticles dispersed on the surface of various supports (Al2O3, SiO2, TiO2, ZrO2 and 

activated carbon) were prepared using different techniques including impregnation and co-

precipitation methods. These catalysts were characterized in order to determine their structural, 

textural and chemical properties as well as their elemental compositions using XRD, XPS, XRF, 

SEM, TEM and TPR. The performance of the catalysts for the direct conversion of ethanol to 

ethylene oxide was determined in a vapor phase down-flow fixed-bed reactor at atmospheric 

pressure. Furthermore, the impact of reaction conditions (temperature, GHSV, ethanol/oxygen 

ratio) was also studied. It was found that the catalysts preparation and reaction conditions 

strongly affect the catalytic performance, which is ascribed to the fine-tuning of the redox cycle 

enabling the stabilization of the oxidation state of the active metal. The best results were obtained 

on a copper-based catalyst supported on TiO2, which contained the anatase phase. For this 

catalyst it was found that the reduction of the copper species took place at a lower temperature 

than on the other types of supports. The best performance obtained using this catalyst was an 

ethanol conversion of 99% together with a selectivity in ethylene oxide of 61% at 250 °C.  
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Résumé 

 

Cette thèse porte sur le développement d‟un procédé catalytique pour la conversion 

directe d'éthanol en oxyde d'éthylène. De nombreux catalyseurs composés de nanoparticules d‟or, 

d‟argent ou de cuivre déposés à la surface de divers supports (Al2O3, SiO2, TiO2, ZrO2 et charbon 

actif) ont été préparés en utilisant différentes techniques, dont l'imprégnation et la co-

précipitation. Ces catalyseurs ont été caractérisés afin de déterminer leurs propriétés structurales, 

texturales et chimiques ainsi que leurs compositions élémentaires en utilisant les analyses DRX, 

XPS, XRF, MEB, MET et TPR. Les performances de ces catalyseurs pour la conversion directe 

d'éthanol en oxyde d'éthylène ont été déterminées dans un réacteur à lit fixe en phase vapeur sous 

pression atmosphérique. En outre, l'influence des conditions de réaction (température, GHSV, 

rapport éthanol / oxygène) a été étudié. Il a été constaté que les conditions de préparation du 

catalyseur et de mise en œuvre en réaction affectent de manière significative les performances 

catalytiques, très probablement en permettant de jouer sur le cycle redox du métal actif en 

catalyse et en stabilisant son état d‟oxydation. Les meilleures performances ont été obtenues sur 

un catalyseur au cuivre sur support TiO2 contenant une phase anatase. Pour ce catalyseur il a été 

observé que la réduction des nanoparticules de cuivre peut être obtenue à plus basse température 

que lorsque les autres supports sont employés. Les meilleures performances obtenues sur ce 

catalyseur sont une conversion en éthanol de 99% et une sélectivité en oxyde d‟éthylène de 61% 

à 250 °C. 
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1.1 Ethylene oxide 
Ethylene oxide (noted EO in the following), or oxirane, (molecular formula C2H4O) 

(Scheme 1-1) is the most simple epoxide molecule. Under standard conditions it is a colorless gas 

that liquefies at 10°C with sweet or etheric odor. Because of its chemical properties, mainly its 

high reactivity and its high miscibility with water or organic solvents, ethylene oxide is one of the 

most versatile intermediate of the chemical industry despite of its high toxicity [1, 2].  

 

Scheme 1-1: Ethylene oxide molecule 

The first synthesis of ethylene oxide was reported [3] in 1859 by the French scientist Wurtz 

from 2-chloroethanol (ethylene chlorohydrin). Due to an uncompetitive cost, this protocol was 

not employed for a long time. In 1931, Lefort succeeded in preparing ethylene oxide by direct 

oxidation of ethylene using a silver catalyst [4, 5]. This catalysis-based approach is still employed 

nowadays as industrial process for ethylene oxide production from direct oxidation of ethylene 

[6].  

1.1.1 Applications of ethylene oxide  

Ethylene oxide is currently used as a sterilizing agent, fumigant and insecticide, either 

alone or together with carbon dioxide [7]. In everyday life, ethylene oxide is used to sterilize 

drugs, hospital equipment‟s, reusable medical items, packaging material, food, scientific 

equipment‟s, clothing, aircrafts and other items [8, 9]. 

Nevertheless the main application of ethylene oxide remains its utilization as source 

molecule used in the manufacture of chemical derivatives such as mono-ethylene glycol, di-

ethylene glycol, tri-ethylene glycol, polyethylene glycol, ethylene glycol ethers, ethanolamines 

and some other important chemicals (Figure 1-1).  
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Figure 1-1: Routes for valorization of ethylene oxide 

The repartition of the ethylene oxide consumption is shown in Figure 1-2 and more detailed 

information about each product issued from ethylene oxide are given below. 

 Ethylene glycol 

Ethylene glycol is one of the most important industrial chemicals found in many consumers 

products, including automotive antifreeze, hydraulic brake fluid, stamp pad ink, plastic paints and 

cosmetics. More than 65% of ethylene oxide production is used for synthesizing ethylene glycol. 

Ethylene glycol is an intermediate in the production of polyethylene terephthalate (PET) by a 

polymerization reaction with a nucleophile, whereby the annual consumption of mono-ethylene 

glycol is about 15 million metric tons [10-12].   

 Ethoxylates 

Ethoxylates are nonionic surfactants, which are incorporated in many industrial 

formulations. The synthesis is based on the addition of ethylene oxide to an alcohol. 13% of 

ethylene oxide are consumed for the synthesis of ethoxylates [14, 15]. 
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Figure 1-2: Consumption of ethylene oxide [13] 

 Glycol ether 

The production of ethylene glycol ether is performed by a reaction between ethylene oxide 

and alcohols (n-butanol). It is commonly used in paints and cleaner [16]. The glycol ether 

production consumes about 3% of the worldwide ethylene oxide.  

 Ethanolamine 

Ethanolamine is synthesized by the reaction of ethylene oxide and ammonia in an aqueous 

environment. Ethanolamine is widely used in surfactants, softeners, gas purification and 

pharmaceutical industries. Furthermore, it is used in the production of monoethanolamine (MEA) 

and diethanolamine (DEA). This chemistry represents 6% of the total ethanol oxide consumption 

[17-19].  
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 Poly ethylene glycol 

The reaction of an organic acid with ethylene oxide gives the corresponding ethylene glycol 

monoester. This product further reacts with ethylene oxide to yield poly ethylene glycol. Ethylene 

glycol diesters may be obtained directly by the reaction of ethylene oxide and an acid anhydride 

[20-22]. 

    Ethylene oxide is also used in the synthesis of acrylates whereby ethylene forms 2-

hydroxylethyl acryl ethers [23].   

1.1.2 Ethylene oxide production 

Ethylene oxide has been produced commercially by two basic routes. In the first route, 

ethylene oxide was synthesized by the direct oxidation of ethylene chlorohydrin using potassium 

hydroxide as shown in Figure 1-3. This process was first commercialized in 1925 in the US. In 

the following, this process was introduced during First World War in Germany by Badische 

Anilin-und Soda Fabrik (BASF) [24]. But the chlorohydrin process was inefficient because most 

of the chlorine was lost as potassium chloride [25].  

 

Figure 1-3: Ethylene oxide synthesis from ethylene chlorohydrin 

Since this process was not economically competitive, it was quickly replaced by the direct 

oxidation process as dominant technology whereby till date nearly all the ethylene oxide in the 

world is obtained by the direct oxidation of ethylene. The corresponding reaction can be divided 

into two categories depending on the source of oxidizing agent i.e. air or oxygen. In 1937, Union 

Carbide Corp. first commercialized an air-based direct oxidation process. The first oxygen based 

process was commercialized by Shell Oil Co. in 1958 [26]. The main disadvantage of the direct 

oxidation of ethylene process is the low yield or selectivity to ethylene oxide per mole of 

ethylene consumed, since 20-25% of the ethylene is converted to CO2 and water. Indeed, the 

operating conditions must be carefully controlled to maximize the ethylene oxide selectivity. 

Silver-based catalysts were found the best catalysts for the direct oxidation of ethylene into 
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ethylene oxide. Two reactions are possible over the silver surface: ethylene oxide formation by 

partial oxidation (Figure 1-4) and complete combustion by total oxidation to CO2 and H2O 

(Figure 1-5) [5]. 

 

Figure 1-4: Direct oxidation of ethylene to ethylene oxide 

 

Figure 1-5: Total oxidation (combustion) of ethylene 

 

The ethylene conversion in the commercial process is typically 10-20%. An increase in the 

conversion is generally accompanied by the formation of CO2 and water from complete 

combustion of ethylene with oxygen.  

Since the selective oxidation of ethylene is of high commercial interest, this reaction was 

extensively studied and numerous patents were filed, but the exact reaction mechanism was not 

fully understood in the beginning [27]. In fact, there was much controversy on the nature of the 

oxygen species responsible for the ethylene oxide formation. Different surface characterization 

techniques indicated that there are three types of adsorbed oxygen species on silver i.e. 

monoatomic, diatomic and subsurface oxygen. 

The monoatomic chemisorbed oxygen was found responsible for both ethylene oxide and 

CO2 formation. So, the most important factor to control is chemisorbed monoatomic oxygen. 

Monoatomic chemisorbed oxygen with strongly negative charge acts as a base, leading to the 

abstraction of hydrogen, but also promotes the complete combustion of ethylene. Intermediates of 

the total oxidation of ethylene are acetaldehyde, acetic acid, formic acid and oxalic acid [28]. The 

environment of adsorbed oxygen atom determines whether the reaction with ethylene leads to the 

formation of ethylene oxide or to other oxidation products [29]. If subsurface oxygen is present, it 
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competes with adsorbed atomic oxygen for silver electrons, reducing the negative charge on the 

adsorbed oxygen. The molecular structure is preserved and the formation of ethylene oxide is 

predominant [30]. Corresponding results were also confirmed by theoretical calculation [31].   

As aforementioned, the direct oxidation of ethylene to ethylene oxide over a silver catalyst 

can use two different oxidizing agents: air and pure oxygen. In the latter case, due to the low per 

pass conversion of ethylene, a recycling loop is necessary. This leads to the accumulation of 

nitrogen in the process cycle, whereby a substantial purge as well as intermediate removal of 

carbon dioxide is required. On the contrary, the oxygen-based process facilitates the recycling of 

unconverted ethylene [26, 32] but the capital cost of a such a process is much higher than the one 

based on air due to the necessity to install a unit of cryogenic separation of air. The general 

reaction conditions for air and oxygen-based process are summarized in the Table 1-1.  

Table 1-1: General reaction conditions for ethylene to ethylene oxide reaction [25, 33, 34] 

Parameters Air oxidation Oxygen oxidation 

Ethylene, mol.% 2–10 20–35 

Oxygen, mol.% 4–8 4–8 

Carbon dioxide, mol.% 5–10 5–10 

Ethane, mol.% 0–1 0–1 

Temperature, °C 220–277 220–235 

Pressure, MPa 1–3 2–3 

Space velocity, h
-1

 2000–4500 2000–4500 

Pressure drop, kPa 41–152 41–152 

Conversion, % 20–65 8–12 

Selectivity (mol. basis, %) 63–75 75–82 

 

At present, most of the ethylene oxide is produced by the oxygen-based process but 

whatever the process, it is conveniently divided into three main sections: reaction zone, ethylene 

oxide recovery and ethylene oxide purification (Figure 1-6). The tubular reactor is generally 

surrounded by water or coolant in order to remove the heat of the exothermal oxidation reactions 

and allow precise temperature control. If organic heat transfer media are employed, the extracted 
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energy is used to generate steam in secondary cycles, which can then be used to pre-heat the inlet 

flows.   

 

Figure 1-6: Air-based direct oxidation process for ethylene oxide 

After the effluent of the reactor has been cooled, the ethylene oxide and CO2 must be 

removed by scrubbing first with water and then with aqueous potassium carbonate solution. In 

the ethylene oxide scrubber, all ethylene oxide and small amounts of the other constituents of the 

recycle gas (CO2, N2, CH4, CH2CH2, and aldehydes) are dissolved in water. The resulting 

aqueous ethylene oxide solution then passes to the ethylene oxide desorber. The ethylene oxide 

recovered as head product in the desorber is subsequently stripped of its low-boiling components 

and finally distilled, thereby separating water and ethylene oxide [26, 32]. 

Until 2002, ethylene oxide was produced in more than 30 countries in Asia, Australia, 

Europe, Middle East, North America and South America with a production capacity of 16.3 

million tons per year. In 2009 the world consumption of EO reached already 19 million metric 

tons per year, making it the most utilized epoxide species [11]. The recent production and 

capacity of ethylene oxide in Europe is shown in Figure 1-7 [35].  
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Figure 1-7: Production of EO in Europe [35] 

In order to increase the yield in ethylene oxide, alternative catalysts doped with palladium 

and platinum were developed. During the last decades, the catalyst composition has been 

progressively improved. Now, the best catalysts show up to 81% selectivity in EO (ethylene 

conversion not reported) as shown in Table 1-2.  

Table 1-2: Performance of the catalysts for direct oxidation of ethylene to ethylene oxide 

Catalyst name Temperature, 

°C 

EO Selectivity, 

% 

Reference 

Pt-Ag/ α-Al2O3 250-300 70 [36] 

Cs-Ag/ α-Al2O3 230-280 78 [37, 38] 

Ag-Na-Cs-F/ α-Al2O3 217-224 79 [39] 

Cs-Ag/α-Al2O3 224 81 [40] 

 

Other additives were studied by Rashkin et al. such as alkali metal. The authors claimed 

high selectivity to ethylene oxide up to 78% at 9% conversion of ethylene. These results are 

surprising, as previously lithium, sodium, potassium and cesium were claimed to act as poison in 

the oxidation of ethylene. Rashkin et al. suggested that the quantity of alkali metal must be 

adapted wisely and showed that low amounts indeed improved both activity and selectivity 

relative to alkali-free silver catalysts. In 1982, Nojiri reported that not only the cation (sodium or 
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cesium) but also the anion is important for high selectivity. They claimed that halogen-ion 

(chlorine, bromine or fluorine) as an anionic component in addition to the Cs or Na cations are 

ideal dopants for the silver catalyst. Thus, an alkali metal-doped Ag-Na-Cs-F/α-Al2O3 catalyst 

showed 79% selectivity in ethylene oxide at 217 °C (ethylene conversion not reported). The 

highest performance for alkali metal-doped silver catalysts at 220-300 °C using 15% C2H4 with 

GHSV-5500h
-1

 and 21 bar pressure was reported by Kintoken claiming 81% selectivity for 

ethylene oxide (ethylene conversion not reported). 

There were a number of studies about the effect of supports on epoxidation of ethylene. 

Rojluechai et al. [41] studied catalysts based on Au, Ag over Al2O3, TiO2, and CeO2. The best 

performance for ethylene epoxidation was found over Ag catalysts supported on Al2O3 with the 

optimum Ag loading of 13.18 wt.%, while Ag catalysts supported on TiO2 or CeO2 only 

promoted total oxidation. Beck et al. studied mesoporous silica in order to reduce the mass 

diffusion limitations and to provide the acidic properties of the microporous zeolitic 

aluminosilicates, which directly affected the catalytic activity [42]. Fotopoulos et al. found that 

the Ag catalysts supported on MCM-41 and HMS mesoporous silica were active in the ethylene 

epoxidation reaction, exhibiting ethylene oxide selectivity similar to those of the Ag catalysts 

supported on non-porous silica and conventional low surface area α-alumina at a relatively low 

temperature (∼230 °C) [43]. Puangpetch et al. [44] successfully synthesized mesoporous-

assembled SrTiO3 nanocrystals via a sol-gel process. This mesoporous structured SrTiO3 was 

used as the support for Ag, as it was hypothesized to facilitate the formation of uniform nano-

sized Ag particles at high Ag loadings, which is supposed to facilitate the epoxidation reaction. 

Recently, Chongterdtoonskul et al. have studied the effect of different oxide supports on the 

ethylene epoxidation over Ag-based catalysts. They reported an Ag/SrTiO3 catalyst which 

exhibits a very high EO selectivity of up to 99% and a EO yield of 4.5% [45]. 

1.2 Ethylene oxide production from ethanol 

As we have seen, the ethylene oxide production is strongly dependent on a petrochemical-

issued, non-renewable source, namely ethylene. However as the worldwide supply of petroleum 

will inevitably diminish, it will become increasingly expensive and accordingly less attractive as 

a carbon source. Furthermore, the use of fossil resources is associated with net increase in 
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greenhouse gas levels worldwide [46-49]. Hence, biomass has received considerable attention as 

a sustainable feedstock that can replace fossil fuels for the production of fine chemicals. Thus, 

during the last decades, concerns regarding global warming and fossil fuel depletion resulted in a 

wide interest in the use of environmentally friendly renewables as starting materials for the 

chemical industry. This is of course also the case for EO production and the best biosourced 

starting material in that particular case is of course bio-ethanol. The following paragraphs will 

draw a picture of the current state of art of the indirect or direct conversion of ethanol to ethylene 

oxide.    

1.2.1 Indirect route  

Recently, the production of ethylene oxide from bio-ethanol using an indirect process via 

ethylene was reported. Bio-ethanol is an environmentally friendly, versatile and sustainable 

renewable chemical derived from biomass. Currently, all industrial scale ethanol production 

belongs to the first generation using either sugar or starch as raw materials. However, the 

technology to produce second-generation ethanol is under development and will permit to use 

different types of lignocellulosic material as substrate.  

 

Figure 1-8: Worldwide production of ethanol [54] 
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Currently a negligible amount of second-generation bioethanol  is produced around the 

world [50, 51] but it seems likely that cellulose-rich agricultural waste will gain importance as an 

even more sustainable and non-eatable feedstock in the future [52]. The production cost of 

ethanol has significantly decreased during the last decade notably due to continuous 

technological improvement [53] making it an attractive raw material. The worldwide production 

of bio-ethanol has significantly increased over the past years, as shown in Figure 1-8. The low 

price and large production capacities made bio-ethanol finding wide application as blending in 

gasoline whereby it enables to decrease the dependence on fossil fuels. But ethanol can also 

undergo different kinds of reactions like oxidation or dehydration.  

 

 

Figure 1-9: Valorization of bio-ethanol 

It can – for example – be converted to acetaldehyde (oxidation), ethylene (dehydration), 

ethyl acetate (oxidation and consecutive esterification) as well as syngas (gasification) as shown 

in Figure 1-9 [55]. Nevertheless, among the various molecules derived from ethanol, ethylene 

oxide is one of the most valuable ones. It can be synthesized by successive dehydration of ethanol 
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and oxidation of the as-obtained ethylene. Therefore, the possibility of using a renewable 

feedstock - such as ethanol - has attracted much attention and interest. 

The indirect route for the synthesis of ethylene oxide from ethanol was reported in a two-

steps process by Chemtex Corp. [56]. The reaction is performed on the tandem mode without any 

intermediate (ethylene) separation between the two reactors. In the first step, ethanol is converted 

into ethylene via a dehydration reaction using an acid catalyst. In the second step, the as-prepared 

bio-ethylene is oxidized using conventional redox catalysts as shown in Figure 1-10. 

 

Figure 1-10: Indirect route for ethanol to ethylene oxide 

Rockicki et al. disclosed a process for manufacturing ethylene oxide from ethanol via 

epoxidation of ethylene using silver-based epoxidation catalysts. The reaction was carried out at 

225 to 280°C (pressure 1 to 30 atm) and GHSV between 1500 to 10000 h
-1

. The yield in ethylene 

oxide was not detailed [57, 58]. 

1.2.2 Direct route  

For the first time, the direct conversion of ethanol to ethylene oxide was reported by Lippits 

et al. as shown in Figure 1-11. In this study, different catalysts were screened in the dehydration, 

dehydrogenation and oxidation of ethanol. In addition, the influence of the reaction conditions 

was studied for different catalyst in order to optimize the selectivity in the targeted product. 

 

Figure 1-11: Direct route for ethanol to ethylene oxide 

1.2.2.1 Catalysts 

 Up to now, the direct conversion of ethanol to ethylene oxide was only described using 

alumina-supported silver, copper and gold catalysts [59, 60]. These catalysts were prepared by a 

O
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deposition precipitation method. Prior to use the calcined catalysts were further reduced under 

hydrogen flow.  

A. Influence of the metal 

 Lippits et al. reported that the supported gold, silver and copper catalysts were active for 

the direct conversion of ethanol to ethylene oxide. They studied the catalytic performance of 

alumina-supported gold, silver and copper catalysts and the effect of Li2O and CeOx at different 

temperatures. Each catalyst was screened for the oxidation, dehydration and dehydrogenation. 

Lippits et al. reported that all catalysts (gold, silver and copper) were active for the direct 

conversion of ethanol into ethylene oxide but that gold catalyst showed the highest yield towards 

ethylene oxide (up to 76%). On the other hand, silver and copper-based catalysts showed yield to 

ethylene oxide of 53% and 63%, respectively.  

B. Influence of the addition of the oxides 

 Effect of Li2O 

 In all cases the addition of Li2O had a significant positive impact on the selectivity to 

ethylene oxide. This effect is independent of the metal (gold, silver or copper), which is 

explained by the modification of the acidity of the alumina support. In fact, γ-alumina promotes 

the dehydration (ethylene) and condensation reaction (diethyl ether) due to its strong acid sites. It 

was also found that the Li2O acts as a structural promoter for the Au/Al2O3 catalyst. So the 

lithium showed a double effect: (i) structural promoter by influencing the shape and size of the 

active gold particles and (ii) moderator of the activity of the alumina support by influencing the 

acidic sites. Addition of Li2O was found beneficial in terms of selectivity to ethylene oxide. 

 Effect of CeOx 

 The addition of ceria has no significant effect on the selectivity to ethylene oxide. Ceria 

increases the acidity of the catalyst and thereby promotes the formation of diethyl ether and CO. 

Furthermore it does not prevent the coke formation on the active sites of the catalyst. In addition, 

ceria yields large amounts of acetaldehyde in absence and presence of oxygen (dehydrogenation 

or oxidation, respectively).  

In Table 1-3 are summarized the most promising results obtained by Lippits and 

coworkers.  
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Table 1-3: Direct conversion of ethanol to ethylene oxide  

Catalyst Temperature 

(ºC) 

Conversion of 

ethanol (%) 

Selectivity 

in EO (%) 

Yield 

 in EO (%) 

 

Au/Li2O/Al2O3 

200 80 95 76 

300 90 71 64 

400 100 10 10 

 

Ag/ Li2O/Al2O3 

200 58 96 56 

300 90 54 49 

400 100 30 30 

 

Cu/ Li2O/Al2O3 

200 70 90 63 

300 92 15 14 

400 100 4 4 

Reaction operating conditions: Catalyst wt.- 0.2 g, ratio O2:Ethanol- 1:1,GHSV- 2500 h
-1

,  

Carrier gas- Argon , Pressure- atmospheric  

1.2.2.2 Reported catalytic activity measurement and influence of the reaction conditions 

 In Lippits‟ work the catalytic tests were performed in a micro-reactor system at 

atmospheric pressure and oxygen was used as oxidizing agent. For the catalysts containing CeOx 

and Li2O, the amount of catalyst was adjusted in such a way that the amount of gold was similar 

for all the catalysts with and without additives. Prior to tests, the catalysts were reduced under 

hydrogen (4 vol.% in Ar) at 400 °C for 2 h. Two different ratios of oxygen/ethanol were used for 

the oxidation of ethanol: 1:1 and 6:1 (oxygen excess). Typically, a total gas flow of 40 mL
-1

 

(GHSV = 2500 h
-1

) was employed [59, 60]. 

A. Effect of oxygen 

 The amount of oxygen was found to play an important role notably to maintain high 

activity. Even if there is no information about catalysts stability in Lippits et al.‟s publications 

one can assume that the main role of oxygen is to prevent coke formation. Nevertheless, at too 

high oxygen content, no ethylene oxide is formed as the latter is further oxidized to CO2. Hence a 

good balance of the oxygen concentration might be important for high ethylene oxide selectivity 

and the maintaining of a constant activity. 
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B. Effect of reaction temperature 

 The selectivity towards ethylene oxide decreases at high temperature, which is ascribed to 

its further oxidation. In all cases (see Table 1-3), full conversion is reached at 400 ºC but the 

selectivity to ethylene oxide is then low. On the other hand, at low temperature (200 ºC), highest 

selectivity to ethylene oxide was observed, but the ethanol conversion was significantly lower 

(58-80%). Thus, moderate temperature (200 ºC) is the best compromise for high yields in 

ethylene oxide.  

1.3 Aim and objectives of the thesis 

As we have seen, until this date the commercial production of ethylene oxide is uniquely 

based on the direct oxidation of ethylene using air or pure oxygen as oxidizing agent. Many 

metal-supported catalysts were developed, but only silver-based catalysts are showing good 

activity for the selective ethylene oxidation. Obviously ethylene is a non-renewable resource 

mainly issued from oil and it is well known that fossil fuel resources are limited whereas the 

demand of fine chemicals is increasing. So, to find new routes from renewable resources for the 

production of fine chemicals is of significant importance. Taking all these criteria into account, 

ethanol, which is one of the most widely used biomass-derived sustainable chemical, is a very 

promising starting material. The literature survey showed very few reports on the synthesis of 

ethylene oxide from ethanol as only two kinds of processes are reported: a one-step direct process 

reported by Lippits et al. and a two-steps indirect process via ethylene proposed by Chemtex 

corporation. Of course the one-step process is the most attractive commercially. In this context, 

Lippits et al. used gold, copper and silver-based catalysts. Nevertheless, the authors limited their 

study to alumina-supported catalysts applying the deposition precipitation method. Furthermore, 

the catalytic activity and catalyst characterization were not reported in details. Hence, no 

correlation between the catalytic activity and the catalyst‟s properties was clearly established. 

Therefore, there is still a wide scope to study the catalyst properties using different 

characterization techniques. Furthermore, there is also still a large space to investigate the impact 

of the reaction conditions and to carry out their systematical optimization. 

Hence, the challenge of this thesis is the development of a new catalytic system for the 

production of ethylene oxide from ethanol and to establish a correlation between the catalytic 

performance and the physical and chemical properties of the newly developed catalyst.  
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Our research work has been organized as follows. First we have synthesized the catalysts 

reported in the literature to try to reproduce the proof of concept. Then, on the basis of our 

preliminary results we have focused our work on the synthesis of copper-based catalysts using 

different synthesis methods and catalyst supports. These catalysts were deeply characterized 

using a large range of characterization techniques in order to determine their textural and redox 

properties. Further, a correlation between the catalysts properties and the catalytic performance 

was established which permitted to find the most determining factors for the optimization of the 

reaction. Finally, the effects of the different reaction parameters (temperature, GHSV, EtOH:O2 

ratio) were studied and optimized.  
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In this section are described the detailed procedures for the catalysts synthesis and catalytic 

tests – including the analytical techniques – and the characterization techniques employed for the 

study of the physicochemical properties.  

2.1  Catalysts synthesis techniques  

2.1.1. Materials 

A list of the chemicals used in this work with the corresponding suppliers is given in the 

following Table 2-1. 

Table 2-1: List of chemicals used and their suppliers 

Material Supplier 

Cu(NO3)2.3H2O (99-104%) Sigma-Aldrich 

Titanium (IV) oxide (TiO2-P25) (≥99.5%) Sigma-Aldrich 

Titanium (IV) oxide (TiO2-Anatase) Home made 

Zirconium oxide (ZrO2-Monoclinic) (99%) Sigma-Aldrich 

Zirconium oxide (ZrO2-Monoclinic) (99.5%) Clariant 

Silicon dioxide (SiO2) (CARIACT-Q10) Fuji Silysia Chemical Ltd. 

Activated carbon CECA 

Aluminum oxide (γ-Al2O3-98%)  Sasol 

Al(NO3)3·9H2O (99.99%) Sigma-Aldrich 

Titanium isopropoxide(99.99%) Sigma-Aldrich 

Ethanol (99.8%) Sigma-Aldrich 

2.1.2. Catalysts preparation 

In the present work, the catalysts were prepared using three different techniques including 

impregnation, co-precipitation and sol-gel methods. In case of the impregnation technique 

different supports with different loadings of metal were employed. The supports used were TiO2, 

Al2O3, activated carbon, SiO2 and ZrO2. The detailed procedures for all catalysts preparation 

methods are given below. 

A. Impregnation method 

Impregnation using diluted solutions of the precursors is often employed when low 

loadings of active metal are desired. When high metal loadings are required, then the 
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precipitation method is preferred. In the impregnation method, a metal ion is contacted with an 

oxide of high surface area with the idea to create small and highly dispersed metal particles with 

a large exposed surface area. Impregnation can be divided into two sub-methods, i.e. wet 

impregnation and incipient wetness impregnation. In the wet impregnation method the volume of 

the solution is substantially larger than the pore volume of the support while in the incipient 

wetness method the amount of the solution added is equal to the pore volume of the support.  

In our case, most of the catalysts were prepared by the wet-impregnation method In a 

typical synthesis, the appropriate amount of the copper precursor [Cu(NO3)2.3H2O] was dissolved 

in distilled water at room temperature under stirring. Afterwards, the support was added slowly to 

the aqueous solution at room temperature under constant stirring. The resulting solution was kept 

under vigorous stirring for 4 h at room temperature. Then, the solution was transferred to a round 

bottom flask and the water was removed on a rotary evaporator under reduced pressure at 60 °C. 

The obtained powder was dried at 105 °C for 16 h and calcined at 400 °C (heating rate of 2 °C 

min
-1

) for 4 h under static air. The catalysts names and their theoretical compositions are 

summarized in Table 2-2.  

Table 2-2: List of the catalysts prepared with their loadings 

Sr. No. Catalyst Name Cu, wt.% Support 

1 0.2% Cu-TiO2  0.2 TiO2 (P-25) 

2 1% Cu-TiO2  1 TiO2 (P-25) 

3 2.5% Cu-TiO2  2.5 TiO2 (P-25) 

4 5% Cu-TiO2  5 TiO2 (P-25) 

5 5% Cu-Al2O3 5 Al2O3 

6 50% Cu-Al2O3 50 Al2O3 

7 5% Cu-SiO2 5 SiO2 

8 5% Cu-ZrO2-Ald 5 ZrO2-Aldrich 

9 5% Cu-Act. Carbon 5 Act. Carbon 

10 5% Cu-ZrO2-CL 5 ZrO2-CLARIANT 

11 5% Cu-TiO2-Anatase 5 TiO2-Anatase 

12 5% Cu-TiO2-Rutile 5 TiO2-Rutile 
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The first four catalysts (entries 1 to 4) were synthesized with the same support but with 

different amounts of copper loadings. The remaining catalysts (entries 5 to 12) were synthesized 

using 5 wt. % of copper with different supports. 

B. Co-precipitation method 

Co-precipitation is one of the more convenient and facile methods used for the synthesis of 

nanomaterial catalysts. The corresponding metal salts in the form of nitrate, chloride, etc. are 

used as starting materials. These precursors, after calcination at suitable temperature, will give 

the corresponding metal oxide or mixed metal oxide. The major steps of the precipitation reaction 

are nucleation, growth and agglomeration [1-4].  

In the present work, only copper-alumina-based catalysts were prepared by co-precipitation 

method [5]. Equimolar (0.5 M) mixtures of aqueous solutions of copper nitrate trihydrate 

[Cu(NO3)2·3H2O] and aluminium nitrate nonahydrate [Al(NO3)3·9H2O] in one addition funnel 

and aqueous solution (0.2 M) of potassium carbonate (K2CO3) in another addition funnel were 

added simultaneously to a beaker containing 15 mL of deionised water under constant stirring at 

room temperature. The obtained precipitate was matured for 5 h and then filtered and washed 

with deionised water to remove the traces of potassium. The precipitate was dried in an oven at 

100 °C for 12 h, before the catalyst was calcined at 400 °C for 4 h under static air. The catalyst 

names and their theoretical compositions are shown in Table 2-3. 

Table 2-3: List of catalysts prepared using co-precipitation method 

Sr. No. Catalyst Name Cu, wt.% 

13 5% Cu-Al2O3 5 

14 50% Cu-Al2O3 50 

 

C. Sol-gel method 

Sol-gel is also one well-known method for catalyst synthesis [6, 7]. Sol-gel synthesis may 

be used to prepare materials with a great variety of shapes such as porous structures, thin fibers, 

dense powders and thin films.  

In the present study, a Cu-TiO2 catalyst was prepared using a sol-gel method to obtain pure 

anatase phase of TiO2 (Table 2-4). An appropriate amount of copper nitrate trihydrate dissolved 
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in ethanol was added drop by drop to a solution of titanium isopropoxide in ethanol under 

vigorous stirring at room temperature. Then the sol was allowed to gel at room temperature. The 

obtained gel was dried at 100 °C for 12 h, before the sample was calcined at 400 °C for 4 h under 

static air.   

Table 2-4: Catalyst prepared using sol-gel method 

Sr. No. Catalyst Name Cu, wt.% 

15 5% Cu-TiO2 5 

2.2 Physicochemical characterization techniques 
To determine the structural and textural properties, elemental composition and acid-base 

properties of the catalysts several techniques were used. They are described in details in this 

section including the parameters used. 

2.2.1. X-Ray Diffraction (XRD) 

  Powder X-Ray diffraction (XRD) is a basic tool for the characterization of materials [8, 

9]. X-ray diffraction is a versatile, non-destructive analytical technique for identification and 

quantification of the various crystalline compounds, known as 'phases', present in solid materials 

and powders.  

 The angular spread of the reflection from a crystal plane is affected not only by the 

perfection of the crystal but also by the size of the crystal. As the average size of the crystallites 

decreases, the angular spread of the reflection from a powder will increase. After suitable 

calibration, the half-height width of a reflection in a powder diffractogram can be used as 

quantitative measure of the mean crystallite size of the sample. The formula used for calculating 

the crystalline size is the Scherrer formula as given in the following equation (1):                                                                                                                                                                                                               

 

       (2) 

 

  (1) 
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Where λ is the wavelength of the X-Ray, B is full width at half maximum of the pattern and θ is 

the Bragg angle. B is corrected for contribution from instrument line broadening by recording the 

pattern of a standard sample having very large particle size in the micrometer range. 

In the current work, powder X-ray diffraction measurements were performed on a Bruker 

D8 advance diffractometer, using the CuKα radiation (λ = 1.5506 Å) as an X-Ray source. The 2θ 

range was of 10-80° with integration steps of 0.02° (2θ) per second. 

           High temperature XRD was also carried out on D8 Advance equipment (Bruker AXS) 

equipped with a HTK1200N high temperature chamber and connected to a VANTEC fast linear 

detector. The sample was deposited on a Pt sheet and the experiment was performed by 

increasing the temperature from ambient temperature to 600 °C using a heating rate of 10 °C/min 

acquiring a pattern every 50 °C. For high temperature XRD, the data acquisition parameters were 

the following: an angular range of 10°-80° with a step of 0.015° and acquisition time of 0.22 s per 

step. The phase identification was based on the comparison of the set of reflections of the sample 

with that of pure reference phases distributed by Joint Committee on Powder Diffraction 

Standards and International Center for Diffraction Data (JCPDS-ICDD).   

2.2.2. X-ray Photoelectron Spectroscopy (XPS) 

          XPS is a surface sensitive technique since it has a relatively low penetration depth (0.5-10 

nm) of the elastically scattered electron. XPS is based on the principle of the photoelectric effect, 

the emission of an electron when X-rays incident on a solid surface, discovered by Hertz in 1887. 

This technique has been widely used to characterize materials to get information about the 

elemental status [10, 11]. Through the electron spectra, the energy of the emitted photoelectrons 

can be measured. The solid material can characterize from the binding energies (BEs) of the 

element. Following equation (2) gives the relationship between the parameters involved in the 

XPS measurement: 

EB = hv - EK –W                        (2) 

 

            Where hv is the photon energy, EK is the kinetic energy of the electron and W is the 

spectrometer work function. The binding energy can be calculated from the above equation and 

hence the information about elemental composition can be obtained. In addition to this, chemical 

information can be derived from the shift in binding energies, which depend on the chemical 

bounding (i.e. oxidation state) of the elements.  
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           In this work, XPS for surface analysis of the catalysts was performed at the PRAS (Pole 

Regional d‟Analyse de Surface, Villeneuve d‟Ascq) on the KRATOS, AXIS Ultra
DLD

 apparatus 

equipped with a hemispherical analyzer and a delay line detector. The photoelectron source 

generated by Al-Kα operating at 150 W (15 kV, 10 mA) having initial kinetic energy up to 

1486.69 eV. High resolution scans were acquired with 40 eV pass energy and 300 ms dwell time. 

All the resulting binding energy values were corrected using the C 1s peak (C-C) at 285 eV as a 

reference.  

2.2.3. Textural properties measurement 

The nitrogen physisorption technique is one of the important techniques for the 

characterization of porous solids [12]. On the basis of porosity, solids are classified into 

macroporous (pore diameters above 50 nm), mesoporous (pore diameters in the range 2-50 nm), 

and microporous (pore diameters less than 2 nm). To get the information about the surface area of 

a solid, one must determine the number of molecules that cover the surface area with single layer 

of adsorbate (monolayer capacity). The surface area can then be calculated from the cross section 

area of the adsorbate molecule. In this work, the monolayer capacity of the solids tested was 

calculated using the typical Brunauer-Emmett-Teller (BET) equation (3).  

 

 

 

Where P is adsorption equilibrium pressure, P0 is saturation vapor pressure of the 

adsorbate at the experimental temperature, υ is the volume of N2 adsorbed at pressure P, υm is the 

volume of adsorbate required for monolayer coverage and C is the constant that is related to the 

heat of adsorption and liquefaction.  

 The textural properties of the catalysts used in this work were measured by nitrogen 

adsorption-desorption at liquid nitrogen temperature (-196°C) using a Micrometrics ASAP 2010 

instrument. Before analysis, the samples were evacuated at 130 °C for 4 h under vacuum and then 

adsorption-desorption was conducted by passing nitrogen. As said before BET equation was used 

to determine the specific surface areas of the catalysts. Desorption isotherms and BJH model 

  (3) 



Chapter 2 : Catalysts synthesis and experimental techniques 

 

UCCS, Lille University 1 Page 37 
 

were used to calculate pore volume (Vp) and pore diameter at the relative pressure (P/P
0
) of 0.98 

[13]. 

2.2.4. Thermal Gravimetric Analysis (TGA) 

TGA is a type of thermal analysis in which the physical properties of the studied material 

are measured as a function of temperature [16]. Information about any weight changes associated 

with thermally induced transformations can be obtained from TGA. The loss of weight as a 

function of temperature is the characteristic features of a material since there are physical and 

chemical changes over a wide temperature range.  

Here, TGA analyses were performed using a thermobalance (SETARAM) to study the 

thermal weight loss behavior of the non-calcined and used catalysts. The catalysts were heated 

from room temperature to 800 °C with a heating rate of 5 °C min
-1

 under air flow (50 mL min
-1

 

STP). 

2.2.5. High Resolution Transmission Electron Microscopy (HRTEM) 

In nanoscience and nanotechnology, observation is one of the key steps for studying an 

arrangement of atoms or structures and getting information about their size and shape [17]. In the 

present work selected catalysts were analyzed using a FEI Tecnai G2 20 S-Twin transmission 

electron microscope. The powder samples were dispersed in a solvent having low boiling point 

(isopropanol or ethanol) and dropped on the carbon and polymeric film coated copper grids for 

analysis. The coated samples were allowed to dry overnight to evaporate the solvent before 

analysis. 

2.2.6. Temperature- programmed reduction (TPR) 

Temperature-Programmed Reduction experiments were performed to understand the 

redox properties of the catalysts [18]. In this thesis, the reducibility of the catalysts was 

evaluated by TPR using hydrogen as a reducing agent at atmospheric pressure. A typical 

experiment was performed with 100 mg of catalyst loaded into a quartz reactor and pre-treated in 

a helium flow (30 mL min
-1

) at 200 °C for 2 h. Afterwards, the catalyst was heated from 100 °C 

to 700 °C (heating rate of 5 °C.min
-1

) under the reductive gas (5 mol.% H2 in He; 30 mL.min
-1

 

flow-rate). The effluent gas was analysed by a thermal conductivity detector (TCD). 
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2.2.7. X-Ray Fluorescence (XRF) 

X-Ray Fluorescence is one of the most efficient analytical techniques to perform elemental 

analysis in all kinds of samples [19]. XRF combines highest accuracy and precision with simple 

and fast preparation method for the analysis of elements. In this work a M4 Tornado from Bruker 

was employed. This tool was used for element characterization using small-spot Micro X-ray 

Fluorescence (Micro-XRF) analysis. For each sample 30 points were measured in order to cover 

the whole sample surface, with spot sizes of 200 µm for each point. Then the standard deviations 

of the measures were calculated.  

2.2.8. Energy Dispersive X-ray Analysis (EDAX) 

EDAX is widely used to analyze the chemical components in a material during scanning 

electron microscope imaging [20]. This method detects the X-rays emitted as the result of the 

electron beam interaction with the sample, whereby the elemental dispersion can be obtained. In 

the present study, the atomic composition of the catalyst was further evaluated by EDAX analysis 

performed by on a Hitachi S3600N electron microscope equipped with a Thermo Ultra dry EDX 

detector using an acceleration voltage of 30 kV. During analysis of each catalyst 5 points were 

taken into account to determine the bulk amount of metal in the catalyst. Then the standard 

deviations of the measures were calculated. 

2.3  Reactor setup and analytical techniques 

In this section is described the setup of the vapor phase down-flow reactor employed to 

evaluate the performances of the catalysts. Furthermore, the analytical techniques used for the 

analysis of the reactor outlet stream are described in details. 

2.3.1. Reactor setup employed for the catalytic activity 

The performances of the prepared catalysts in the direct conversion of ethanol to ethylene 

oxide reaction were determined in a vapor phase down-flow fixed-bed reactor at atmospheric 

pressure. The detail structure of the reactor setup is shown in Figure 2-1. Mainly, the reactor 

setup is divided into three parts as follows:  

- Feed-making zone 

- Reaction zone 
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- Analysis zone 

 

Feed-making zone: For testing the catalytic performance, ethanol, oxygen and helium are used as 

reactant flows. Helium is employed as an inert diluent and oxygen as oxidant agent. These gases 

were supplied from individual gas cylinders and the flow rates regulated separately by mass flow 

controllers (MFC-BROOKS). The addition of ethanol in to the feed was performed using a 

saturator at a calculated temperature depending on the desired composition of ethanol in the feed. 

The temperature and partial pressure of ethanol was calculated according to the following 

Antoine equation (4) [21].  

 

(4) 

 

Where, 

p = Ethanol vapor pressure (bar) 

T = Temperature (K)  

A (5.24677), B (1598.663) and C (-46.424) = Component specific constants [21] 

Reaction zone: The reaction zone contains a heating box with two compartments (HB1 and HB2) 

(Figure 2-1). In the first are placed three valves (V-3, V-4 and V-5) and in the second is placed 

the reactor for the catalytic reaction. V-4 is a four-ways valve used as a bypass of the reactor, in 

order to stabilize the gas feed before starting the reaction. V-3 and V-5 are six-ways valves for 

injection of a sample from a calibrated loop to the on-line gas chromatograph. V-3 serves to 

analyze the reactant feed, whereas V-5 is for the effluent (after the reactor). The reactor is placed 

in the second part of the heating box (HB2). The reactor is made up of a stainless steel tube, with 

an inner diameter of 7 mm and a length of 140 mm. A thermocouple is inserted exactly at the 

position of catalyst bed for monitoring the internal reaction temperature. The detail of reactor is 

shown in Figure 2-2. The temperatures in HB1 (150 °C) and HB2 (200 – 275 °C) compartments 

were controlled using PID temperature controllers.  

Analysis zone: The analysis of the reaction mixture (effluent) was carried out by injecting a 

sample of 1 mL (calibrated sampling loop) to the online GC. The GC analysis was performed on 

an ALPHA MOS PR 2100 device using a set of two columns arranged in series and a Thermal 
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Conductivity Detector (TCD). The detail schematic presentation of the analytical part is shown in 

the analysis zone on Figure 2-1. The first column was a RT-U BOND-RESTEK (Length - 30 m 

and Inner diameter - 0.53 mm) indicated PQ on the scheme specially installed for the separation 

of light products like ethanol, acetaldehyde, ethylene oxide, ethyl acetate, diethyl ether and CO2. 

The permanent gases like CO, O2 and N2 were separated on the second column a RT-Msieve 5A-

RESTEK (Length - 30 m and Diameter - 0.53 mm) indicated MS on the scheme. 

 

Figure 2-1: Schematic diagram of the vapor phase down-flow reactor setup 

2.3.2. Catalytic activity measurements (typical conditions) 

The performance of the prepared catalysts was determined using 0.1 g of powder catalyst 

at atmospheric pressure (101325 Pa). For the reactor loading, first compacted quartz wool was 

introduced at the bottom of the reactor to avoid fine particles entrainment by the gas flow. Then 

SiC (0.5 mm) was added to fill the reactor up to 6 cm from the bottom. Then the catalyst was 

introduced and the rest of the reactor was filled with SiC to reduce the void space. The detailed 

filling of the reactor is shown in Figure 2-2. In some cases, the catalysts were reduced using 5% 
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H2/He at 250 °C for 2 h prior start to reaction. The reactants were fed using a mass flow 

controller and a saturator respectively. The ethanol concentration was 15 mol.% and the oxygen 

to ethanol ratio (O2/ethanol) was adjusted to 2. Helium was used as an inert gas. For the latter 

conditions the Gas Hourly Space Velocity (GHSV) was 14040 h
-1

. With the use of the by-pass 

valve V-4, the reactant flow was let stabilized without being in contact with the catalyst. The 

composition of the inlet, as well as the outlet flow, was analyzed by on-line gas chromatography 

as described above.  

 

Figure 2-2: Schematic diagram of the reactor 
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Figure 2-3: Reactor setup used for catalytic performance measurements 

2.3.3. Analysis techniques 

For the complete analysis of all the components of the effluent of the reactor two 

analytical methods were used. In the first one (Method 1), the entire sample passes only through 

the RT-U BOND column to analyze ethanol, ethylene oxide, acetaldehyde and ethyl acetate. The 
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second method (method 2) is more complicated. First (0 – 4 min), the sample passed through the 

RT-U-BOND column followed by the Molecular sieves (MS) column.  

 

 

Figure 2-4: Gas chromatography Method 1 program of temperature 

 

Figure 2-5: Gas chromatography Method 2 temperature profile 

At this time the light gases (N2, O2 and CO) went into the MS column and got “stocked”. 

After first inversion (4.00 min) only PQ column was connected to the TCD detector via a 

pressure drop. At this time CO2 was detected. After the second inversion (9.00 min), the MS was 
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also connected to the detector and during this time all light gases were detected. Finally, after the 

third inversion (18.00 min) only the PQ column was connected to the detector and the ethanol 

and other heavier products were detected. The schematic temperature profiles of the methods 

used are shown in Figure 2-4 and Figure 2-5. 

Typical chromatograms obtained using Methods 1 and 2 are shown in Figure 2-6 and 

Figure 2-7 respectively. 

 

Figure 2-6: Typical GC chromatogram obtained using Method 1 

 

Figure 2-7: Typical GC chromatogram obtained using Method 2 

Method 2 

Method 1
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2.3.4. Quantification   

The GC was calibrated with standard products for quantification. Performing calibration, 

three different concentrations for each reactant or product were prepared and analyzed. The 

ethylene oxide in THF solution used for the calibration. Calibrations for light gases like CO, CO2 

were performed using calibrated mixtures. Finally, the linear equation obtained from the 

calibration curves was used to quantify all the products and to calculate ethanol conversion, 

product selectivity and carbon balance. 

 The ethanol conversion (X) and ethylene oxide selectivity (S) were calculated using the 

following equations. (n: moles; in : initial)  

 

 

 

 

 

 The EO yield was calculated as follows: 

 

Y = X.S /100 

 

 Carbon balance was calculated was according to the following equation 

 

 

 

CB = Carbon balance in %, 

ni = Number of moles of outlet product „i‟ 

Nci = Number of carbon atoms in the outlet product „i‟ 

  

(7) 

  

(6) 

  

(5) 

 

  (8) 
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nEi = Initial number of moles of ethanol 

nEf = Final number of moles of moles of unreacted ethanol 
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3.1 Preliminary results 

3.1.1 Proof of concept over Au-, Ag- and Cu-based catalysts 

First of all, the synthesis and tests of previously reported in the literature [1, 2] for the 

direct conversion of ethanol to ethylene oxide were carried out. In further study, these catalysts 

were characterized using different characterization techniques for the determination of their 

physicochemical properties. The results of this preliminary work are presented in this section. 

A. Blank tests 

Blank tests were performed in order to determine whether there was a thermal activation of 

ethanol at the reaction conditions and the effect of the bare support. The tests were carried out 

using the typical configuration of the reactor described in section 2.3.2, with SiC (VWR, particle 

diameter 0.5 mm) as filling material and bare γ-Al2O3-Sasol (60-150 µm) support was used 

instead of catalyst. This experiment was carried out in the same experimental conditions as the 

once reported in the literature [1]. The reaction temperature was 250 °C and the reactant feed 

composition was 15 mol.% ethanol with an O2/ethanol ratio of 0.5.  

 

Figure 3-1: Blank tests results 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Al2O3. wt.: 0.3 g, 

EtOH:O2=2:1 (molar); Total gas flow at RT: 20 mL/min, Pressure: 1 atm.  

 The ethanol conversion (EtOH conv. %) and selectivity to acetaldehyde (Act. Sel.,%) as a 

product are shown in Figure 3-1. A marginal ethanol conversion of 7 % and 100% selectivity to 
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acetaldehyde were observed using only SiC in the reactor. Hence, one can conclude that no 

significant thermal activation takes place under the used conditions. For the test using the bare 

support, under the same reaction conditions, the conversion of ethanol was increased compared to 

the blank test (13% vs. 7%). However, it is still relatively low.  A very high selectivity to 

acetaldehyde was also observed in that case (98%). No EO was detected in both experiments. 

From these blank tests it was therefore concluded that the reactor, the SiC used for dilution 

and the bare support (γ-Al2O3) are not significantly active in the formation of ethylene oxide in 

the operating conditions used in this work.  

B. Catalytic results 

In order to confirm the feasiability of the direct conversion of ethanol into ethylene oxide 

over gold, silver and copper-based catalysts as reported by Lippit‟s et al. [1, 2] we have tried, in a 

first approach, to reproduce the synthesis of the catalysts and to test them on our experimental 

set-up. Then, further developments on the catalysts and study of the reaction parameters were 

carried out in order to improve the catalytic performance. 

In the first part of our study gold, silver and copper-based catalysts were prepared with 

similar metal loading (namely 0.53 at.%) using a deposition precipitation method, γ-Al2O3 as 

support and Li2O as promoter. These catalysts were used for the direct conversion of ethanol to 

ethylene oxide and the catalytic performances were determined under the same reaction 

conditions as the ones reported in the literature [1] (ratio of EtOH:O2 = 2:1 and react. Temp.= 200 

and 250 °C). Prior to catalytic performance measurement the catalysts were reduced at 400°C in 

5% H2/He for 2 hours. The results are presented in Figure 3-2 (A and B). 

On one hand, one can see from these results that low temperature (200 °C) was not 

favorable for ethylene oxide formation over silver and copper catalysts. Moreover, over these 

catalysts the ethanol conversion was low at 200 °C (13 and 11% respectively). On the other hand, 

the gold catalyst showed a good ethanol conversion of 50% with 18% selectivity in ethylene 

oxide (EO sel. %). All catalysts showed activity towards ethylene oxide formation at 250 °C.  
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Figure 3-2: Catalytic performance A- 200°C and B- 250°C 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 200 °C 

(A) and 250 °C (B), Cat. wt.: 0.3 g, EtOH:O2=2:1 (molar) ; Total gas flow at RT: 20 mL/min, 

Pressure: 1 atm., Time on stream: 15 h 

The gold-based catalyst showed highest ethanol conversion (83%) with a rather good 

selectivity to ethylene oxide of 21%. Silver and copper-based catalysts showed lower 
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performance with ethanol conversion of 27 % and 26%, and selectivity to ethylene oxide of 9% 

and 8%, respectively.  In all cases, acetaldehyde was the major byproduct obtained in the ethanol 

oxidation reaction. The carbon balance was always superior to 85%. 

 The results obtained on the gold, silver and copper-based catalysts were compared with 

Lippits et al.‟s result (Table 3-1).  

Table 3-1: Comparison of catalytic results 

Catalyst names Au/Li-Al2O3 Ag/Li-Al2O3 Cu/Li-Al2O3 

Reported EO yield, 

% 

76 56 63 

Present study EO 

yield, % 

9 0 0 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 200 °C, 

Cat. wt.: 0.3 g, EtOH:O2=2:1 (molar) ; Total gas flow at RT: 20 mL/min, Pressure: 1 atm., Time 

on stream: 15 h 

The literature reported that gold-based catalyst showed the highest yield to ethylene oxide 

76%. It was the same with our work, but at a much lower level (9%). Moreover, the silver and 

copper-based catalysts in the present study were completely inactive for ethylene oxide synthesis 

at 200 °C whereas in the literature, it was reported that similar catalysts were active and showed 

63 and 56% yield in EO respectively. We have not studied the higher temperature (300 °C) in the 

present study because of the decomposition of EO reported by Lippits et al. We can conclude that 

we were not able to reproduce the published results, probably because of differences in the 

catalyst physicochemical properties. In the following, the catalysts are characterized in details in 

order to try to understand the differences between of our catalysts and those reported in the 

literature.   

C. Characterization 

Detailed characterization studies of the synthesized catalysts were carried out using 

different characterization techniques in order to establish a correlation between their physico-

chemical properties and their performance.  
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 X-ray diffraction results 

            The X-ray diffraction patterns of the gold-, silver- and copper-based catalysts are shown 

in Figure 3-3. All catalysts exhibited the characteristic diffraction peaks of γ-alumina. No 

characteristic peaks for specific phases containing gold, silver or copper were observed. 

However, according to Lippits‟s et al. [1, 2] the size of the gold, silver and copper particles is 

below the XRD detection limit (i.e. ≤ 3 nm). The absence of characteristic peaks for the metal 

species could also be linked to an uniform distribution on the support.  

 

Figure 3-3: XRD patterns of Au, Ag and Cu-based catalysts and bare supports 

 Textural properties 

Synthesized gold-, silver- and copper-based catalysts were characterized by nitrogen 

physisorption for the determination of their textural properties. Their surface areas, pore volumes 

and pores mean diameters are reported in Table 3-2.  

The surface area of the alumina support slightly decreased with the introduction of 0.53 

at.% of metal (Au, Ag or Cu). This may be attributed to pore blockage after the impregnation by 

the metal oxide. It is noteworthy that the pore volume and specific surface did not decrease in the 

same extend for the different metals, which can be attributed to the different molar mass of gold, 

silver and copper. In fact, since the catalysts were loaded with constant atomic metal content, the 
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decrease for the metal with the highest molar mass (gold) is less pronounced than in the metal 

with the lowest molar mass (copper).  

Table 3-2: Textural properties of the Au-, Ag- and Cu-based catalysts 

 

Catalyst Name 

SBET  

(m
2
g

-1
) 

VP 

(cm
3
g

-1
) 

Metal 

content 

(EDS) (at.%) 

Metal content 

(XPS) 

(at.%) 

γ-Al2O3 201 0.479 - - 

0.53 at.% 

Au/Li2O/Al2O3 

 

165 

 

0.409 

 

0.65 

 

0.40 

0.53 at.% 

Ag/ Li2O/Al2O3 

 

175 

 

0.480 

 

0.52 

 

0.21 

0.53 at.% 

Cu/Li2O/Al2O3 

 

180 

 

0.474 

 

1.13 

 

0.71 

 

 Elemental composition 

The atomic compositions of the bulk and of the surface of the catalysts were determined by 

EDAX and XPS respectively. The results are gathered in Table 3-2. The quantity of gold 

determined in the bulk of the catalyst was slightly higher than the theoretical value (0.65% vs. 

0.53%). In case of the silver catalyst the quantity of metal is identical to the expected one. In the 

case of copper, the quantity in the catalyst is the double than the expected theoretical value 

(1.13% vs. 0.53%). Concerning the surface composition determined by XPS, the surface atomic 

ratio of gold was found lower than the theoretical ratio (0.40% vs. 0.53%), this was also the case 

for the silver catalyst but to a higher extent (0.21% vs. 0.53%). For the copper, an increase of the 

concentration was observed compared to the bulk value (0.71% vs. 0.53%).  

The XPS analysis also permits to determine the oxidation states of the metal species formed 

on the surface of the catalyst. The XPS spectra for Au 4f, Ag 3d and Cu 2p regions are presented 

in Figure 3-4 
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Figure 3-4: XPS analyses of A – gold-, B – silver- and C- copper-based catalysts 

The deconvoluted peak in the Au 4f7/2 region of the spectrum for gold-based catalyst 

contains peaks at 84.6, 86.6, 88.3 and 90.3 eV. The peaks at 86.6 and 90.3 eV indicate the 

presence of Au
3+

. The peaks at 84.6 and 88.3 have been assigned to metallic Au [3, 4]. One can 

hence conclude that drying in air at 110 °C resulted in the formation of two kinds of gold species 

(Au
3+

 50% and Au
°
 50%).  

XPS analysis was performed for silver catalyst in order to explore the Ag 3d region. The 

reported binding energies (BE) for silver are 368, 367.7 and 367.3 eV for Ag°, Ag2O and AgO 

species, respectively [5].
 
Lambert et al. observed BE of 367 eV for metallic silver supported on 

α-alumina [6]. In our case, peaks at 367.4 eV and 374.2 eV were observed which indicates the 

presence of Ag
+ 

species [7, 8]. The width of the latter did not allow distinguishing clearly 
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between oxide and metallic silver however. Nevertheless, the presence of silver oxide was clearly 

observed from TPR (vide infra).  

The XPS spectrum of the Cu/Li2O/Al2O3 catalyst is presented in Figure 3-4 C. The Cu
2+ 

species are characterized by a Cu 2p binding energy of 934.0 eV with shake up or satellite peaks 

located at 938 to 946 eV. The binding energy at 932.9 was assigned to Cu
+
 species [9, 10]. From 

the deconvolution, the surface concentration of Cu
2+ 

and Cu
+
 species was estimated to 48.3% and 

51.6%, respectively. 

 H2-TPR analysis 

The reduction behavior of the catalysts was studied by H2 Temperature Programmed 

Reduction method. The H2-TPR profiles of γ-alumina-supported Au, Ag, and Cu catalysts are 

shown in Figure 3-5. As expected, the reduction behavior of the catalyst samples was dependent 

on the metal used for the catalyst. The amount of hydrogen consumption for the Au, Ag and Cu 

catalyst was 0.23, 0.1 and 0.198 mmol.g
-1

 respectively. The reduction temperature profile also 

varied from one metal to another. The TPR profile of gold catalyst manifests two intensive peaks. 

The main peak was observed at 190 °C with a shoulder at 303 °C. These peaks were ascribed to 

the reduction of Au
3+

 nanoparticles (190 °C) and of the big particle of metallic gold (303 °C) [11, 

12].  

In the case of the silver catalyst, two broad reduction peaks were observed at low 

temperature (142 °C and 183 °C).  The first peak at 142 °C is ascribed to the reduction of highly 

dispersed silver oxide species (below XRD detection limit) to Ag
°
 while the second reduction 

peak at 183 °C corresponds to the reduction of isolated Ag
+ 

species [13-16].
 
From Table 3-3 one 

can see that, in case of silver catalyst the hydrogen consumption is less than the expected value, it 

may be due to the presence of Ag2O species in the catalyst and these results are in the agreement 

with the XPS study.
 

The TPR profile of the copper catalyst shows two reduction peaks: a sharp peak at low 

temperature (239°C) and a broad shoulder peak at a higher temperature (295 °C). The peaks are 

explained by the successive reduction of copper species at low temperature followed by the 

reduction of bulk CuO at high temperature. Thus, the TPR peak in the low temperature region 

suggests the presence of highly dispersed CuO species on the surface with a weak metal-support 

interaction. On the other hand the TPR peak observed in the high temperature region is attributed 

to bulk CuO with strong metal support interaction [17-20]. 
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Figure 3-5: TPR profiles of A- gold-, B- silver- and C- copper-based catalysts  

Table 3-3: Hydrogen consumption by TPR study 

Catalyst Name H2 consumption 

(mmol.g
-1

) 

Temp. °C Theoretical amount 

of H2 required 

0.53 at.% Au/Li2O/Al2O3 0.236 186.8 °C 0.38 

0.53 at.% Ag/ Li2O/Al2O3 0.1 141.4 °C 0.232 

0.53 at.% Cu/Li2O/Al2O3 0.198 238.5 °C 0.234 

 

D. Conclusion 

As said above, the results reported by Lippits et al. were not reproduced successfully in our 

work, but several reasons can be proposed to explain this: 

- The supports γ-Al2O3 used for the catalysts synthesis were not the same, but not a lot 

information is given in the literature concerning  the properties. 
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- The experimental setup used for the tests were different and as EO is highly reactive, 

this might have a strong impact on the results, 

- Instead of quartz, a stainless steel reactor was used in the present study. 

 However, as we have seen from the results in the previous section, gold-, silver- and 

copper-based catalysts are active for the selective oxidation of ethanol to ethylene oxide. 

Compared to gold and silver, copper is cheaper and it has been previously reported that the 

dispersion of copper nanoparticles is maintained during the reduction and reaction (temperature 

range 250-300 °C) [21]. During the last decades, copper-based catalysts have been extensively 

studied as eligible catalysts for a number of heterogeneous reactions like CO oxidation, water 

gas-shift reaction and hydrogenation reactions [22-25]. In the following of our work we decided 

to put the focus on γ-Al2O3-supported copper catalysts, studying the effect of the catalyst 

preparation method and of the copper loading on the support. 

3.1.2 Effect of the catalyst preparation method on Cu/Al2O3 catalyst 

In order to study the effect of the catalyst preparation method, Cu/Al2O3 catalysts were 

prepared by impregnation and co-precipitation varying the copper loading (5 and 50 wt.%). In the 

case of the impregnation method γ-alumina was used as a support while for the co-precipitation 

method we used aluminum nitrate as a source for the alumina. Of course the nature of the support 

is changed when using the co-precipitation method. Hence, the phases and textural properties 

were also characterized in details for the catalysts prepared by the different methods.  

A. Catalytic results 

 The catalytic performance of the Cu/Al2O3 catalysts prepared using different preparation 

methods were measured at 250 °C and the results are gathered in Figure 3-6. From this figure, 

one can see that the 5%Cu/Al2O3 catalyst prepared by the impregnation method showed a good 

selectivity to ethylene oxide (15%) with an ethanol conversion of 39%. On the other hand, the 

impregnated catalyst with higher copper loading (50%Cu/Al2O3) was completely inactive for the 

ethylene oxide formation but promoted the formation of acetaldehyde (selectivity 78%) with 

ethanol conversion of 33%. Furthermore, when comparing the ethanol conversion of both 

catalysts, the catalyst containing 50 wt.% of copper showed surprisingly a significantly lower 
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conversion than the one with 5 wt.% Cu loading. It may be due to the fact that sintering or 

agglomeration of copper particles at higher copper loading occurs during the impregnation.  

 

Figure 3-6: Catalytic performance of catalysts prepared by co-precipitation (Co-ppt) and 

impregnation (Imp.) method 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.3 g, EtOH:O2=2:1 (molar) ; Total gas flow at RT: 20 mL/min, Pressure: 1 atm., Time 

on stream: 15 h 

In the case of the co-precipitation method, the 5%Cu/Al2O3 catalyst yielded acetaldehyde 

as a major product with a selectivity of 91% and an ethanol conversion of 27% without showing 

any EO formation. On the other hand, the co-precipitation catalyst containing 50 wt.% of Cu 

exhibited the formation of ethylene oxide with 22% selectivity at an ethanol conversion of 68%. 

When comparing the results for both preparation methods, one can see that in all cases, 

acetaldehyde was the major side product but its formation depended largely on the catalyst 

preparation method and copper loading. For the impregnation method, lower copper loading 

showed better results, whereas for the precipitation method higher copper loading showed 

increased ethylene oxide formation. The correlation between the catalytic performance and the 

catalysts physicochemical properties are discussed in the following section. 
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B. Characterization 

The Cu/Al2O3 catalysts were characterized by nitrogen physisorption, XRF and XRD 

techniques.  

 Textural properties 

The textural characteristics of the catalysts were investigated by nitrogen physisorption 

measurements. The surface areas, pore volumes and mean pores radius of the Cu/Al2O3 catalysts 

are summarized in Table 3-4.  

Table 3-4: Textural properties of the Cu/Al2O3 catalysts 

Catalyst Name SBET  (m
2
g

-1
) VP (cm

3
g

-1
) Mean pore 

radius, nm 

XRF, Cu 

content. 

(SDV*) 

γ-Al2O3 201 0.47 3.2 - 

5% Cu/Al2O3-

Imp. 

193 0.42 3.1 5.3 (0.44) 

50% Cu/Al2O3-

Imp. 

137 0.32 3.6 41.8 (2.1) 

5% Cu/Al2O3-

Co-ppt. 

271 0.82 4.8 7 (0.39) 

50% Cu/Al2O3-

Co-ppt. 

73 0.34 8.5 57 (0.51) 

* Standard Deviation Value 

The surface area and cumulative pore volume of pure γ-alumina sample have been 

measured to 201 m
2
g

-1 
and 0.47 cm

3
g

-1
 respectively. When the alumina was impregnated with 

5wt.% of copper a slight decrease in the surface area was noticed (193 m
2
g

-1
). On the other hand, 

surface area and pore volume significantly decreased with increasing copper loading which may 

be due to the filing of the pores with copper oxide particles as will be evidenced by the following 

XRD results. The Cu/Al2O3 catalysts prepared by co-precipitation method showed a very high 

surface area (271 m
2
g

-1
) with 5 wt.% loading of copper. The surface area and pore volume of the 

catalyst gradually decreased with higher loading (50 wt.%) of copper (73 m
2
g

-1
) following the 

similar trend observed for the impregnation method.   
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 Atomic composition 

The bulk compositions of the catalysts were determined using XRF technique and the 

results are shown in Table 3-4. As previously mentioned in section 2.2.10, 30 points were 

measured per catalyst sample and then the standard deviations of the measures were calculated. 

For the 5% Cu impregnated catalysts, the amount of Cu measured was the one expected by the 

theoretical calculation. Nevertheless, at higher loading of 50%, an important deviation was 

observed and from the analysis of different points (standard deviation), one can also see that the 

copper species were non homogeneous and tended to agglomerate. In the case of the catalyst 

prepared by the co-precipitation method the experimentally determined amounts of Cu were 

always higher than the theoretical expected values. Nevertheless, the deviation values observed 

for both high and low loadings of copper was close to zero, suggesting thus an homogeneous 

mixture of the copper species.  

 X-ray diffraction analysis 

Figure 3-7 shows the powder X-ray diffraction patterns of the Cu/Al2O3 catalysts 

prepared by different preparation methods. In the case of the catalyst prepared by impregnation, 

only the characteristic peaks of γ-Al2O3 were observed at 37.4, 42.5, 45.7 and 67.2 (JCPDS File 

no. 10-0425) [26]. For the 5 wt.% Cu catalyst, no characteristic peaks for Cu was found, 

suggesting that the latter was well dispersed or that the particles are very small. In the case of the 

catalyst with 50 wt.% Cu loading intense characteristic peaks at 32.3°, 35.64°, 38.85°,48.5°, 

58.0°, 61.3°, 65.9° and 68.0° were observed and ascribed to the presence of CuO phase in 

agreement with the reference (JCPDS File no. 65-2309) [27-29]. The formation of this bulk CuO 

at higher loading can be attributed to the agglomeration of copper species. Increase in the copper 

loading results in an increase of the XRD peak intensity suggesting the formation of crystalline 

CuO. On the other hand, no peak for other phases of copper like Cu2O or CuAl2O4 were observed 

even at higher copper loading.  

 The catalysts prepared by the co-precipitation method showed amorphous phase of 

alumina in low as well as in high loadings of copper. The 5 wt.% Cu loading catalyst was found 

completely amorphous. No characteristic peaks for copper or copper oxides neither than for 

alumina were observed. Thus, one can conclude on the uniform dispersion of copper particles in 

amorphous Al2O3. In case of 50 wt.% on alumina, characteristic peaks for CuO species were 

observed. The intensity and full width at half maximum (FWHM) of the CuO peaks were found 
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to be weaker and broader compared to the catalyst prepared by the impregnation method. The 

intensity and crystalline size of the CuO peaks can be taken as an indirect measure of the copper 

dispersion 
[30, 31]

. The trend observed in the degree of crystallinity and crystalline size indicated 

that the co-precipitation method gave better copper dispersion compared to the impregnation 

method. This can be explained on the basis of the anionic species formed during the precipitation 

method. In the precipitation process, carbonate species formed such as Cu2(OH)2CO3, along with 

Cu(OH)2 and CuO [32].  

 

Figure 3-7: X-ray diffraction pattern of Cu/ Al2O3 catalysts prepared by A-Impregnation method 

and B- Co-precipitation method  

On the other hand, in the impregnation method, the formation of higher amount of the 

crystalline CuO phase was ascribed to the direct calcination of the nitrate species. Also, inter-

diffusion of copper and aluminum during the calcination may be responsible for the variation in 

crystallinity of copper. Here, one can see that the XRD results are in agreement with the results of 

XRF technique, in terms of homogeneity.  

3.1.3  Effect of support 

Nowadays, attention is paid to the development of catalysts with appropriate support. The 

main idea behind is that the active phase should be dispersed on a suitable support to make the 

active species stable in order to obtain optimal performance and to decrease the amount of the 

costly metal used, which accordingly decrease the total catalyst expense [33, 34]. Furthermore, 

the porous characteristics of the support materials offer the possibility of high dispersion of metal 
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nanoparticles which contributes to better catalytic activity [35, 36]. Obviously, the performance 

of catalytically active components depends upon both chemical and physical properties of the 

support used, such as, for instance, its chemical composition, crystal structure, porosity, particle 

size and surface area. 

 Usually Al2O3, TiO2, SiO2 and ZrO2 are considered to be thermally stable supports with 

reasonably good chemical stability and low cost. Therefore extensive studies were reported on 

these supports [37-39]. γ-alumina is one of the most commonly used, cheap and stable material 

for catalyst support. Its high surface area properties are in good agreement with the requirements 

of gas phase catalytic reactions carried out at high space velocities. The catalytic properties of 

TiO2 are also investigated as it is a promising reducible semiconductor metal oxide support with 

excellent stability. TiO2 has been frequently demonstrated as an efficient catalyst support as well 

as a photocatalyst for many reactions to decompose a variety of organic compounds [40]. In 

various combustion reactions ZrO2 is reported as an active support. The anionic vacancies, even 

in small amount, lead to better oxygen mobility in ZrO2 lattice [41, 42]. For comparison a SiO2 

support was also investigated in our study even if the pore volume and surface area of silica 

supports have lower dominance on the metal dispersion [43]. Activated carbon is 

environmentally friendly, easily available and a cheap support as compared to other supports. 

However it is generally not stable in oxidative conditions. 

In this part of the study, we have tried to identify the most appropriate support for copper 

species. Therefore, γ-Al2O3 from SASOL, TiO2-P25 from Aldrich, ZrO2-Monoclinic from Aldrich, 

SiO2 from Fuji Silysia Chemical Ltd.  and activated carbon from CECA were tested for the 

selective oxidation of ethanol to ethylene oxide. All the catalysts prepared contained 5wt.% of 

Cu. 

A. Results of catalytic performance 

The catalytic performance of all catalysts based on the different supports was determined 

at 250 °C. The detailed reaction conditions and distribution of products of ethanol oxidation are 

shown in Figure 3-8. From the results one can see that only the catalysts based on TiO2 and Al2O3 

promoted the formation of ethylene oxide. The catalyst based on TiO2 showed higher selectivity 

for ethylene oxide than the catalyst based on Al2O3. Over the TiO2–based catalyst mainly two 

products – namely acetaldehyde and ethylene oxide – were identified. The selectivities for 
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ethylene oxide and acetaldehyde (27% and 45% respectively) were observed at an ethanol 

conversion of 58%. On the other hand the catalyst based on Al2O3 showed less selectivity for 

ethylene oxide (15%) and more selectivity for acetaldehyde 56% with an ethanol conversion of 

39%. For the latter the production of acetic acid (AA) was also observed (1%). 

 

Figure 3-8: Catalytic performance of the catalysts based on different supports 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.3 g (activated), EtOH:O2=2:1 (molar) ; Total gas flow at RT: 20 mL/min, Pressure: 1 

atm., Time on stream: 15 h 

The catalysts based on the other supports (ZrO2, Act.C and SiO2) promoted only the 

formation of acetaldehyde at very low ethanol conversion. The ZrO2, Act.C and SiO2–based 

catalysts showed acetaldehyde selectivity of 92%, 89% and 89% respectively with an ethanol 

conversions of 16%, 30% and 19% respectively.  

B. Reproducibility of the catalytic performance 

The TiO2-supported copper catalyst showed the best performance among all the catalysts 

series based on various supports. Since, the reproducibility of the catalytic test was evaluated 

using 5 %wt. Cu/TiO2(P25) as a catalyst. Figure 3-9 shows the results of the reproducibility test. 
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Figure 3-9: Reproducibility of catalytic test 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.3 g of 5wt.% Cu/TiO2-P25 (activated), EtOH:O2=2:1 (molar) ; Total gas flow at RT: 

20 mL/min, Pressure: 1 atm., Time on stream: 15 h  

From Figure 3-9, it is observed that ethanol conversion as well as ethylene oxide 

selectivity are reproducible for the three repeated experiments. The results are within the 

accuracy limit of the catalytic test and analysis technique. One can conclude that the catalytic test 

is reproducible and thus the results are reliable. 

C. Reproducibility of catalyst synthesis 

The 5wt.% Cu/TiO2-P25 catalyst was resynthesized three times using the same 

preparation method and tested to check the reproducibility of the synthesis protocol. The results 

are reported in Figure 3-10. According to the results, it is proven that the catalyst synthesis is 

successfully reproduced. The minor changes in performance are within the margin of error of the 

experiment. 
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Figure 3-10: Reproducibility of catalyst synthesis 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.3 g of 5wt.% Cu/TiO2-P25 (activated), EtOH:O2=2:1 (molar) ; Total gas flow at RT: 

20 mL/min, Pressure: 1 atm., Time on stream: 15 h 

D. Preliminary characterization of the catalysts 

Generally the performance of catalytically active components depends on both chemical 

and physical properties of the support used, such as chemical composition, crystal structure, 

porosity, particle size and surface area. The study of the crystalline and textural properties of the 

catalysts was performed by XRD and nitrogen physisorption measurement. The composition of 

the synthesized catalyst was also verified by XRF. The results are presented in the following 

sections.  

 Atomic compositions of copper catalysts based on different supports 

The bulk composition was determined using X-Ray Fluorescence (XRF) technique and the 

results are presented in Table 3-5. For all the catalysts the amount of copper was very close to the 

theoretical value except for activated carbon-based copper catalyst. It may be due to the 

calcination performed in static air for the all support to keep the homogeneous catalyst treatment. 

The carbon support as expected may have lost some carbon during that step in the form of CO2 
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release. The standard deviation value suggested an homogeneous mixture of the metal over the 

supports. It is observed that the standard deviation value is higher for carbon-based catalyst.  

Table 3-5: Textural properties of the catalysts based on different supports 

 

Catalyst Name 

SBET  

(m
2
/g) 

VP 

 (cm
3
/g) 

Mean pore 

radius 

(nm) 

XRF Cu content. 

(wt.%) 

(SDV*) 

5 wt.% Cu/Al2O3 193 0.42 3.1 5.3 (0.44) 

5 wt.% Cu/SiO2 267 1.1 6.4 5 (0.98) 

5 wt% Cu/TiO2-P25 40 0.37 13.4 5 (0.19) 

5 wt. % Cu/ZrO2-Ald. 6 0.02 6.1 5 (0.29) 

5 wt.% Cu/Act.C 300 0.19 2.7 6.7 (1.6) 

*SDV- Standard Deviation Value 

 Textural properties of the copper catalyst based on different supports 

The BET surface areas, pore volumes and mean pore diameters for the supported copper 

oxide catalysts were measured and listed in Table 3-5. Carbon and silica-supported catalysts 

showed very high surface areas (300 and 267 m
2
g

-1
) together with large pore volumes (0.19 and 

1.1 cm
3
g

-1
). In comparison, zirconia-supported catalyst showed a very low surface area (6 m

2
g

-1
) 

and pore volume (0.02 cm
3
g

-1
). One can assume that due to the low surface area and pore volume 

the dispersion of copper on zirconia was decreased. 

The presence of hysteresis loop (Figure 3-11) shows the mesoporous nature of the 

catalysts. The surface area of the catalysts as a function of supports varies in the order: Activated 

carbon > SiO2 > Al2O3 > TiO2 > ZrO2. The pressure range of capillary cohesion of the different 

supports is consistent with the pore size, as larger pore size is expected to show capillary 

cohesion at higher pressure. The pore diameter follows the decreasing trend: TiO2 > SiO2 > ZrO2 

> Al2O3 > Activated carbon. A closer look clearly shows that, although the activated carbon 

possesses a very high surface area there is no uniformity or order in the pores (Figure 3-11-E2). 

Apart from non-uniform pore the support ZrO2 consists of very low surface area (Figure 3-11-

D2). Among the supports Al2O3 and SiO2 the former shows a higher surface area when compared 

to the latter and at the same time a very sharp pore size distribution (Figure 3-11-A2, B2). The 
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support TiO2 has a moderate surface area but it shows well-defined mesopores with a diameter of 

~14 nm (Figure 3-11C). 
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Figure 3-11: N2 adsorption-desorption isotherms and pore size distributions 

 A1&A2- 5% Cu/Al2O3, B1&B2- 5% Cu/SiO2, C1&C2- 5% Cu/TiO2-P25, 

D1&D2- 5%Cu/ZrO2-Ald and E1&E2- 5% Cu/Act.C 

 

 XRD analysis 

XRD patterns of the catalysts based on different supports are shown in Figure 3-12. For the 

copper catalysts based on silica, zirconia and active carbon, the prominent characteristic peaks 

appeared at 35.64° and 38.85° and were ascribed to oxidized copper (CuO/Cu
2+

) phase (JCPDS 

File no. 65-2309) [27-29]. In the case of the alumina and titania-based catalysts, no characteristic 

peaks for copper species were observed. In case of TiO2 typical diffraction pattern of P-25 were 

found, characterized by peaks attributed to anatase and rutile phases (JCPDS File no. 21-1272 

and 21-1276 respectively). In case of alumina and titania-supported Cu, the absence of diffraction 

peaks corresponding to CuOx phases implies a good dispersion or very small particle size of the 

impregnated copper species.  
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Figure 3-12: XRD patterns of the copper catalysts based on different supports 

In the preliminary characterization part, the N2 adsorption and desorption study of TiO2-

based catalysts showed the well-defined broad mesoporous structure. This was not the case for 

SiO2, ZrO2 and activated carbon-based catalysts. Moreover a uniform distribution of copper 

particles was observed in the TiO2-based catalyst. In conclusion, 5%Cu/TiO2 was the catalyst 

presenting the best results. Further reaction conditions optimization study was therefore 

performed using the TiO2 as a catalyst support.     

3.2 Results optimization over 5% Cu/TiO2-P25 

In the following of the study an optimization of the reaction conditions (including 

temperature, GHSV, EtOH:O2) was carried out. Then the stability of the catalyst‟s performance 

over time on stream was investigated. 
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3.2.1   Effect of reaction parameters 

A. Effect of temperature 

The effect of the reaction temperature on the catalytic performance of 5 wt.% Cu/TiO2–

P25 catalyst was investigated between 190 °C and 275 °C keeping the EtOH:O2 ratio at 1:2. The 

conversion, selectivity and carbon balance are plotted in Figure 3-13 As expected, the ethanol 

conversion strongly increased with the temperature, reaching 98% at 250 °C. In terms of product 

distribution, the formation of CO2 was also promoted with temperature increase reaching 41% at 

275 °C. On the other hand, the selectivity to acetaldehyde decreases progressively with this 

increment in temperature. In the case of ethylene oxide, the formation was first observed at 230 

°C with low selectivity (20%). It increased to a maximum of 59% at 250 °C, and finally dropped 

again to 46% at 275 °C.  

 

Figure 3-13: Evaluation of the catalytic performance as function of the temperature 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Cat. wt.: 0.1 g of 5 wt.% 

Cu/TiO2–P25, EtOH:O2=1:2 (molar) ; Total gas flow at RT: 20 mL/min, Pressure: 1 atm., Time 

on stream: 15 h  

Since at 200 °C no ethylene oxide was detected one can conclude that 230 °C is the 

minimum temperature required for the formation of ethylene oxide. Since both, conversion and 
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selectivity in EO increase with temperature; one can conclude that 250 °C temperature is 

desirable for the selective oxidation of ethanol to ethylene oxide. 

B. Effect of ethanol: oxygen ratio 

        The effect of the oxygen concentration was investigated due to the positive response of 

ethanol oxidation to ethylene oxide on the continuous presence of molecular oxygen. The 

catalytic performance of 5 wt.% Cu/TiO2–P25 catalyst was studied at 250 °C varying the 

EtOH:O2 ratio in the range of 0.5 to 2. The results are reported in Figure 3-14. Here one can see 

that the conversion of ethanol is enhanced by increasing the oxygen content in the feed. In terms 

of product distribution, the selectivity to ethylene oxide increased as well as the formation of 

carbon dioxide with the increase of oxygen content in the feed. On the other hand, the selectivity 

to acetaldehyde decreased. The best results were obtained at an EtOH:O2 ratio of 1:2. Almost full 

conversion of ethanol was observed (98%) with 59% selectivity in ethylene oxide, 10 % 

selectivity in acetaldehyde and 30% selectivity in carbon dioxide. The carbon balance was 96%.   

 

 

Figure 3-14: Influence of oxygen on catalytic activity 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.1 g of 5 wt.% Cu/TiO2–P25, Total gas flow at RT: 20 mL/min, Pressure: 1 atm., Time 

on stream: 15 h  
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C. Effect of GHSV 

To further optimize the performance several consecutive tests were performed varying the 

gas hourly space velocity (GHSV) in the range 7020 to 28080 h
-1 

using the 5% wt. Cu/TiO2–P25 

catalyst. The results are presented in Figure 3-15. An increase in the GHSV from 7020 to 14040 

h
-1 

led to a higher selectivity in ethylene oxide (58%) with almost constant full conversion of 

ethanol (98-100%). On the other hand, at low GHSV 7020 h
-1

 selectivity for acetaldehyde was 

higher (37%) and traces of ethyl acetate (EA) were also observed (6%). A further increase in 

GHSV to 28080 h
-1 

did not show any impact on the ethylene oxide selectivity but decreased the 

ethanol conversion (71%). One can also see that the selectivity to CO2 increased with increasing 

GHSV. In the present study, a slightly marked optimum in ethanol conversion (98%) and 

ethylene oxide selectivity (59%) was observed at GHSV of 14040 h
-1

.  

 

Figure 3-15: Effect of GHSV on catalytic performance 

Reaction conditions: Ethanol: 15 mol. %, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.1 g of 5 wt.% Cu/TiO2–P25, EtOH : O2=1:2 (molar), Pressure: 1 atm., Time on 

stream: 15 h  

3.2.2   Stability over time on stream 

The time dependence of the ethanol conversion and ethylene oxide selectivity was 

investigated for 5wt.% Cu/TiO2–P25 at 250 °C and at a GHSV of 14040 h
-1

. The corresponding 
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results are shown in Figure 3-16. The ethanol conversion was stable and no significant change in 

ethylene oxide selectivity was observed for 50 h. The carbon balance stayed very close to 100%.  

 

Figure 3-16: Time on stream study of 5%Cu/TiO2–P25 catalyst 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.1g of 5 wt.% Cu/TiO2–P25, EtOH:O2=1:2 (molar) ; Total gas flow at RT: 20 mL/min, 

Pressure: 1 atm., Time on stream: 50 h 

3.3 Conclusion 

In the first part of our study, gold, silver and copper catalysts supported on LiO2-doped γ-

alumina were prepared using the deposition precipitation (DP) method and characterized using 

different techniques. From the XRD analysis the uniform distribution of metal nanoparticles on 

the support was confirmed. Furthermore, XPS and EDS analyses were carried out to determine 

the surface and bulk composition of the catalyst and the oxidation states of the metals. H2-TPR 

study suggests that the silver metal reduction was facilitated over the alumina support. On the 

other hand, the copper catalyst requires high temperature for reduction. These catalysts were 

successfully applied for the selective oxidation of ethanol to ethylene oxide. The gold-based 

catalyst was more selective towards ethylene oxide compared to the silver and copper catalysts. 

For the latters, a minimum of 250 °C was required for the formation of ethylene oxide. Finally, 

the proof of concept for the oxidation of ethanol to ethylene oxide was delivered.  
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 The obtained catalytic results were compared with the ones reported by Lippits et al. in 

the literature [1, 2]. It is clear that the results were not reproduced successfully but several 

conditions were different in the catalytic testing as described in Section 3.1.1 D. More data on the 

characterization of the catalysts reported in the literature would have been necessary to 

completely understand the difference in performance observed. 

The catalytic activity of alumina-supported copper catalyst was optimized in the further 

study. Alumina-supported copper catalysts were prepared with different loadings and using 

different preparation methods (namely impregnation and co-precipitation method). These 

catalysts were characterized using XRD technique to study the phases and dispersion of the 

metal. The lower loading showed high dispersion of copper on alumina but with higher loading it 

showed the formation of copper oxide species. It can be concluded that higher copper loading 

leads to the formation of big particles of copper species. The highly dispersed copper catalysts 

are selective for the formation of ethylene oxide. BET analysis confirmed that the higher loading 

of copper decreased the surface area and pore volume of the support. Here, we can conclude that 

the impregnation method is good for the lower copper loading and the co-precipitation method 

better for higher copper loadings. 

 In the following of the study, 5 wt.% copper catalysts were prepared by impregnation 

method using different supports. The supports were selected on the basis of their different 

textural properties and stability. Silica, alumina, titania, activated carbon and zirconia supports 

were investigated. They were characterized using XRD technique and it was found that the 

copper dispersion over alumina and titania supports was better than over the other supports 

(zirconia, silica, act. carbon) because using titania and alumina-based catalysts the copper oxide 

species did not form. These catalysts were screened for the ethanol oxidation and it was found 

that titania was the best support for the ethylene oxide formation.  

 Further study with 5 wt.% Cu/TiO2 catalyst were done for the reaction parameters 

optimization. First of all the catalyst synthesis and catalytic test reproducibility was confirmed by 

synthesizing the same catalyst several times and performing several times the tests with the same 

catalyst respectively. The reaction condition parameters were then optimized by changing 

reaction temperature, GHSV and ethanol:O2 ratio. It was found that the temperature (250 °C), 
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GHSV (14040 h
-1

) and ethanol: O2 ratio (1:2) were the best experimental conditions for the 

selectively formation of ethylene oxide (58% yield). 

In the next chapter some supplementary catalytic tests were performed including 

optimization of copper loading, effect of catalyst activation, effect of catalyst calcination 

temperature, effect of the nature of the TiO2-phases in order to back optimized the performances. 

Furthermore, detailed characterization, including XRD, H2-TPR, XPS, SEM and TEM of 

calcined and spent catalysts were performed in order to correlate the catalytic performance and 

the catalysts physicochemical properties.  
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4.1 Back optimization of catalyst 

In the previous chapter, some preliminary results were presented. They allowed the 

selection of copper as a promising active phase for ethanol conversion into EO, the choice of the 

best support (TiO2-P25) to disperse and stabilize this metal and of the best synthesis method to 

get a catalyst giving a high and stable performance. Finally, a parameter optimization study was 

also carried out to select the right temperature, GHSV and EtOH:O2 ratio. However, this 

preliminary work was not sufficient to understand why the catalyst is efficient. 

In this chapter the optimization of the TiO2-supported copper catalysts are pursued in 

more details and some supplementary catalytic results with copper catalysts using various 

supports are also presented. Then a more exhaustive characterization study of the catalysts is 

presented in a view to establish a clear correlation between the physicochemical properties of the 

catalysts and their catalytic performance.   

4.1.1 Blank tests 

          A blank reaction test was performed in the optimized reaction conditions, without any 

catalyst nor SiC, in order to evaluate the thermal decomposition of ethanol with a higher 

ethanol/oxygen ratio (EtOH:O2=1:2) at 250°C using the regular configuration of the reactor 

(described in Section 2.3.1). The conversion of ethanol was 6% with 99% selectivity in 

acetaldehyde (Figure 4-1). One can conclude that no significant thermal activation takes place 

under these conditions, even at increased ethanol/oxygen ratio. 

            A second blank test, using only TiO2–P25 powder, was made in order to evaluate the 

activity of the catalyst support under the optimized reaction conditions (EtOH:O2=1:2; 250°C). 

The conversion of ethanol was slightly increased compared to the blank test (9% vs. 6%) with 

97% selectivity in acetaldehyde (Figure 4-1). In conclusion, in comparison with the first blank 

test, we can conclude that the catalyst support (TiO2-P25) is inert under the reaction conditions 

used. 
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Figure 4-1: Blank test in optimized reaction conditions  

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

TiO2-P25 wt.: 0.1 g, EtOH:O2=1:2 (molar), Total gas flow at RT: 20 mL/min, Pressure: 1 atm.  

4.1.2 External diffusion limitations 

A standard test was performed on the catalyst containing 5 wt.% Cu supported on TiO2–

P25 to evaluate the external mass transfer limitations. The standard methodology was to vary the 

total gas flow and the mass of the catalytic bed (proportional to the catalyst mass). While 

changing the flow of the reactant gas (F), the linear velocity changes proportionally. Hence, the 

volume of the catalytic bed (V) is adapted proportionally to ensure a constant contact time. In the 

absence of external mass transfer limitations the ethanol conversion should stay at a constant 

value. (Figure 4-2A) 

From the results (Figure 4-2B) one can see that the decrease from 0.3 g to 0.1 g of catalyst 

mass does not affect the catalytic performance. On the other hand, a further decrease to a 0.05g 

mass clearly affected the catalytic performance, with a decrease in conversion (79% vs. 98-99%) 

as well as in selectivity (46% vs. 59-58%). Hence, in our conditions the use of 0.1g of catalyst at 

minimum is mandatory to assure the absence of external diffusion limitations. 
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Figure 4-2: External diffusion study 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.05-0.3 g of 5 wt.% Cu/TiO2-P25, EtOH:O2=1:2 (molar) ; Total gas flow at RT: 10-60 

mL/min, Pressure: 1 atm., Time on stream: 15 h, GHSV: 14040 h
-1

 

4.1.3 Influence of copper loading 

To investigate the optimum amount of Cu on the TiO2 support, the oxidation of ethanol to 

ethylene oxide was studied using catalysts with different loading (0.2, 1, 2.5 and 5 wt.%). The 

results are displayed in Figure 4-3. One can see that the conversion of ethanol increases with the 

loading suggesting an increase in the number of active sites available for the reaction. However, 

it is further worth mentioning that the selectivities in EO and acetaldehyde were also significantly 

impacted by the copper loading: acetaldehyde selectivity decreases gradually from 92 to 10% for 

increased amounts of copper, whereby the selectivity in EO increased from 0% (0.2 wt.% 

loading) to 59% (5 wt.% loading). Among the Cu/TiO2–P25 catalyst series, the 5 wt.% Cu/TiO2 

catalyst exhibited the best performance with 98% conversion of ethanol and 59% selectivity to 

ethylene oxide. A complementary test was carried out with bulk CuO whereby no ethylene oxide 

formation and only low conversion of ethanol was observed (21%).  



Development of high performance catalysts for the selective oxidation of ethanol to 
ethylene oxide 

 

UCCS, Lille University 1 Page 83 
 

 

Figure 4-3: Effect of copper loading  

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.1 g of 5 wt.% Cu/TiO2-P25, EtOH:O2=1:2 (molar) ; Total gas flow at RT: 20 mL/min, 

Pressure: 1 atm., Time on stream: 15 h 

4.1.4 Influence of the nature of the support 

Copper catalysts with a constant amount of metal (5 wt. %), based on different supports 

(SiO2, Al2O3, ZrO2-Ald, ZrO2-CL, activated carbon, TiO2-anatase, TiO2-rutile) were screened 

under the new optimized reaction conditions. Note that in Chapter 3 these catalysts were screened 

in other non optimized operating conditions. The catalytic performance is presented in Figure 4-

4. As observed in the preliminary tests (cf. Section 3.1.3), the catalysts based on SiO2, ZrO2-Ald 

and activated carbon are not active in the formation of ethylene oxide but gave exclusively 

acetaldehyde as main product. Additionally, a zirconia-optimized support provided by 

CLARIANT was used as comparison to the standard commercial zirconia. It is clear that the 

nature of the ZrO2 support strongly affects the performance. Actually, the catalyst based on the 

CLARIANT-provided ZrO2 showed 89% ethanol conversion with 49% selectivity for ethylene 

oxide whereas the commercial ZrO2 only gave 17% ethanol conversion without any selectivity 

for ethylene oxide. An increase in performance of the Al2O3-supported catalyst was also observed 

applying the optimized reaction conditions: conversion of ethanol (52% vs. 39% previously) and 

selectivity for ethylene oxide (21% vs. 15% previously). 
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From the performance point of view, TiO2-supported catalysts always showed the best 

performance. On the other hand, the presence of anatase phase in TiO2 seems to be crucial in the 

ethylene oxide formation as no EO is detected using the rutile phase alone. It has to be reminded 

here that the TiO2–P25 catalysts contains mainly the anatase phase. The copper catalysts based on 

the other supports (SiO2, ZrO2-Ald and activated carbon) seem completely inactive for the 

ethylene oxide formation at optimized reaction conditions and showed selectivity towards 

acetaldehyde only.  

 

Figure 4-4: Catalytic performance of copper catalysts with various supports 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.1 g, EtOH:O2=1:2 (molar),  Total gas flow at RT: 20 mL/min, Pressure: 1 atm., Time 

on stream: 15 h  

4.1.5 Influence of the activation temperature 

           A study of the effect of a pre-reduction of the catalysts on the performance was also 

carried out. The catalysts were reduced at 300°C in the presence of 5% H2/He flow prior to 

reaction. The catalytic performance of the as-reduced catalysts based on the various supports was 

determined at 250°C and the results were compared to those of the non-pre-reduced catalysts.  
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Figure 4-5: Catalytic activity of A- Non-activated and B- Activated copper catalysts 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.3 g, EtOH:O2=1:2 (molar) ; Total gas flow at RT: 20 mL/min, Pressure: 1 atm., Time 

on stream: 15 h  

 

From Figure 4-5 B, one can see that the activated copper catalysts showed similar results 

as the non-activated ones (Figure 4-5 A), no matter the support used. To conclude, the hydrogen 

pre-activated catalysts showed no advantage over the non-pre-activated catalysts, meaning 
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probably that the activation takes place under the reaction flow conditions even if the oxygen is 

in stoichiometric excess. 

4.1.6 Influence of the calcination temperature 

The effect of the catalyst calcination temperature on the catalytic activity was investigated 

on 5 wt.% Cu/TiO2–P25 by pre-treating the catalyst at different temperatures (400-800 °C). The 

main purpose of this study was to check the influence of copper particle size on catalytic activity. 

As shown in Figure 4-6, the activity of a catalyst for ethanol oxidation decreases with increasing 

the calcination temperature. The ethylene oxide selectivity as well as the conversion was 

decreased gradually as the catalyst calcination temperature increased from 400 °C to 800 °C 

(59% vs. 0% EO selectivity and 98% vs. 10% Ethanol conversion). It is clear from these data that 

the optimal calcination temperature is 400°C for the 5 wt.% Cu/TiO2–P25 catalyst. 

 

Figure 4-6: Effect of catalyst calcination temperature 

Reaction conditions: Ethanol: 15 mol.%, Carrier gas: Helium, Reaction temperature: 250 °C, 

Cat. wt.: 0.1 g of  5%Cu/TiO2-P25, EtOH:O2=1:2 (molar) ; Total gas flow at RT: 20 mL/min, 

Pressure: 1 atm., Time on stream: 15 h 
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4.2 Catalysts detailed characterization and discussion 

 Detailed characterization results for the calcined and spent catalysts are described and 

correlated to their catalytic performance in the following paragraphs. The catalysts were 

characterized by XRF, XRD, TPR, XPS, SEM and TEM techniques. 

4.2.1 Copper catalysts supported on TiO2-P25 

A. Bulk composition of catalysts by XRF 

The bulk compositions of the TiO2-P25-supported copper catalyst with different loadings 

were determined by X-ray fluorescence. The results are shown in Table 4-1. The experimental 

values obtained were in all cases very close to the theoretical values. Furthermore, the standard 

deviations of the composition were close to zero, meaning that the composition of copper species 

was homogeneous on the support and that no agglomeration of Cu took place. 

Table 4-1: Textural properties and Cu contents of TiO2-supported copper catalysts 

 

Catalyst 

SBET  

(m
2
/g) 

VP 

(cm
3
/g) 

Pore radius 

(Å) 

XRF Cu content 

(SDV)
*
 

(wt.%) 

TiO2-P25 52 0.44 137 - 

0.2% Cu/TiO2-P25 53 0.41 122 0.2 (0.01) 

1% Cu/TiO2-P25 50 0.38 128 1 (0.22) 

2.5% Cu/TiO2-P25 46 0.40 129 2.7 (0.15) 

5% Cu/TiO2-P25 41 0.37 134 5 (0.19) 

 *Standard Deviation Value 

B. Surface area and porosity 

The textural properties of the TiO2-P25-supported copper catalysts are also given in Table 

4-1. The surface area and pore volume of the catalysts decreased gradually with the increase of 

copper loading, whereas the mean pore radius remained rather constant (Figure 4-7 B). This 

gradual decrease suggests that the pore network remains unchanged and fully accessible, 

confirming again the good dispersion of Cu on the support, as already found from XRF. Figure 4-

7 (A and B) shows the N2 adsorption-desorption isotherms and pore size distributions of pure 

TiO2 and copper-impregnated TiO2. The copper-impregnated TiO2 displays a classical type IV 
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nitrogen isotherm compared with pure TiO2, indicating the presence of well-defined mesoporous 

structure with pore diameter of ≈14 nm [1]. 

 

 

Figure 4-7: N2 adsorption-desorption isotherm (A) and pore size distribution (B) 

 

C. X-ray diffraction results  

 Fresh catalysts 

Figure 4-8 shows the XRD pattern of fresh TiO2-P25-supported copper catalysts with 

different loadings. The only remarkable signals arise from the support in which anatase (JCPDS 

21-1272) and rutile (JCPDS 21-1276) phases of TiO2 were identified [2]. Even when the Cu 

loading increases from 0.2% to 5 wt.%, no characteristic diffraction peaks for copper species 

were observed, which can be explained by (i) uniform dispersion (ii) low Cu loading or (iii) weak 

crystallinity of copper particles. Since the titania patterns showed no change in intensities and 

width, one can conclude that the structure and crystalline size of TiO2 where not significantly 

altered during the catalyst preparation. For comparison one catalyst was prepared with 10 wt.% 

copper loading. The latter exhibited characteristic diffraction peaks at 35.6° and 38.6° 

2ascribed to the CuO species (particle size 17 nm). Thus one can assume that 5 wt.% copper 

loading is optimal for well dispersed Cu and controlled particle size of less than the 17 nm.  
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Figure 4-8: XRD pattern of TiO2-supported copper catalysts 

 In situ reduction followed by Temperature-Programmed XRD 

The reduction of the 5 wt.% Cu/TiO2 catalyst was studied by temperature-programmed 

XRD in presence of hydrogen as reducing gas (5% H2/He). The experiment was performed from 

room temperature to 450 °C and the XRD patterns obtained are shown in Figure 4-9. A change in 

the diffraction pattern was observed with increasing temperature: Until 100 °C no change was 

observed but when the temperature increased from 100 to 400 °C a characteristic peak of Cu° 

species (2θ = 43.3°) became visible and more intense [3]. No characteristic peak of Cu2O was 

observed [2], one can assume that a direct transformation of Cu
2+

 to Cu
0
 took place during 

reduction without formation of Cu2O crystallites. After cooling back to room temperature (under 

reducing atmosphere), the XRD pattern still exhibited the characteristic peak of Cu° with the 

same intensity. Thus, one can see from the temperature programmed XRD pattern of catalyst that 
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the minimum temperature required for the reduction of copper species on TiO2 surface is in the 

range of 100-150°C.  

 
Figure 4-9: Temperature programmed XRD results over 5 wt.% Cu/TiO2–P25 in presence of H2 

 

 X-Ray diffraction of spent catalysts 

XRD analysis was performed on the 5 wt.% Cu/TiO2–P25 catalyst recovered after the 

catalytic test to study any possible change in the copper phases under the stream. As 

aforementioned, the freshly calcined catalyst showed characteristic diffraction peaks of TiO2 only 

without any pattern for copper species (cf. Section 3.1.3 Figure 3-12). Figure 4-10 shows the 

XRD patterns of the catalyst after reaction. One can distinguish the presence of metallic copper 

(Cu°) species at 43.2° and 50.3° 2θ (JCPDF 04-0836). No diffraction peak was observed for 

Cu2O at 36.2° in the spent catalyst. However, it is difficult to distinguish Cu2O peak due to 

overlapping with the diffraction peak of TiO2 support. With respect to the previous study on the 

influence of the activation by pre-reduction (cf. Section 4.1.5 Figure 4-5), the activated (A) used 

catalyst was also analyzed by XRD after the test. As for the fresh activated catalyst, the presence 

of metallic Cu° was still observed. The particle size of metallic copper was calculated to be 24-25 
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nm for both – activated and non-activated – catalysts confirming the non-influence of the 

activation pre-treatment.   

 

Figure 4-10: XRD patterns of spent catalysts (5 wt.% Cu/TiO2-P25) 

A - activated spent, B - non activated spent and C – calcined 

D. H2-TPR analysis 

 TPR of calcined catalysts 

The different copper species present on the TiO2–P25 support were further investigated by 

temperature programmed reduction under hydrogen (H2-TPR). The corresponding TPR profiles 

of the Cu/TiO2 catalysts with different copper loadings are depicted in Figure 4-11A. Since the 

TiO2 support is known [4] to be almost irreducible at temperatures lower than 400 °C, the 

reduction peaks should correspond exclusively to the reduction of the different types of copper 

oxide species.For the catalysts having a copper loading from 1 to 5 wt.%, three reduction peaks at 

116 °C, 138 °C and 207 °C were observed.  
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Figure 4-11: A- H2-TPR and B- H2 consumption distribution  
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The peaks at 116 °C and 138 °C correspond to the reduction of highly dispersed copper 

species on TiO2 [5]. Besides, the reduction peak at 207 °C was assigned to the reduction of 

crystalline CuO [6].  It is worth mentioning that all the reduction peaks of the Cu/TiO2 samples 

occur at lower temperatures than for pure CuO which can be explained either by an interaction 

between the copper species and the support [7], or by highly dispersed and small CuO particles 

[8-10]. In conclusion the H2-TPR results are in good agreement with the in situ temperature-

programmed XRD results presented previously (section 4.2.1-C) 

The total hydrogen consumption, the hydrogen consumed for each peak and the 

corresponding quantity of copper oxide species were calculated. The results for each catalyst are 

shown in Figure 4-12. One can see that the total hydrogen consumption increased linearly with 

the copper loading and is close to the theoretical hydrogen consumption, meaning that most Cu is 

accessible to hydrogen, even at increased loading. Furthermore, the distribution of the different 

copper species (highly dispersed and bulk type) was determined by deconvolution (Figure 4-

11B). The relative amount of highly dispersed copper species decreased with the amount of Cu, 

whereas bulk type CuO species gradually increased. Whereas the 5 wt.% Cu/TiO2 catalyst 

showed 29% highly dispersed and 71% bulk type CuO, the 1 wt.% Cu/TiO2 catalyst showed 74% 

highly dispersed and 36% bulk type CuO.  

 

Figure 4-12: Total H2 consumption and distribution of copper species 
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 TPR of spent catalyst 

TPR was performed for the used 5 wt.% Cu/TiO2–P25 catalyst and compared to the H2 profile 

obtained before reaction (Figure 4-13). From the quantification one can see that the spent catalyst 

consumed less hydrogen compared to the corresponding freshly calcined one (0.211 mmol.g
-1

 vs. 

0.753 mmol.g
-1

). This can be explained by the fact that the spent catalyst exhibited the presence 

of already reduced phase, meaning that most of the copper species are in Cu° form. The total 

amount of copper present in the fresh calcined catalyst was 0.0052 g and after reaction out of that 

0.0014 g of copper is in the oxidized form. These results are in agreement with XRD analysis and 

XPS analysis (cf. Section 4.2.1) of the spent catalysts.  

 

Figure 4-13: H2-TPR study of calcined and used catalysts (5% Cu/TiO2-P25) 

E. X-ray Photoelectron Spectroscopy 

XPS analysis was used to characterize the nature of the species constituting the surface 

layer of the calcined catalysts. X-ray photoelectron spectra of the catalyst with different amounts 

of copper loading on TiO2 are shown in Figure 4-14 A, B, C and D. The XPS surface 

compositions are summarized in Figure 4-15. The binding energies of 932.5 eV and 952.3 eV 

corresponding to the Cu 2p region were associated to Cu° or Cu2O (Cu
+
) species [11]. On the 

other hand binding energies of 934.4 eV and 954.0 eV were assigned to CuO (Cu
+2

) [2, 12]. The 
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small peak observed at about 944 eV was the Cu 2p3/2 satellite peak. In the catalyst with 0.2% Cu 

loading, one single peak at a binding energy of 932.1 eV was observed, meaning that the all 

copper species are in oxidation state Cu
+

 (highly dispersed). A shake-up satellite at about 942 eV 

was observed, ruling out the presence of Cu
2+

 species [13]. It should be noted that the satellite 

peak are not seen in the case of Cu
+
 species because of completely filled 3d shells. For higher 

loadings of copper (1 - 5%), the presence of at least two kinds of surface copper species (Cu
+
 and 

Cu
2+

) is observed. According to the literature reports, the peak appearance of Cu
+
 was possible 

because of the reduction of Cu
2+

 to Cu
+
 resulting from the bombardment effect by X-ray 

irradiation under ultra-high vacuum, when Cu content was low and existed in highly dispersed 

state on TiO2 surface [14]. It was found that highly dispersed copper oxide species gradually 

decreased with increasing the copper loading, giving rise to bulk copper oxide species (Figure 4-

14). These results are in agreement with the temperature-programed reduction (TPR) (cf. section 

4.2.1D Figure 4-11A). From the correlation with the catalytic results, we suggest that the 

selectivity to ethylene oxide is dependent on the nature of the copper species present in the 

catalyst and of course of its nature. For example, the catalysts presenting an exclusive presence of 

well-dispersed Cu
+
 species (0.2% copper loading) showed no selectivity at all for EO suggesting 

that the amount and the nature of the copper species in presence in this catalyst is not appropriate 

to reach a high catalytic performance (Figure 4-3). 

Table 4-2: Surface composition and peak positions in the XPS analysis of Cu/TiO2–P25 catalysts  

Copper 

loading, 

wt.% 

Cu
+2

 (eV) Cu
+
 (eV) Cu

2+
 (%) Cu

+
 (%) Cu/Ti 

0.2 - 932.1 0 100 0.011 

1 933.7 932.3 22 78 0.034 

2.5 933.6 931.97 64 36 0.073 

5 933.65 932.3 71 29 0.076 
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Figure 4-14: XPS spectra of TiO2-P25-supported copper catalysts 

A - 0.2 wt.%, B – 1 wt.%, C - 2.5 wt.% and D – 5 wt.% 

  

Figure 4-15: Surface composition (A) and oxidation states distribution of Cu (B) 

of Cu/TiO2–P25 catalysts  
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 XPS of spent catalyst 

The X-ray photoelectron spectra of the spent catalyst (5 wt.% Cu/TiO2-P25) was recorded 

to check whether the Cu oxidation state changed during the reaction, as suggested by TPR and 

XRD (cf. Sections 4.2.1 C & D). The spectrum is shown in Figure 4-16. After deconvolution of 

the peaks, two kinds of copper species were observed in the spent catalyst: The binding energies 

932.0 eV and 933.9 eV were attributed to the Cu°/Cu
+
 and Cu

2+ 
respectively. The amount of 

copper was found lower on the surface than for the calcined 5 wt.% Cu/TiO2 (3.9% vs. 5.8%). 

The distribution of copper species was determined and the ratio of Cu
+
/Cu°:Cu

+2
 = 1:1, 

corresponding to a significant increase of the Cu
+
/Cu° compared to the calcined catalyst. These 

results are in good agreement with the XRD and TPR results of the spent 5 wt.% Cu/TiO2 

catalyst, showing the partial reduced phase: XRD confirmed the presence of a Cu° phase in the 

spent catalyst and TPR showed lower hydrogen consumption. Nevertheless, one should mention 

that XPS proved the presence of 50% Cu
2+

 copper species, which was not observed by XRD, 

maybe due to the too small size of the copper particles.  

 

Figure 4-16: XPS of spent catalyst (5 wt.% Cu/TiO2-P25) 

F. Thermal Gravimetric Analysis (TGA) 

The fresh and spent, 5 % Cu/TiO2-P25 catalysts were analyzed using TGA in order to 

determine the optimal calcination temperature. The weight loss curves of the dried sample 
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exhibited two weight losses at 100 °C and 350 °C shown in Figure 4-17. The first one at 150 °C 

was due to the endothermic loss of surface adsorbed water molecules. The following weight loss 

in the range of 150 °C to 350 °C corresponds to the decomposition of the copper nitrate 

precursor.  After 350°C, no further loss in the weight was observed up to 800 °C, indicating that 

the catalyst is thermally stable at high temperature. The heat flow data confirmed that the 

decomposition of copper nitrate was exothermic. In order to achieve full decomposition, the 

calcination temperature was fixed to 400 °C for all copper catalysts.  

 

Figure 4-17: TGA profile of the fresh 5% Cu/TiO2-P25 catalyst 

After the stability test (cf. Section 3.2.3), the spent 5 wt.% Cu/TiO2 catalyst was collected 

after 50 h under stream and characterized by TGA to determine if any coke deposition occurred 

on the surface (Figure 4-18). Two main different weight losses were observed, the first at around 

150 °C ascribed to adsorbed surface water and two further at around 290 °C and 700 °C due to 

carbon deposit as shown by the formation of carbon dioxide which was confirmed by mass 

spectroscopy. Calles et al. reported that amorphous carbon is oxidized below 550 °C whereas, 

filamentous and graphitic carbons require high temperature for oxidation (>650 °C)  [15].  In the 

present study, the intense peak at 290 °C may hence be due to the formation of amorphous carbon 
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and the less intense peak at 700 °C due to the formation of small amounts of graphitic carbon. 

Despite the formation of these carbonaceous species, the stability of the catalyst over time on 

stream was found constant up to 50 h under the stream.  This may be explained by the presence 

of oxygen in the stream that limit the carbon deposit and hence regulate the deactivation process.  

 

Figure 4-18: TGA profile of the spent 5% Cu/TiO2-P25 catalyst 

G. Transmission Electron Microscopy analysis (TEM) 

Transmission Electron Microscopy (TEM) images offer the possibility to access to the 

metal particle size and the dispersion of the metal on the support. Figure 4-19 A, B, C and D 

shows the TEM images of the P25 titania-based catalysts with different Cu loadings. The TiO2 

support (P25) itself showed spherical particles with particle size around 25 nm. On the other 

hand, the copper particles were not only in the spherical shape but also polyhedral. For the 

catalysts with low loadings of copper, the particle size was smaller than for those with higher 

loading: The sample containing 0.2 wt.% Cu loading had copper particles with diameter around 

7-14 nm whereas the copper catalysts with 2.5 and 5% loading showed the almost similar kind of 
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particle size of 7-22 nm, meaning that no significant agglomeration took place at increased Cu 

loading. In all cases a uniform distribution of copper particles was observed for all loadings. But 

of course, the copper particle density is less at low copper loading. These results are in good 

agreement with TPR and XRD analyses (cf. Section 4.2.1C).  
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Figure 4-19: TEM images of Cu/TiO2-P25 catalysts with different Cu loadings 

(A-0.2 wt.%; B-1 wt.%; C-2.5wt.% and D-5 wt.%) 

H. Scanning Electron Microscopy (SEM) with EDX mapping 

Scanning Electron Microscopy (SEM) with EDX mapping was performed to visualize the 

distribution of copper on the support. The SEM mapping images for all catalysts are shown in 

Figure 4-20. The red dots correspond to the copper particles in each catalyst. As expected, an 

increase in the copper particle density with the copper loading was observed. Furthermore the 

distribution of the Cu was found uniform in the all TiO2-P25-supported copper catalysts. 
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Figure 4-20: SEM images of of Cu/TiO2-P25 catalysts with different Cu loadings 

(A-0.2 wt.%; B-1 wt.%; C-2.5wt.% and D-5 wt.%) 

4.2.2 Copper catalysts based on various TiO2 phases 

A. Textural properties 

The surface areas, porous volumes and mean pore radius of copper catalysts supported on 

different TiO2 phases and calcined at different temperatures are shown in Table 4-3.  

Table 4-3: Textural properties of Cu catalysts supported on different TiO2 phases 

and calcined at different temperatures 

Catalyst 

(Calc. temp.) 

SBET  

(m
2
g

-1
) 

VP 

(cm
3
g

-1
) 

Pore radius 

(Å) 

5% Cu/TiO2-Anatase 

 (400 °C) 

72 0.36 80 

5% Cu/TiO2-P25  

(400 °C) 

41 0.37 134 

5% Cu/TiO2-Rutile 

(400 °C) 

6 0.023 167 

5% Cu/TiO2-P25 

Calc. 600°C 

17 0.12 136 

5% Cu/TiO2-P25 

Calc. 800°C 

2 0.0014 38 
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The surface area decreased according to the following order anatase>P25>rutile. Pore 

volumes of the anatase and P25 phases were similar (0.36 vs. 0.37 cm
3.

g
-1

) whereas it is much 

lower for rutile (0.023 cm
3.

g
-1

). The rutile phase also presents a considerably lower surface area 

(6 m
2
.g

-1
) compared to P25 and anatase.  

The surface area as well as the porosity of the catalysts decreased strongly when the 

calcination temperature is increased. The corresponding surface areas of the 600 and 800°C 

calcined catalyst are 17 and 2 m
2
.g

-1
 resp. After a calcination at 400, 600 and 800 °C, the pore 

volume decreased from 0.37 to 0.12 and 0.0041 cm
3.

g
-1

 respectively.   

B. XRD patterns  

The XRD patterns of the catalysts based on copper supported on different kinds of TiO2 

(anatase, P25 and rutile) are shown in Figure 4-21. The copper supported on anatase and P-25 did 

not exhibit any peaks for copper oxide. On the contrary, the sample based on rutile support 

showed visible peaks of CuO. One may assume that the copper particles were not well dispersed 

over the rutile phase, which may be ascribed to the low surface area of this support.  

 

Figure 4-21: XRD patterns of Cu-based catalysts supported on different TiO2 phases 

and calcined at different temperatures 

In order to determine the influence of the particle size, the 5% Cu/TiO2-P25 catalyst was 

calcined at different temperatures (600 and 800°C). It is observed that with the increase of the 
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calcination temperature the intensity of CuO peak increased, suggesting that the copper particle 

size was increased progressively (41 nm and 56 nm respectively) by a sintering phenomenon. 

Nevertheless, this went hand in hand with the phase transition from anatase to rutile, whereby the 

effect of the particle size was not clearly measurable (Figure 4-21).  

C.  H2-TPR study  

As seen before the catalyst based on TiO2 (P25) support was found the best in terms of 

catalytic activity. To investigate the effect of the TiO2 phase (Anatase, P25 and Rutile) on the 

reduction properties of copper, TPR analysis was performed and the profiles are shown in Figure 

4-22. One can see that the anatase phase exhibited two reduction peaks at around 200 °C for the 

reduction of well-dispersed copper particles and a small shoulder at around 261 °C for the bulk 

copper species. Nevertheless, the rutile phase showed a single reduction peak at high temperature 

(264 °C). This result suggests the formation of not well-dispersed – bulk-like – copper oxide 

species during the synthesis. The hydrogen consumptions for anatase and rutile-based catalysts 

were 0.69 and 0.72 mmol.g
-1

 respectively, which is close to the theoretical value. For P25-based 

catalyst the reduction of one part of the Cu species occurred at even lower temperature (<150 

°C). As a conclusion, copper species over anatase and P25 phases are reduced at lower 

temperature than in case of rutile support. This could be one reason why a better catalytic 

performance is observed over these catalysts. 

 Concerning the 5 wt.% Cu/TiO2 catalyst calcined at 800°C, initially synthesized to 

investigate the effect of particle size on the catalytic performance, the TPR profile (Figure 4-22) 

shows two reduction peaks at 328 °C and another at very high temperature of 576 °C. Both peaks 

correspond to the reduction of big particles of bulk copper oxide species, supposedly easily 

formed by sintering at high temperature treatment as suggested by XRD (cf. section 4.2.2 A). 

Thus one can conclude that both, rutile phase as well as the high calcination temperature, are not 

favorable for the catalytic activity.  
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Figure 4-22: H2-TPR profiles of Cu-based catalysts supported on different TiO2 phases 

and calcined at different temperatures 

4.2.3 Role of the support for copper-based catalysts 

As we have seen in the previous sections the copper catalysts based on other kinds of 

supports than anatase-containing titania are not very efficient for ethylene oxide formation from 

ethanol. The following section is dedicated to the study of the influence of the nature of the 

support on the nature of the Cu species formed at the surface of the catalyst . 

A. X-Ray Diffraction of the spent catalysts 

The X-ray diffraction patterns of the spent copper catalysts based on different supports 

were recorded to determine the change in copper phases after reaction. Figure 4-23 A, B, C and D 

shows the XRD pattern of activated (i.e. pretreated under H2 see Section 4.1.5) and non-activated 

spent catalysts based on Al2O3, SiO2, ZrO2 and activated carbon used as supports. For the Al2O3-

based catalysts no characteristic peak of any copper species was observed, neither for the 

calcined nor for the spent (activated and non-activated) catalysts. Nevertheless, it is difficult to 

distinguish the CuO peaks because of the overlapping with the broad Al2O3 peaks. The SiO2, 

ZrO2 and carbon-based catalysts exhibited strong signals at 35.6° and 38.8° 2 indicating the 
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presence of CuO phase in the calcined and spent catalysts. On the other hand, only for the SiO2-

based activated spent catalyst, the characteristic peaks at 36.2° for the Cu2O phase was observed. 

Thus, one can conclude that SiO2, ZrO2 and carbon supported Cu catalysts were not reduced 

under reaction conditions. 

 

Figure 4-23: XRD patterns of A - 5 wt.% Cu/Al2O3, B – 5 wt.% Cu/SiO2, C – 5 wt.% Cu/ZrO2 

and D – 5 Wt.% Cu/Act. Carbon 

I - activated spent, II - non activated spent and III - calcined 

Based on the numerous previous results, there is no doubt that the support has a pronounced 

effect on the performances of the catalysts and that it is due to the nature of the copper species 

formed at the surface of the solid. The support also plays a very important role on the dispersion 

of the copper species and on their reduction pattern. The XRD pattern of the TiO2-P25 based 
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catalyst suggested a uniform dispersion of copper species, which was not the case for the other 

supports. Furthermore, highly dispersed copper species are found easily reducible under the 

reaction conditions. This was strongly evidenced by the characteristic peak of Cu° in the XRD 

pattern of used catalyst. For the SiO2, activated carbon and ZrO2-Ald based catalysts clear 

characteristic peaks of CuO species were observed showing the non-uniform distribution of the 

species. Finally, only copper catalysts supported on TiO2 containing anatase phase shown 

excellent results for ethanol conversion to EO.  

B. X-ray Photoelectron Spectroscopy (XPS) 

The X-ray photoelectron spectroscopic analysis of the copper catalyst based on different 

supports was performed and the spectra obtained are depicted in Figure 4-24. The metal 

compositions determined by the XPS measurement are listed in Table 4-4.  The Cu 2p3/2 peak 

was located near 334.2 eV and the Cu2p1/2 near 953.3 eV for all catalysts. 

The Al2O3-based catalyst showed the same features as the TiO2-based catalysts with two 

kinds of surface copper species (Cu
2+

 and Cu
+ 

- 89 and 11% resp.). Since the quantity of Cu
+
 

(highly dispersed) is lower (11%) on the Al2O3 surface, one can conclude that most of the copper 

species are in the bulk type CuO form. Thus, the lower catalytic performance of the alumina-

based catalyst compared to the titania one may be explained by the larger amount of bulk-type 

CuO, which are more difficult to reduce and therefore require a higher temperature. The other 

samples based on SiO2, ZrO2, and active carbon (Figure 4-24 F, G and H) exhibited a single peak 

at around 933 eV ascribed to Cu
2+

 (bulk type CuO). The amounts of copper present on the 

surface of the various catalysts were also determined and were 0.5, 7.1 and 4.9% for SiO2, ZrO2 

and activated carbon respectively.   

Table 4-4: Surface composition and oxidation states distribution of copper on different supports 

Catalyst Cu
+2

 (eV) Cu
+
 (eV) Cu

+2
 (%) Cu

+
 (%) Cu/Support 

5% Cu/Al2O3 934.2 932.5 89 11 3.1 

5% Cu/SiO2 933.4 - 100 0 0.5 

5% Cu/ZrO2 933.7 - 100 0 7.1 

5% Cu/C 934.9 - 100 0 4.9 

5% Cu/TiO2 933.6 932.3 29 71 5.3 
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Figure 4-24: XPS spectra of A- 5% Cu/Al2O3, B- 5% Cu/SiO2, C- 5% Cu/ZrO2 and D-5% 

Cu/activated carbon 

C. Temperature Programmed Reduction (TPR) 

H2-TPR of the copper catalysts based on different supports was performed in order to study 

the reducibility of the copper species. Figure 4-25 depicts the H2-TPR profiles for Cu/Al2O3, 

Cu/SiO2, Cu/ZrO2 and Cu/activated carbon catalysts. The hydrogen consumption was calculated 

from the profiles and reported in the inserted table in Figure 4-25. From the profiles one can see 

that the silica-based catalyst exhibited two reduction peaks at 254 and 281 °C. The TPR peak at 

254 °C was ascribed to well-dispersed and small particles of copper oxide species. The peak at 

281 °C could be assigned to the reduction of bulk CuO or stepwise reduction of Cu
2+

 to Cu
+ 

[16-

19]. The hydrogen consumption of the SiO2-based catalyst matched the theoretical value, 

meaning that all Cu was accessible to hydrogen. The Al2O3 TPR profile showed only one single 

peak for the copper reduction at 244 °C. In case of ZrO2 and carbon-based catalyst peaks were 
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shifted to higher temperatures of 254 and 258 °C with hydrogen consumption of 0.61 and 1.95 

mmol.g
-1

 respectively. Surprisingly, the hydrogen consumption for the carbon catalyst was found 

three times higher than the expected hydrogen consumption. The higher hydrogen uptake can be 

due to the presence of reducible functional group. With respect to the catalytic performance, we 

can conclude that the catalysts exhibiting a reduction temperature below 250 °C (reaction 

temperature) show activity for the formation of ethylene oxide. The better performance for the 

TiO2-based catalyst compared to the Al2O3-based catalyst is in agreement with a decreased 

reduction temperature.  

 

Figure 4-25: H2-TPR profiles of Cu-based catalysts prepared with different supports 

 Comparison of catalysts based on Aldrich and CLARIANT ZrO2 supports 

Figure 4-26 depicts the H2-TPR profile of the Cu/ZrO2-Ald and Cu/ZrO2-CL catalysts. The 

obtained H2-TPR profiles showed two reduction peaks for Cu/ZrO2-CL, whereby the one at low 

temperature was ascribed to highly dispersed copper species and the second reduction peak to 

bulk CuO species. Concerning the reduction temperature, the copper catalyst based on 

CLARIANT- ZrO2 reduced at lower temperature (200°C) compared to the catalyst based on the 

commercial Ald-ZrO2 (254°C). The hydrogen consumption for the both catalysts are showing the 
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same value of 0.61 mmolg
-1

. The significantly increased catalytic performance (cf. Section 4.1.4) 

in the case of the ZrO2-CL-based catalyst could thus be correlated to the lower reduction 

temperature, allowing thus the reduction of the Cu species under the reaction conditions (250°C).    

 

Figure 4-26: H2-TPR for Cu/ZrO2 based on Aldrich and CLARIANT provided zirconia 

D. Transmittance Electron Microscopy (TEM) 

The copper catalysts based on different supports were analyzed by TEM and the pictures 

are shown in Figure 4-27. The particle size and morphology of each support is different. Figure 

4-27 E shows the distribution of copper over the Al2O3 support. It seems that the non-uniform 

distribution of copper was obtained, maybe due to the agglomeration of the copper particles. In 

case of the SiO2-supported catalyst (Figure 4-27 F), the copper is uniformly distributed over the 

support, whereby the surface of the support is saturated with copper particles. Surprisingly, in 

contrast, the XPS analysis of this sample has shown very low amount of copper on the surface of 

the catalyst. Figure 4-27 G and H show the samples based on different ZrO2 supports.  
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Figure 4-27: TEM images of E- 5wt.% Cu/Al2O3, F- 5 wt.% Cu/SiO2, G- 5wt.% Cu/ZrO2-Ald, 

H-5wt.%Cu/ZrO2-CL and I-5 wt.% Cu/Act. carbon 

 The Aldrich provided ZrO2 support having less surface area (cf. Section 3.1.3 B) exhibits a 

non-uniform distribution of Cu. On the other hand, for ZrO2 from CLARIANT, a uniform 

distribution of the copper particle was observed with an average particle size in the range of 5-10 

nm. The carbon catalyst (Figure 4-27I) also led to a bad distribution of Cu particles, as expected 

for a hydrophobic support after catalyst preparation in water. The particle sizes for Cu on silica, 

alumina, zirconia-Ald and carbon were difficult to calculate from the TEM images due to the low 

contrast.     
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E. Scanning Electron Microscopy (SEM) with EDX mapping 

Scanning Electron Microscopy (SEM) with EDX mapping was performed to visualize the 

distribution of copper on the different supports. The SEM mapping images for all catalysts are 

shown in Figure 4-28. As discussed in the previous section, the red dots correspond to the copper 

particles in each catalyst. In case of the catalysts based on different supports, some agglomeration 

was observed. A careful look at the SEM images of SiO2, ZrO2-Ald and activated carbon-based 

catalysts (images F, G and H respectively) showed some inhomogeneity in the copper particles 

dispersion. However, SiO2-based catalyst showed very fine dispersion in copper in the TEM 

analysis. Final conclusion from the SEM mapping images is that SiO2, TiO2 and Al2O3 supports 

are the best ones to finely disperse the copper metal particles using the impregnation method. 

 

 



Development of high performance catalysts for the selective oxidation of ethanol to 
ethylene oxide 

 

UCCS, Lille University 1 Page 115 
 

 

 

Figure 4-28: SEM images and element mapping for E- 5 wt.% Cu/Al2O3, F- 5 wt.% Cu/SiO2, 

 G- 5 wt.% Cu/ZrO2-Ald, H-5 wt.% Cu/Act. carbon 

4.3 Conclusion 

In the first part of this chapter, the back optimization of TiO2-P25-supported copper catalyst 

was performed to optimize the copper quantity in the catalyst. It was concluded that the 5 wt.% 

Cu/TiO2–P25 catalyst was the best in terms of ethylene oxide formation. Furthermore, the 

activation of the catalyst by pre-reduction by H2 was studied, showing no beneficial effect in 

terms of catalytic performance. Using catalysts based on different supports, we have seen that 

only the catalyst based on TiO2 exhibited a Cu° phase after reaction. Furthermore, the catalysts 

based on different supports were characterized by a wide range of characterization techniques in 

order to establish a correlation between the chemical and physical properties of the catalysts and 

their catalytic performance.   
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 The influence of the dispersion and particle size of copper over the different supports as 

well as with different loadings was studied. A good dispersion of the copper particles together 

with small particle size (around 15 nm) was observed over the TiO2–P25 and ZrO2-CL supports. 

The SEM mapping also gave supplementary information about the dispersion of copper species 

over the support. The bulk elemental composition determined by X-Ray Fluorescence technique 

showed that the catalyst synthesis was successful for all the samples. The characterization by 

XRD indirectly suggests the uniform dispersion or formation of small copper particles over TiO2 

and Al2O3 supports because there are no characteristic peaks for the copper. On the other hand 

SiO2, ZrO2-Ald and Act. carbon catalyst showed diffraction peaks for CuO, indirectly suggesting 

a non-uniform distribution of big copper particles. Furthermore, XRD analysis of spent catalyst 

showed a characteristic peak of Cu° which was supposedly explained by the copper species 

increased tendency to reduced under reaction conditions. Nevertheless, the reduction of copper 

species could not be observed in the catalysts with other supports than TiO2 containing the 

anatase phase.  On the other hand, the presence of Cu
+2 

and Cu
+
 species in the fresh catalyst as 

well as of Cu° and Cu
+2

 species in the spent catalyst was clearly demonstrated from XPS analysis 

of TiO2-supported copper catalysts. The ratio of Cu
+
/Cu

+2 
decreased with the increase in copper 

loading. The reduction phenomenon of the catalysts was also studied using H2-TPR technique. 

The reduction of copper species over TiO2 support containing the anatase phase was facilitated at 

a lower temperature compared to the catalysts based on the other supports. The higher dispersion 

and lower reduction temperature of the copper species clearly led to the best catalysts for 

converting efficiently ethanol to ethylene oxide.   
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5.1  General Conclusion 

In this work, the selective oxidation of ethanol to ethylene oxide was studied over  

catalysts based on various metals (Cu, Ag and Au) dispersed on different types of supports 

(Al2O3, two different ZrO2, activated carbon, SiO2 and several TiO2). The catalytic as well as the 

physical and chemical properties – such as redox properties, crystal phases, textural properties, 

elemental composition and oxidation state of the metals used as active phases – were studied 

using a wide range of techniques in order to establish a correlation between the latter and the 

catalytic performance for the desired reaction. 

In the first part of this work it was tried to reproduce the results reported previously by 

Lippits et al. [1, 2]. It was however unsuccessful probably because of too many differences in the 

catalyst synthesis procedure and the way of performing the catalytic tests. However, it was found 

that the copper-based catalysts could led to very promising results and it opened the way for a 

cheap and alternative catalyst to the expensive silver and gold-based catalysts. 

Several supports and methods of preparation were used to prepare copper-based catalysts. 

For the Al2O3-based catalysts the co-precipitation method proved to be more efficient than the 

impregnation method for the copper dispersion and for the formation of small size particles. In 

that case the selectivity in ethylene oxide increased with the loading of copper. 

Among the different supports tested (TiO2-P25, ZrO2, SiO2, activated carbon and several 

phases of TiO2) TiO2 containing anatase phase was found to be the best one. The characterization 

study showed that the catalyst based on this TiO2-P25 support had completely different 

characteristics compared to the other supported catalysts. The  XRD, XPS and TEM confirmed 

the uniform distribution and small particle size of the copper species formed at the surface of the 

TiO2-P25 support. Considering the porosity of all the supported catalysts, only TiO2-based 

catalysts had a moderate surface area and well-defined, uniform and broad pores in the 

mesoporous region. Formation of big Cu particles or non-homogeneous dispersion was found for 

the catalysts based on ZrO2 and activated carbon. On the other hand TPR showed that the TiO2-

P25 support allowed an easy reduction of the copper species (i.e. at lower temperature than for 

the other supports-based catalysts) which can be ascribed to the small size of the Cu particles. 

XPS of Cu/TiO2–P25-based catalyst showed that the copper particles can even be reduced (from 

Cu
2+ 

to Cu
+
) by the simple bombardment effect of X-ray radiations.  
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The calcination temperature of the TiO2–P25-based catalysts strongly affected the 

performance, due to the formation of big Cu particles at higher temperatures than 400 °C which 

was found optimal. 

During the optimization of the reaction conditions, it was observed that temperatures 

below 230 °C were not favorable for the ethylene oxide formation. As too high temperature may 

cause the decomposition of ethylene oxide, the optimum was found around 250 °C. The use of an 

excess of oxygen led to higher yield in ethylene oxide but then the experimental conditions were 

in the explosive range and this can be a problem for scaling-up the process in the industry. One 

possibility could be to implement the reaction in microreactors to avoid the safety issues even 

within flammability limits. The excess of oxygen also helped in regulating the coke formation 

and hence in stabilizing the catalytic performance vs. time.   

 After reaction the copper in the TiO2-P25-based catalysts was in reduced state even in 

presence of an excess of oxygen in the gas phase. It has also been showed that a pre-reduction of 

the catalysts before test had no significant impact on the catalytic performance. This means that 

the reduction of the copper particles occurred under stream probably by the action of ethanol.  

With regard to these observations, we concluded that the optimum catalyst – in terms of 

performance – should exhibit easily reducible metal species. The reducibility of the copper 

species was correlated to its dispersion on the support surface and to its particle size [3]. In case 

of the titania-supported copper catalyst, the facilitated reduction was ascribed to the 

aforementioned observed high dispersion of the metal over the support [4]. Furthermore, the 

presence of interactions between the support and the metal cannot be ruled out [5]. The constant 

high performance for Cu on titania support containing the anatase phase was ascribed to the 

continuous oxidation of the amorphous carbon under stream because of the excess of oxygen in 

the feed. 

Based on our results, we postulate the following mechanism (Figure 5-1):  

Metallic copper (Cu°) was formed during the reaction and built a redox-couple with Cu
2+

/Cu
+ 

due 

to the dehydrogenation of ethanol to ethylene oxide. Molecular oxygen is involved in the re-

oxidation of Cu° to Cu
2+

/Cu
+
 as well as in the limitation of coke formation on the catalyst‟s 
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surface. The XPS, XRD and TPR results strongly suggest that more than 50% of the copper 

species are in the metallic form (Cu°) in the spent Cu/TiO2-P25 catalyst.  

 

Figure 5-1: Possible way of dehydrogenation of ethanol and catalyst reduction 

With respect to the observed in-situ reduction of copper, one can also understand why the 

hydrogen pre-treatment of the catalyst had no positive impact on the catalytic performance, since 

it does not enable to maintain the redox-couple Cu° to Cu
2+

/Cu
+
 during the reaction.   

Ethylene oxide formation could also proceed by oxidative dehydrogenation of ethanol 

whereby atomic oxygen takes direct part in the reaction with ethanol over the catalyst surface. 

Some indication for this mechanism may be derived from the observation that the selectivity to 

ethylene oxide increased with the oxygen concentration in the reaction feed. Nevertheless, this 

influence of oxygen can be explained by both mechanisms: in the first proposed mechanism 

oxygen is required to maintain the redox couple between Cu
2+

/Cu° and in the second, the oxygen 

plays an important role in the formation of ethylene oxide by oxidative dehydrogenation (Figure 

5-2). A more detailed kinetic study would be necessary to determine which mechanism is the 

good one. 
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Figure 5-2: Possible way for oxidative dehydrogenation of ethanol 

5.2 Perspectives 

We have seen that Cu/TiO2–P25 is the best catalytic system for the direct conversion of 

ethanol into ethylene oxide. This direct conversion of ethanol to ethylene oxide is a completely 

new approach and has never been described before. It is of high interest as it opens the door to 

the production of biosourced ethylene oxide. However, even if the conditions necessary to get an 

efficient and stable catalyst are now better understood it is still impossible on the basis of the data 

issued from this thesis to conclude on the mechanism. Additional work is required to do so. As 

one example, one may perform a detailed study on the interaction of ethanol and oxygen with the 

catalyst surface by in-situ spectroscopic techniques. Furthermore, as oxygen plays a very 

important role in the formation of ethylene oxide, it could directly allow concluding on the 

mechanism. Actually, the use of 
18

O labeled ethanol could be a way to determine if the molecular 

oxygen is involved in the formation of ethylene oxide, or if it only acts in the re-oxidation of the 

catalyst. 

With respect to the catalyst optimization, one may focus on the reducibility. As we have 

seen, the catalytic performance depends on their ability to be easily reduced, whereby the 

optimization of the catalyst should focus on the decrease of the reduction temperature. One may 

enlarge the study to other kinds of supports, which may allow this behavior (i.e. ZnO). 

Furthermore, we only focused on gold, silver and copper-based catalysts for the direct conversion 

HO

Ethanol

O

Ethylene oxide

2CO2 + 2H2O

1/2 O2

2 1/2 O2

6/2O2

+ H2O
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of ethanol to ethylene oxide, thus leaving much space to develop new catalytic systems with the 

doping of the copper catalysts to enhance its reducibility or stabilize its small particle size. 

Finally, as the best results were obtained in the flammability limits which are not 

applicable at the commercial scale, it could be of interest to try to implement the reaction in a 

microreactor to avoid these safety issues. 
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6.1 Procedure for leak-testing 

In order to verify that the gas circuit of the catalytic test rig was leak-tight, the pressure loss 

method was employed. Therefore the whole gas circuit was pressurized at 2000 mbar and the loss 

of pressure was monitored during 10 minutes. When the loss of pressure was less than 1%, the 

catalytic test rig was supposed leak-tight. In the following the whole procedure is described in 

detailed based on Figure 2-1 (Chapter 2). 

1) In the first step, the reactor containing the catalyst was installed and connected to the 

tubing. 

2) In the second step, an air-flow of 20 mL/min was started via the mass-flow controller 

(labelled MFC 1) whereas the flow of the second mass-flow controller (labelled MFC 2) 

was completely stopped. 

3) The by-pass valve (labelled V-4) was switched to the reactor, meaning that the latter was 

alimented by air. 

4) The two valves connecting the ethanol saturator (labelled V-2 and V-2b) were closed, 

meaning that the saturator was isolated. In fact, as the saturator is made from glass it must 

not be pressurized. 

5) Finally the outlet valve (labelled V-6) was closed. With regard to the applied air flow via 

MFC 1, the pressure in the whole setup increased and could be monitored by the pressure 

indicator (labelled P). 

6) When the pressure reached 2000 mbars (twice the pressure under reaction conditions), the 

inlet valve (labelled V-1) was closed, whereby the pressurized circuit between V-1 and V-

6 (via V-3; V-4; reactor; again V-4 and V-5) was isolated. In this configuration, the 

pressure loss indicated by the pressure indicator (labelled P) was monitored during 15 

minutes. The loss must not overpass 1% (20 mbar) in order to attest leak tightness. 

6.2 Safety consideration  

In order to proceed experiments in safe environment, an ethylene oxide detector was 

installed in the reactor setup. The minimum (first) level for the ethylene oxide detection was 

fixed at 5 ppm as per legal limits indicated in the INRS form. The ethylene oxide detector was 

connected to the oxygen mass flow controller in order to cut the oxygen flow and thus stop the 
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reaction and ethylene oxide formation when the concentration overpasses the aforementioned 

limit. In case of a leak, the following procedure was applied. The second level of ethylene oxide 

detection was fixed at 7.5 ppm. The first level actionate a simple flashlight whereas the second 

level actionate an alarm as described below. 

Safety Procedure for Alert on ethylene oxide in C004 lab 

 

  =    +   

 

First alarm level:   FLASHLIGHT 

 

Measure to be taken: 

 Inform the responsables: 

o Samadhan LOMATE  (6089) 

o Benjamin KATRYNIOK (5438) 

o Sébastien PAUL  (5457) 

 Follow the instructions of the responsibles 

 Under no circumstances open the doors of the vented hood 

 

 

 =     +   
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Second alarm level:   SIREN 

 

Measure to be taken:  

 Leave the laboratory room immediately 

 Inform the responsibles: 

o Samadhan LOMATE  (6089) 

o Benjamin KATRYNIOK (5438) 

o Sébastien PAUL  (5457) 

 Follow the instructions of the responsibles. In case of absence of the latters, make 

evacuate the laboratory 

 Do not enter to the laboratory room under any circumstances until siren is over. 

Only in case of emergency, you are allow to enter provided of a respiratory 

protection – gas mask (located outside the laboratory room in a dedicated box)  

 

 

Automatic counter-measures: 

The feed is automatically cut-off whereby the ethylene oxide concentration will decrease 

immediately. 

 

A 4 ways electric valve has been installed in order to allow by-passing the reactor without 

opening the hood. Thus, if during the reaction any problem occurs we can turn the valve to 

bypass from outside of the safety hood. The switch, which is placed outside the hood, is shown in 

Figure 1. 
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Figure 1 : Safety electric valve switch  

 

On the other hand, to reinforce the safety, an electric flow-meter measuring the exhaust flow of 

the vented hood was installed. 

6.3 Flammability limits  

Ethylene oxide is a flammable, explosive chemical. The limits of flammability and 

explosion are as follows: 

1. The minimum value cited for the lower flammable limit of ethylene oxide in air is 2.6 vol.% 

[1].  

2. The upper flammable limit is typically stated to be 100% because pure EO can violently 

decompose with a significant release of heat in the absence of air or oxygen. 

3. Accordingly, the flammable range of EO-air mixtures is 2.6-100 vol.% (Figure 2). 

4. The auto ignition temperature of EO in air at atmospheric pressure is 445°C [2]. This 

temperature can be lower in presence of certain impurities such as water, acetaldehyde and rust.  
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 Experimental conditions used in this study 

According to the Antoine equation [3] and using an inert flow in the saturator we have 

calculated the appropriate temperature to get the desired partial pressure of EtOH in the feed at 

atmospheric pressure. The molar composition of the feed was as follows: Ethanol- 20%, O2- 

7.5%, Inert gas- 77.5% balance 

At these experimental conditions we will always be out of the flammable limits. 

As a matter of fact for 100 moles of the feed: 

1. Assuming full conversion we consume 20 moles of ethanol and 10 moles of oxygen (O2) 

forming 20 moles ethylene oxide and 20 moles water (inert). This results in a composition of 

EO/O2/other of 18/0/82. 

2. Assuming 75% conversion we consume 15 moles of ethanol and 7.5 moles of O2 forming 15 

moles of ethylene oxide and 15 moles of water (inert). This results in a composition (%) of 

EO/O2/other of 13.9/2.3/83.8 

3. Assuming half conversion we consume 10 moles of ethanol and 5 moles of O2 forming 10 

moles of ethylene oxide and 10 moles of water (inert). This results in a composition (%) of 

EO/O2/other of 9.52/4.76/85.71 

Figure 2 : Flammable region of EO/N2/Air mixtures [1] 
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4. Assuming 40% conversion we consume 4 moles of ethanol and 2 moles of O2 forming 4 moles 

of ethylene oxide and 4 moles of water (inert). This results in a composition of EO/O2/other of 

3.9/7.84/88.22 

All these scenario are reported in Figure 3. It can be seen that in any case we stay out of the 

flammability region. 

 

 

Figure 3 : Flammability range with preliminary experimental conditions  

 

In the optimized experimental conditios, following are the concentrations in the feed. 

   Ethanol- 15%, O2- 30%, Inert gas- 55% balance 

At these experimental conditions we will be in the flammability range, as shown in  Figure 4.  
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Figure 4 : Flamability region of current experimental conditions 

   

The flammability limits of ethanol and air mixture are shown in Figure 5. The reaction conditions 

we used are therefore always out of flammability limits of the ethanol/air mixtures. 

 

Figure 5 : Flammability envelope for ethanol [4] 
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