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Summary 

Alternatives for the Production of Propene Oxide 

Propene oxide (PO) is an important building block in industry, with a demand 

that grows continuously. The two main technologies for the production of PO, 

the chlorohydrin and the hydroperoxide processes, suffer from certain 

limitations, such as the release of high amounts of hazardous chemicals or the 

generation of a co-product whose market determines the economy of the process. 

Despite the disadvantages, these methods still hold the biggest market share of 

PO production and are profitable. However, it is desirable to find a more 

efficient and PO-only alternative. The most recently implemented PO 

production process involves the epoxidation of propene with aqueous hydrogen 

peroxide (HPPO), producing water as only by-product. The limitation brought by 

the high price of the commercially available H2O2 can be overcome by its in-situ 

synthesis and immediate utilization of the epoxidation of propene with 

methanol as a solvent. This process represented a milestone in process 

intensification and PO production. There are still downsides in the HPPO 

process. Hydrogen peroxide is typically produced via the anthraquinone process, 

which is not so environmentally friendly. It also requires three reactors and 

multiple separation steps, making it quite a complex process. Other promising 

technologies are also being researched, such as the combination of the HPPO 

with different methods for the synthesis of hydrogen peroxide, or the direct 

epoxidation of propene with hydrogen and oxygen, or oxygen alone. The purpose 

of this thesis is to analyze some of these alternatives and to evaluate their 

feasibility. 

In the first part of this work, the possibility of developing an alternative 

process to the HPPO process, where hydrogen peroxide is synthesized in a 

plasma reactor, is assessed. From the epoxidation point of view, two process 

options are proposed and analyzed in individual chapters. The first one 

considers the use of hydrogen peroxide vapor, which can be readily produced in 

the plasma reactor, to carry out the gas phase epoxidation of propene. The 

epoxidation can be successfully achieved, even though the utilization of 

hydrogen peroxide is low due to the fast decomposition of the chemical at high 

temperatures. The main factors affecting the epoxidation and decomposition 
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are analyzed. The second alternative considers the possibility of H2O2 being 

synthesized in a microplasma reactor and captured into methanol. Thereafter, 

the epoxidation can take place in the liquid phase in a microreactor. Two types 

of microreactors were considered: a fixed-bed microreactor and a coated 

capillary microreactor. The epoxidation of propene was achieved and high 

selectivity to PO (>95 %) could be obtained. In a third chapter, the overall 

unified process is analyzed, considering the integration of epoxidation and 

plasma reactors. Two types of plasma reactors are presented and the use of 

either hydrogen/oxygen mixtures or simply water vapor as reactants is 

evaluated. The combination of the previously studied epoxidation options with 

the plasma reactor is analyzed from a process point of view. Finally, an 

economic evaluation is performed to assess the feasibility of the combined 

concept.  

The second part of the thesis is focused on the one step oxidation of propene 

with molecular oxygen. It is known that gold-titanium catalysts are very 

selective in the epoxidation of propene with hydrogen and oxygen. This reaction 

is highly interesting; however, the H2 efficiency is rather low and the reaction 

uses reactants that can form explosive mixtures. In this section, Au/TS-1 and 

Au/Ti-SiO2 are tested both for the epoxidation with H2/O2 and with O2 in the 

presence of water. While both were active in the epoxidation of propene with 

H2/O2, only Au/TS-1 was capable of producing PO in the reaction with O2, as 

well as acrolein in a one-to-one ratio. Au/Ti-SiO2 could catalyze the acrolein 

formation very selectively. Acrolein is also a very important chemical 

intermediate with high industrial interest. A kinetic study was performed to 

understand the mechanism of the epoxidation of propene with O2 and H2O. In a 

final chapter, the oxidation of propene with O2 over gold nanoparticles, 

deposited on a copper-containing spinel, was investigated. The result was the 

selective production of acrolein, for which the reaction mechanism was also 

analyzed. 

It can be concluded that there are several alternatives for the production of PO. 

So far, the HPPO process seems to be the most efficient, thus looking for 

simpler ways to synthesize hydrogen peroxide can be a way of optimizing it. 

The single step epoxidation with H2/O2 or O2 has been defined as the holy grail, 

but still needs certain improvements to reach the targets for its industrial 

implementation. 

 



 1  
Publication of this chapter is under preparation. 

 

1.1  Propene oxide: uses and industrial production  

Propene oxide (propylene oxide, PO, 1,2-epoxypropane, methyloxirane) is an 

important chemical intermediate. The annual worldwide production capacity of 

PO reached 7.7 million tons in 2012 and it is expected to grow up to 9.5 million 

tons in 2018 [1]. 66 % of the PO produced is used as intermediate in the 

synthesis of polyether polyols, which are primarily consumed in the production 

of polyurethane foams, both rigid (refrigerators, insulation) and flexible 

(furniture, car seats). The second main application of PO is the synthesis of 

propylene glycols (mono-, di-, tri- and higher), which are raw materials for the 

production of unsaturated polyester resins, that are found in textile and 

construction industries. Finally, a growing market for PO is its use for the 

synthesis propylene glycol ethers, which are increasingly replacing ethylene 

glycol ethers as solvent for paintings, coatings, inks, etc. [2].  

The various industrial processes for the synthesis of PO have been thoroughly 

reviewed by Nijhuis et al. [3] and more recently by Baer et al. [2]. Scheme 1.1 

Introduction 
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outlines the different methods that are either currently being used or in the 

research phase. In this figure the market share for each one of the processes in 

2008 can also be found [4] (first number in brackets) together its expected 

evolution for 2015 [2] (second number). Chlorohydrin and the co-product 

processes are the most commonly used nowadays. However, the growth 

observed in the HPPO highlights its increasing importance. 

 
Scheme 1.1: Summary of propene oxide production routes. Adapted from Baer et al. [2]. The first 

number in brackets indicates share of total world PO production capacity for each one of the 

technologies in 2008 [4]. The second number shows the expected individual share for 2015 

(predictions from 2012) [2].  

(*) The information provided does not specify the distribution of the market share between the two 

chlorohydrin processes. 

(**) Processes that are still under development or in the research phase.  

 

1.1.1 The chlorohydrin process (CHPO) 

The chlorohydrin process was the only method available for both ethylene oxide 

(EO) and PO production during the first half of the 20th century. In the 1930s 

the direct synthesis of EO using a silver catalyst was patented [5], after which 

this process became almost exclusive for EO production. In the case of PO, the 

co-product routes where patented in the 1960s by Halcon [6], gaining market 

share as the time passed.  

Propene

Chlorohydrin

Routes

Chlor-Alkali PO

(43.2 % / 38.7 %)

Lime PO

(*)

Co-product 

routes

PO/Styrene

(32.7 % / 35 %)

PO/tert-butanol

(15.5 % / 13.5 %)

PO/Cumene

(3.7 % / 4.3 %)

H2O2 routes

HPPO 

(4.9 % / 8.5 %)

DSHP/HPPO**

Hydro oxidation HOPO**

Direct oxidation DOPO**

Cl2

O2

NaOH

Ca(OH)2

H2O2

H2/O2

O2

Ethylbencene

Isobutene

Catalyst

Catalyst

Catalyst

Catalyst

Catalyst

Catalyst

Cumene

PO

PO

PO

PO

PO

PO

PO

PO

NaCl brine

CaCl2 brine

Styrene

tert-butanol

Cumene

H2O

H2O

Catalyst PO

H2O



Propene oxide: uses and industrial production 

  

3 

The chlorohydrin process is performed in two steps (Scheme 1.2). The first one 

involves the reaction of propene with aqueous chlorine solution, in which HCl 

and HOCl are in equilibrium. As a result, a mixture of two propene 

chlorohydrin isomers is obtained, together with 1,2-dichloropropane as by-

product. The second step is the dehydrochlorination of propene chlorohydrin 

using a base (Ca(OH)2 or NaOH), resulting in PO. Besides PO, in this last step, 

a solution of 5 % CaCl2 is generated in an amount 40 times more than the 

amount of PO. This is problematic because its reuse is not economically 

favorable. On the other hand, if NaOH is the base employed, the brine 

generated is NaCl, which can be consumed in the production of chlorine. 

Additionally, up to 10 % 1,2-dichloropropane is obtained, which has limited 

applications. The disposal of these two substances that are environmentally 

hazardous is the main limitation of the chlorohydrin process. Nowadays, no 

new chlorohydrin plants are being built, even though the existing large 

production plants are up-to-date and profitable. This can explain the decrease 

in the market share of this technology between 2008 and 2015 observed in 

Scheme 1.1.  

 
Scheme 1.2: Reactions occurring in the chlorohydrin process using Ca(OH)2. 

 

1.1.2 The hydroperoxide processes (PO/TBA, SMPO, CHP) 

The second and currently most used PO production method is the oxidation of 

propene with organic hydroperoxides, resulting in PO and an alcohol. Different 

organic hydroperoxides can be used, but due to the market demand of the co-

product generated, the ones applied in industry are the tert-butyl 

hydroperoxide process (PO/TBA) [6, 7] and the ethylbenzene hydroperoxide 

process (PO/SM, SMPO) [8-10]. These processes are selective and produce less 

waste than the chlorohydrin. On the other hand, a fixed stoichiometric amount 

of co-product is always generated in larger amounts than PO itself due to the 
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differences in molecular weight and decomposition of the hydroperoxide. For 

instance, in the PO/TBA, 2.5 to 3.5 kg of tert-butyl alcohol are produced per 

kilogram of PO (because the alcohol is produced in the two steps of the process), 

and in the SMPO, 2.2 to 2.5 kg styrene are produced per kilogram of PO. This 

makes the economy of the process dependent on the market of the co-product, 

which can be a disadvantage [3].  

The hydroperoxide process is also carried out in two stages. As an example, 

Scheme 1.3 shows the reaction scheme for the SMPO process. In the first place, 

the organic compound, namely isobutene in the PO/TBA or ethylbenzene in the 

SMPO, is oxidized by oxygen or air into its hydroperoxide (tert-butyl 

hydroperoxide (TBHP) or ethylbenzene hydroperoxide (EBHP) respectively). 

Afterwards, the hydroperoxide reacts with propene to produce PO and an 

alcohol (tert-butanol (TBA) or 1-phenyl-ethanol). TBA can be dehydrated to 

form isobutylene and then react with methanol to produce methyl tert-butyl 

ether (MTBE). In the case of the ethylbenzene process, phenyl ethanol can be 

dehydrated to styrene. Both co-products can be sold: MTBE as fuel additive for 

lead-free gasoline and styrene is the precursor to polystyrene and several 

copolymers. The catalyst used for the epoxidation step in the PO/TBA is a 

homogeneous molybdenum catalyst, while in the SMPO, Halcon uses also a 

homogeneous molybdenum catalyst and Shell a heterogeneous titanium-based 

catalyst [2].  

 
Scheme 1.3: Reactions scheme for the ethylbenzene hydroperoxide process.  
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The third co-product process shown in Scheme 1.1 is the cumene route. It is a 

relatively new process, operated by Sumitomo Chemical Company [11]. It 

follows the same principle as the other hydroperoxide processes, but avoiding 

the limitation of the high amounts of co-products. The oxidation of cumene 

results in cumene hydroperoxide (CHP), which epoxidizes propene to give PO 

and dimethylphenylmethanol. The latter can be dehydrated to α-methylstyrene 

and afterwards hydrogenated back to cumene. The main advantage of this 

system with respect to the other two hydroperoxide processes is the absence of 

co-products. The catalyst employed in the epoxidation step of the cumene 

process is titanium silicate with a specific mesoporous configuration [2]. 

 

1.1.3 Hydrogen peroxide-based epoxidation 

 Since the beginning of the 90’s the synthesis of PO via the epoxidation of 

propene with aqueous hydrogen peroxide has become more and more 

important. This reaction was made possible by the discovery in 1983 of zeolite 

TS-1 [12]. The epoxidation occurs in a single step and produces water as only 

by-product, making it a very clean technology (Eq. 1.1) [13]. There is, however, 

one limitation, which is the high price of the commercially available hydrogen 

peroxide. Therefore, the only alternative for an economically feasible process is 

to produce it in situ. In the commercialized HPPO process, hydrogen peroxide 

is produced via the oxidation and reduction of quinones [14] and afterwards it 

is used for the epoxidation of propene over TS-1 under relatively mild 

conditions [15]. Several plants are already operating with this technology. The 

first two were the ones developed by BASF and Dow in Antwerp [16] and by 

Evonik and SKC in South Korea, with capacities up to 300,000 metric tons per 

year [17]. New plants with HPPO technology have been opened in Thailand (by 

Dow and SGC with a capacity of 390 kton/year) [18] and in China (by Evonik 

and Uhde with a capacity for 230 kton/year) [19]. 

    Eq. 1.1 

A description of this process, catalyst, kinetics and integration with hydrogen 

peroxide synthesis will be performed in more detail in the following section. 

 

 

O
+ H

2
O+ H

2
O

2
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1.1.4 Comparison of existing technologies and other alternatives 

The selection of one technology or the other would depend on several factors. 

For instance, if a company has styrene or MTBE in its portfolio, it most 

probably would invest in any of the co-product routes. In the case of 

chlorohydrin process, no new plants are being built nowadays [3]. However, the 

existing world-scale plants have been optimized, being integrated with chlor-

alkali plants and dedicated wastewater treatment plants, making them more 

competitive. Nevertheless, the reduction of water requirements and the 

decreases in capital cost for the processing of co-products or waste brought by 

the PO-only processes (Cumene process and HPPO) suggest that these 

technologies will be mostly commissioned in the foreseeable future [2]. This 

trend is noticeable already in the 6 year-difference between the data of 2009 

and prediction for 2015 of Scheme 1.1. It can be seen that, even though 

chlorohydrin was the most used technology in 2009, by 2015 it will already be 

surpassed by SMPO. The sharpest increase is the one observed for HPPO, 

which is expected to almost double its market share from 2009 to 2015.  

The other three processes shown in Scheme 1.1 are still in the research phase, 

and the reported values do not reach the requirements for industrial 

implementation. The DSHP/HPPO uses the same concept as the HPPO 

previously mentioned, but carries out the hydrogen peroxide production via the 

direct synthesis from hydrogen and oxygen. The other two are promising 

technologies based on the direct oxidation of propene in a single step, either 

from molecular oxygen alone (DOPO), or from a mixture of hydrogen and 

oxygen (HOPO). These routes would be extremely attractive, considering the 

reduction in capital costs and the simplification of the overall process.  

 

1.2  Hydrogen Peroxide to Propene Oxide (HPPO) 

The hydrogen peroxide to propene oxide process is, nowadays, the most 

promising technology for the synthesis of PO [15]. In this section, a detailed 

explanation of the catalyst used, the reaction conditions employed as well as 

the methods for the in situ production of hydrogen peroxide will be provided.  

 

1.2.1 Titanium silicalite-1 (TS-1) 

Titanium silicalite-1 (TS-1) was first created in the Enichem laboratories and 

patented by Taramasso et al. [12] in 1983. It is a zeolite with crystalline MFI 
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structure that presents unique catalytic properties for the oxidation of several 

organic compounds with hydrogen peroxide. Evidence of this efficiency has 

been published for olefin epoxidation [20, 21], oxidation of alkanes [22], alcohols 

[23] and amines [24] or the hydroxylation of phenol [25], among others.  

The composition of this zeolite can be defined as x TiO2 · (1-x) SiO2, being x a 

value between 0 and 0.025 [26]. The selective and efficient activity of TS-1 is 

believed to be related to the isomorphous substitution of Si(IV) by Ti(IV) in its 

framework [27]. Initially this idea arose some skepticism [28] since, according 

to Pauling’s criterion, the atomic radius of Ti(IV) is too large for being inserted 

in lattice positions of the silicalite, therefore it should show a preference to be 

octahedrally bound rather than tetrahedrally bound [29]. However, further 

studies from Millini et al. have demonstrated that the framework of the 

silicalite can accommodate tetrahedrally coordinated titanium [30]. The 

maximum degree of isomorphous substitution (x), calculated as Ti/(Ti+Si), 

determined [30] is 0.025. Trying to exceed this value results in titanium being 

ejected to extraframework positions and forming a TiO2 phase. This is 

important because TiO2 is not active for the epoxidation of propene and only 

catalyzes the decomposition of hydrogen peroxide [31].  

 

1.2.2 Reaction: Active sites and kinetics 

The epoxidation of propene takes place by reacting propene with aqueous 

hydrogen peroxide using zeolite TS-1 as catalyst [13, 21, 32]. The reaction is 

very selective (>96 % selectivity to PO based on propene) with hydrogen 

peroxide conversion higher than 90 % [33]. The main side reactions are the 

decomposition of hydrogen peroxide into oxygen and water and the reactions 

involving the opening of the oxirane ring of PO. TS-1 is a weak acid that can 

catalyze the cleavage of the oxirane ring in the presence of methanol or water, 

resulting in 1-methoxy-2-propanol and 2-methoxy-1-propanol or propylene 

glycol respectively [13, 33]. It has been demonstrated that the addition of small 

amounts of basic additives neutralizes the acid sites of TS-1, resulting in a 

slight decrease in the activity, but reducing the ring-opening reactions, thus 

increasing the selectivity to PO [21, 34, 35].  

Active sites 

Upon contact with hydrogen peroxide, the tetrahedrally coordinated Ti 

contained in the framework of TS-1, forms Ti-peroxide (Ti-O2) and Ti-
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hydroperoxide species (Ti-OOH). It is accepted that the active intermediate 

species for the epoxidation of propene are Ti-OOH. The structure of these 

species is still under debate, especially the role of a co-adsorbed molecule. It 

can either be monodentate, η1, where one protic molecule (alcohol or water) is 

co-adsorbed, stabilizing the hydroperoxide through a five-membered ring [13, 

21, 36] (species a in Scheme 1.4) or bidentate, η2, which does not involve the 

adsorption of a protic molecule [37-39] (species b in Scheme 1.4). As explained 

by Clerici et al. [39], in the case of Ti(η1-OOH) the epoxidation occurs when the 

peroxy oxygen near Ti is transferred to the double bond of propene. At the same 

time, a titanium alkoxide and a water molecule are also formed. Finally, PO is 

desorbed and a new hydrogen peroxide molecule reacts with Ti-OR, forming 

again the active species. In the case of the bidentate alternative, Ti(η2-OOH), 

the coordination of the distant peroxidic oxygen on Ti facilitates its removal in 

the form of a bound hydroxyl group. With the addition of a new H2O2 molecule, 

it is possible to regenerate the active species by the reaction of H2O2 with Ti-

OH [39]. The latter mechanistic proposal is based on quantum chemical studies 

and was obtained under conditions that differ from the real operating 

conditions in an epoxidation reactor [40].  

 
Scheme 1.4: Epoxidation mechanisms of Ti-(η1-OOH) (a) and Ti-(η2-OOH) (b). Adapted from Clerici 

et al. [39]  

Effect of the solvent 

The reaction rate for the epoxidation of propene is highly dependent on the 

reaction medium. Therefore, several solvents have been studied [33, 41-43]. 

Methanol, which can dissolve both H2O2 and propene [44], or methanol-water 

mixtures were already proposed in the first paper [13] as the most suitable 

ones [39, 45]. The role of the solvent initially was thought to affect the catalytic 

performance of the reaction only by stabilizing the Ti-OOH species through 
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electronic and steric effects [21]. However, Langhendries et al. [46] showed that 

the medium also has a role influencing the partition coefficient, which is the 

ratio between intra-porous and extra-porous concentrations of the olefin in the 

zeolite, thus in the adsorption of the olefin. They reported that linear α-olefins, 

such as propene, are concentrated inside the TS-1 micropores, especially when 

the solvent is methanol. The rate of epoxidation decreases in alcohol solvents in 

the order methanol > ethanol > i-propanol > t-butanol, with the two extremes 

differing more than one order of magnitude [39]. This is the same decreasing 

order that Langhendries indicated for the competition of the each alcohol for 

the solvation of the olefin, resulting in a decrease in  the concentration of the 

olefin close to the active sites of the zeolite [46]. Additionally, TS-1 is more 

hydrophobic than other Ti-containing zeolites, so the intra-porous 

concentration of olefins is higher. Therefore, it can be said that the role of the 

solvent in the reaction rate is a combination of several effects and that, in the 

epoxidation of propene, methanol is the most suitable one.  

Kinetics 

During the last years, several kinetic studies on the epoxidation of propene 

with hydrogen peroxide over TS-1 have been published [47-51]. There is some 

discrepancy in literature regarding the type of mechanism followed. While most 

publications supported an Eley-Rideal reaction mechanism [47, 49], Shin et al. 

[48] obtained their best fit with a Langmuir-Hinshelwood dual site mechanism 

(Eq. 1.2). It should be mentioned that the latter worked with very low 

concentrations and reaction conditions far from the industrial ones [51].  

  
1 2 2 2 3 6

1

1 2 2 3 3 2 3 6 4 3

[ ] [ ]
[ -1]

1 1
PO

K K H O C H
r k TS

K H O K CH OH K C H K CH OH


                 

 Eq. 1.2 

Recently, Russo et al. [51] performed a detailed kinetic study of this reaction. 

They analyzed not only the epoxidation of propene, but also the side reactions 

taking place in the HPPO process, such as the decomposition of hydrogen 

peroxide into oxygen and water as well as the ring-opening reactions. They 

determined that an Eley-Rideal mechanism, with propene reacting from the 

gas phase (Eq. 1.3) dominates both the epoxidation and the ring-opening 

reactions.  

 1 2 2 3 6

1

1 2 2 2 3 6 3 2 4

[ ][ ]
[ -1]

1 [ ] [ ] [ ] [ ]
PO

K H O C H
r k TS

K H O K C H K H O K PO


   
  Eq. 1.3 
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During their analysis, they observed that the key factors that influence the PO 

formation and the ring-opening reactions are the temperature, the catalyst 

concentration and the amount of H2O2 in solution. An increase in any of these 

three parameters favors both the epoxidation and the formation of by-products. 

As a result, the conversion of hydrogen peroxide increases, but also the 

selectivity to PO decreases. Therefore, a good compromise should be chosen in 

order to maximize the production of PO. The influence of the concentration of 

propene was not linear.  

 

1.2.3 Hydrogen peroxide 

Hydrogen peroxide is regarded as a green chemical, since water is its only by-

product during the oxidation reactions. It is also one of the most efficient 

oxidizing agents due to its high active oxygen content, i.e. the amount of oxygen 

transferred to the substrate with respect to the total mass of the oxidant, which 

is 47 %. This value is only comparable with molecular oxygen [52]. H2O2 is one 

of the most important inorganic bulk chemicals, mostly used for bleaching in 

pulp/paper (ca 57 %) and textile industries (ca 6 %), for waste water and 

effluent treatment (5 %), and for laundry products (ca 12 %). Only around 10 % 

of the hydrogen peroxide produced is consumed for the production of chemicals 

(data from 2000, [53]). The largest H2O2 production plant so far was 

commissioned for the integration with the propene oxide production in 

Thailand by Solvay and Dow with a capacity of 330,000 tons per year [54]. 

 

1.2.3.1 Synthesis of hydrogen peroxide 

Considering the industrial implementation of the HPPO process, to purchase 

commercially available hydrogen peroxide would not be economically profitable, 

because its price (~ 1.5 $/kg, 100 wt.%) is similar to that of propene oxide 

(2.2 $/kg) (prices from 2008, [55]). Additionally, the transport of the large 

amounts of hydrogen peroxide required to produce hundreds of tons per year of 

PO involves certain risks. Therefore, it is necessary to perform the synthesis of 

hydrogen peroxide on site. The traditional and most employed way of producing 

this important oxidant is the anthraquinone auto-oxidation process. However, 

it is a rather complex technology, so new alternatives are being sought.  
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The integration of the synthesis of H2O2 with the epoxidation of propene has 

multiple advantages, such as the independence from an external supply of 

H2O2 and the elimination of the need for the expensive purification and 

concentration steps of the synthesized hydrogen peroxide. Additionally, the 

capital costs are reduced, since no infrastructure is necessary for the handling 

of co-products. Another factor that makes this integration possible is the easily 

accomplished separation of propene from the liquid solution of PO in methanol, 

which can be afterwards recycled to the epoxidation step [56, 57].   

 

1.2.3.1.1 Anthraquinone auto-oxidation process (AO) 

Almost all the hydrogen peroxide commercialized nowadays is produced via the 

anthraquinone auto-oxidation process. In a typical process (Scheme 1.5), 2-

alkylanthraquinone (AQ) is hydrogenated catalytically to the corresponding 

anthraquinol or anthrahydroquinone (AHQ). The catalyst in this step is 

normally supported Pd or Pt. The AHQ is subsequently oxidized in air to 

produce once again AQ and equimolecular amounts of hydrogen peroxide. The 

AHQ can undergo a further hydrogenation to tetrahydroanthrahydroquinone 

(THAHQ). The latter can be also oxygenated to form H2O2. The resulting 

hydrogen peroxide is separated from the solution of quinones and solvent by 

counter current extraction with water [58, 59].  

 
Scheme 1.5: Reactions taking part in the synthesis of hydrogen peroxide via anthraquinone auto-

oxidation process. Source [59]. 
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Even though this process is used worldwide to produce H2O2, it presents 

certain limitations, such as the use of complex and toxic solvents (i.e. 

ester/hydrocarbon or octanol/methylnaphthalene), the periodic replacement of 

costly quinones, deactivation of the hydrogenation catalyst or being energy 

intensive among others. Additionally, the overhydrogenation of AQ results in 

the generation of by-products that cause water contamination. Due to the high 

capital and investment costs required by the AO process, only large scale 

production is economically viable [59]. Therefore, other alternatives have been 

researched with the aim of achieving a more cost effective and environmentally 

friendly way to produce hydrogen peroxide.  

 

1.2.3.1.2 Direct synthesis 

The direct synthesis aims at producing hydrogen peroxide from a mixture of 

hydrogen and oxygen. The reaction takes place over a supported noble metal, 

using a solvent (normally alcohols) and in the presence of acids to prevent the 

decomposition of hydrogen peroxide. The catalysts employed typically contain 

palladium supported on a variety of supports, such as silica, alumina or carbon. 

The efficiency of gold in the direct synthesis has also been proven [60]. Also, 

Pd/Au alloys have been investigated with better results than the individual 

monometallic systems [61]. 

Even though this reaction seems simple, it is actually quite complex. First, it 

involves three phases: gas (hydrogen and oxygen), solid (catalyst) and liquid, 

because the produced hydrogen peroxide is highly unstable, so a liquid solvent 

should be added to the system. This 3-phase system can suffer from mass 

transfer limitations. Second, there are side reactions that result in the decrease 

of the selectivity to the desired product, hydrogen peroxide. The side reactions 

can be seen in Scheme 1.6. Besides the reaction between hydrogen and oxygen 

to produce H2O2 (R1), there is a parallel reaction that is the formation of water 

(R2). Hydrogen peroxide can also undergo other reactions once it is formed, 

such as the hydrogenation (R3) and its decomposition (R4) [58]. The selection of 

a suitable catalyst is essential to promote one reaction over the others. It is 

essential that the chosen catalyst is capable of adsorbing O2 in a non-

dissociatively manner, which would cause water formation (R2), at the same 

time as dissociatively adsorb H2 [59, 62]. Diluted acids and halides are also 

added to the reaction medium to avoid decomposition (R4) and hydrogenation 

(R3) of the produced hydrogen peroxide [59]. A third issue of the direct 
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synthesis is the use of hydrogen-oxygen mixtures which are explosive over a 

wide range of concentrations; therefore, special care should be taken to avoid 

dangerous situations (the lower flammability limit of H2 is between 4.0 and 

4.5 mol%). To that end, dilutions with an inert gas are normally performed. 

Also the use of novel reactors like membrane reactors or microreactors has 

been studied [63]. 

 
Scheme 1.6: Reactions taking place during the direct synthesis of H2O2 [58]. R1: direct synthesis of 

hydrogen peroxide, R2: water formation, R3: hydrogenation of H2O2 into water, R4: decomposition 

of H2O2.  

If the limitations for the direct synthesis are overcome, this process would 

represent a big reduction in the capital investment and operating costs. 

Additionally, the amount of waste water and environmental impact would be 

minimized.  

A recent review by Garcia-Serna et al. [63] analyzed the main engineering 

aspects involved in the direct synthesis of hydrogen peroxide. They concluded 

that with the advances achieved so far, this technology would be economically 

attractive for small on-site production with capacities below 10 ktons per year. 

It is in this lower range where the anthraquinone process is not competitive 

anymore, as stated above.  

 

1.2.3.1.3 Plasma technology 

Hydrogen peroxide can be synthesized in a plasma reactor either from a 

hydrogen/oxygen mixtures [64-67] or simply from water dispersed in an inert 

gas [68, 69]. There are several benefits for this technology. First, it does not 

involve any other chemical except hydrogen and oxygen or, in the case of the 

humid discharges, water. Second, no catalyst is required, so it does not suffer 

from the mass transfer limitations associated with a gas-solid-liquid system. 
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Finally, the hydrogen peroxide obtained has high purity, as water is the only 

possible by-product [64]. The limitations, on the other hand, are related to the 

amount of energy necessary to produce H2O2. Research is oriented to increase 

the energy efficiency (g H2O2/kWh) in order to produce more peroxide while 

applying less power. The energy efficiencies reported in literature span from 

0.2 to 134 g H2O2/kWh, depending on the type of plasma [70]; these big 

differences may be attributed to the possible differences in the power 

measurements [71].  

The use of plasma reactors for the synthesis of hydrogen peroxide from a 

mixture of hydrogen and oxygen was already proposed in the 1960’s [72]. Then, 

a silent electric discharge was used and yields of hydrogen peroxide not higher 

than 5 % were obtained. In 2005, Zhou et al. [64] reported the use of an 

atmospheric pressure dielectric barrier discharge (DBD) with which, from a 

hydrogen/oxygen mixture, a H2O2 yield of 33 % and selectivity of 56 % were 

obtained. In further publications they improved these results by modifying the 

reactor [65] or scaling it up [66, 73], reaching concentrations of hydrogen 

peroxide in solution up to 65 % and energy efficiencies of 134 g/kWh.  

The use of water discharges has also been thoroughly studied. A review by 

Locke et al. [70] summarizes all the different discharges investigated in this 

field. High energy efficiencies have been reported (81 g/kWh ) as well. The main 

benefits of using water over H2/O2, besides the properties of the plasma, would 

be the reduction in operation costs and the improvement of the safety 

conditions. 

 

1.2.3.2 Decomposition 

Hydrogen peroxide can be decomposed into oxygen and water (Eq. 1.4). This 

reaction should not be underestimated when using hydrogen peroxide as 

oxidant. In the first place for safety reasons, since, when it decomposes, 

molecular oxygen is released. If the reaction takes place in a closed system, the 

pressure will increase considerably, affecting the integrity of the system 

(depending on the resistance of the materials used) and the reaction itself 

(conversions and selectivities). The oxygen released can also form explosive 

mixtures upon contact with organic compounds at certain concentrations. For 

instance, during the epoxidation of propene, oxygen and propene are explosive 

over a particular range of concentrations (i.e. the lower explosion limit (LEL) of 

propene/O2/N2 mixture at 1 bar is 2 vol.% and the upper explosion limit (UEL) 
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is 58 vol.%; at 10 bar they are 2 and 75 vol.%, respectively) [74]. Hydrogen 

peroxide itself can form explosive mixtures with organic compounds, heavy 

metals or alkaline substances [75]. Additionally, when it is heated up at 

atmospheric pressure, vapors containing 26 vol.% or more H2O2 can explode by 

a spark, by contact with catalytically active materials at room temperature, or 

by ‘non-catalytic’ materials like aluminum at temperatures above about 150 °C 

[75].  

 
2 2 2 2

1 / 2H O O H O    Eq. 1.4 

The second, and also important, effect of the decomposition of hydrogen 

peroxide is the decrease of the utilization (mol oxidized products obtained / mol 

H2O2 converted) of the oxidant and the selectivity to the desired product. This 

plays an important role in the whole HPPO process, because the cost of 

producing hydrogen peroxide is one of the main economic factors of the process 

[51]. 

Even though it is considered that the decomposition of hydrogen peroxide 

during the liquid-phase epoxidation of propene at low temperatures is small 

[13], it still plays a role and various research groups have studied it [51, 76-78]. 

The main factor influencing the decomposition is the temperature, with 

increasing temperature, the decomposition rate increases as well [77]. Russo et 

al. [51] observed that there was a strong dependency of the decomposition rate 

on the concentration of TS-1, concluding that a second order kinetic law could 

be applied (Eq. 1.5). These results are reasonable, given that the decomposition 

of H2O2 is a surface reaction and can be Ti-catalyzed [31]. Therefore, the more 

catalyst added the more active sites for the decomposition.  

 2 2
[ -1][ ]D Dr k TS H O   Eq. 1.5 

 

1.2.4 HPPO: Process integration 

The integration of the epoxidation of propene by hydrogen peroxide with the 

synthesis of hydrogen peroxide by the anthraquinone auto-oxidation process is 

possible thanks to the unique properties of TS-1, which allows to epoxidize 

propene very selectively by using very diluted H2O2. The possibility of using 

methanol both for the extraction of hydrogen peroxide and the epoxidation of 

propene favors the process integration to a high extent.  
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Scheme 1.7 shows a schematic flow diagram of the Dow/BASF HPPO plant. 

Multiple patents cover the whole process, describing the epoxidation and all the 

subsequent separation steps [56, 57, 79-84]. Hydrogen peroxide is synthesized 

after the cycle of oxidation and reduction of quinones. Methanol is used both as 

extraction fluid for hydrogen peroxide and solvent during the epoxidation. This 

eliminates the need for the expensive steps of purification and concentration of 

H2O2. The epoxidation is carried out at high hydrogen peroxide conversion, 

while keeping a very high selectivity to PO. This can be done thanks to the use 

of two reactors in series [79]. The outlet of the liquid-liquid extractor, 

containing diluted hydrogen peroxide and methanol, together with propene, is 

fed to the main epoxidation reactor. The reaction takes place using TS-1 

catalyst, at temperatures below 90 °C and at 30 bar, reaching a yield of 85 %, 

with a PO selectivity based on H2O2 of 95 %. The outlet of the epoxidation 

reactor, consisting of PO, water, methanol and unreacted propene and 

hydrogen peroxide are fed to an intermediate distillation column operated at 

atmospheric pressure. PO, propene and traces of methanol are separated 

through the head of the column, while the bottoms are fed to a second 

epoxidation reactor that operates under the same conditions as the first one. 

Here, the H2O2 conversion is 96 % with 96 % selectivity to PO. The overall 

hydrogen peroxide conversion is 99.4 % and the overall PO selectivity is 95 – 

96 %. The introduction of an intermediate separation step allows for an 

increase in the PO yield from 79 % to 94 – 95 % thanks to the reduction of the 

ring opening reactions.  

Thereafter, several separation steps take place in order to obtain commercial 

grade PO. First, the light gases, namely propene, propane, nitrogen (used as 

inert to avoid possible explosive conditions) and oxygen (from the 

decomposition of H2O2) are separated in an initial distillation column. After an 

intermediate purification step, propene can be recycled as feed for the first 

epoxidation reactor [82]. PO is separated from methanol using extractive 

distillation with water or propylene glycol [83, 84]. PO is obtained from the 

upper stream and undergoes further purification, where low boiling 

components such as acetaldehyde are removed. Finally PO with purity greater 

than 99.95 % is obtained [84]. Methanol, which is afterwards separated from 

water and glycols, can be also purified and recycled as a solvent for the 

epoxidation reactor.  
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Scheme 1.7: Simplified flow diagram of the BASF/Dow process for PO production. Epoxidation section adapted from Bassler et al. [16] and H2O2 

synthesis from Campos-Martin et al. [58] 

 

Methanol recycle

Methanol

Propene

Pure PO

H2O, Glycols

Low boilers

Main 

Epoxidation 

Reactor

Off-gas
Crude 

PO

Water

Glycols

Separation

Methanol 

Purification

PO 

Purification

Purge

Air

Hydrogen

Oxidation 

Reaction

Hydrogenation 

Reaction

Pd/Al2O3

L/L 

Extraction

H2O2

Makeup xylene 

+ quinones

Recycle 

catalyst

Propene

PO 

Separation

Finishing 

Reactor
O2 removal

P-9



 Chapter 1: Introduction 

  

18 

1
8

 

In the overall process, there is also a strong integration of energy, the vapors 

are compressed and the condensation heat is returned to the vaporizer 

employed in the extractive distillation column [56]. As a result of the raw 

material integration and the fact that there is no need for additional 

infrastructure for co-product handling, up to 25 % reduction in capital 

investment can be obtained with respect to the existing PO production 

processes [56]. Additionally, substantial environmental benefits have been 

achieved, such as the reduction by up to 80 % of the wastewater generated as 

well as 35 % decrease in energy use [16]. 

Degussa-Evonik, together with Krupp-Uhde developed a different strategy for 

the overall epoxidation and separation steps, obtaining a final PO purity of 

99.97 %. A summary of the patents and reaction schemes employed by Degussa 

has been published by Cavani et al. [56]. They opened the first plant in Korea, 

in collaboration with SKC with a capacity of 100 000 tons per year [17]. 

In spite of all the aforementioned benefits, there are some limitations to the 

current commercial HPPO process. First, the anthraquinone process cannot be 

considered green, because of the reasons explained in section 1.2.3.1. 

Additionally, three (Degussa) or four (BASF/Dow) reactors are required in the 

overall process, as well as multiple separation steps in order to obtain pure PO. 

Therefore, other alternatives are being sought, even though so far they are still 

in the research or development stage.  

 

1.3  Potential alternatives for the production of PO 

1.3.1 DSHP/HPPO: Direct synthesis of Hydrogen peroxide/HPPO 

The integration of the direct synthesis of hydrogen peroxide with the 

epoxidation of propene with hydrogen peroxide would eliminate the problems 

associated with the anthraquinone process. In this case, H2O2 is synthesized 

using a mixture of hydrogen and oxygen over a Pd or Pd/Pt-based catalyst and 

in the presence of strong mineral acids and halide ions. In a separate stage, PO 

is produced via the epoxidation over TS-1. A pilot plant was built by Degussa-

Evonik and Headwaters Nanokinetix in Germany and was expected to start 

operating in 2009 [56, 85-87]. However, no news have been reported about this 

plant since the announcement in 2005 and no more reports about any new 

plant using this technology have been released [63]. 
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This process claims to reduce the investment costs with one-third to one-half in 

comparison with conventional technologies and that it eliminates the 

hazardous reaction conditions and chemicals [56]. There are still several 

limitations that hinder its industrial implementation, such as the possibility of 

forming explosive mixtures of H2 and O2 with a flammable solvent (methanol). 

The strong acids and bromide needed during the direct synthesis step should be 

removed before the epoxidation step because they can catalyze the ring-opening 

reactions, among others, that reduce the selectivity to PO. In the same line, 

during the process some impurities can be formed such as formaldehyde, 

acetaldehyde or propanal that may form azeotrope with methanol and are, not 

only difficult to separate, but also a poison for the Pd or Pd/Au-based catalyst 

[2, 56].  

 

1.3.2 HOPO: Direct synthesis with hydrogen and oxygen 

The synthesis of PO in a single step can be achieved using a mixture of 

hydrogen and oxygen over a catalyst composed of gold nanoparticles deposited 

on a Ti-containing support (hydro-oxidation of propene, HOPO) (Eq. 1.6) [88]. 

This reaction represents an improvement with respect to the aforementioned 

processes, since no previous step is necessary for the synthesis of the oxidizing 

agent. The only by-product obtained is water and the main side reactions are 

the combustion of propene to CO2 or the hydrogenation of propene to form 

propane.  

 Eq. 1.6 

A big improvement in the catalytic activity has been made since Haruta first 

reported the hydro-oxidation of propene in 1998 [88]. From a propene 

conversion of 1.1 % and a hydrogen efficiency of 35 % [88] to maximum 

conversions of 8.8 % (with around 19 % hydrogen efficiency and 81% PO 

selectivity) [89] and hydrogen efficiencies of 47 % (6% propene conversion and 

88 % PO selectivity) [90]. These values are approaching the industrial targets 

that have been set at C3H6 conversion of 10 %, PO selectivity of 90 % and H2 

utilization efficiency of 50 % in 2004 [91, 92]. 
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Catalyst 

The epoxidation reported by the group of Haruta [88] in 1998 was performed 

over gold nanoparticles deposited on TiO2. Later on it was demonstrated that, if 

Ti is in the tetrahedral position and highly dispersed on a silica matrix, the 

catalyst showed greater stability to deactivation and the PO yield increased 

significantly [93]. Therefore, catalyst such as Ti-SiO2 [94, 95], microporous TS-1 

[96-98] or mesoporous Ti-SBA-15 [99] and Ti-TUD [100] have been thoroughly 

researched for this reaction.  

The catalyst preparation is a key factor that determines the catalytic activity. 

Parameters such as Si/Ti ratio, addition of bases (LiOH, NaOH, CsOH, etc.) 

[90, 101], pH value during the synthesis [98], gold loading [95] and calcination 

temperatures have been carefully studied. The best methods for obtaining 

active gold nanoparticles are deposition-precipitation (DP) [60, 102] and solid-

grinding (SG) [97]. The size of the gold nanoparticles is essential to determine 

the reactivity of the catalyst [103]. The optimum gold particle size for the 

epoxidation of propene was determined to be between 2 and 5 nm. Smaller 

particles favor the hydrogenation of propene to propane, while Au 

nanoparticles bigger than 5 nm catalyze the combustion to CO2. Low titanium 

content is preferred in the catalyst because it influences the high Ti and Au 

dispersion and optimizes the cooperation between the two species [56].  

Other studies focused on the addition of other active metal components like Ag, 

Pd, Pt or Cu, among others [56, 104]. Incorporation of Pd resulted in the 

hydrogenation of propene to propane and hydrogen oxidation to water. With Pt 

as an additive, both hydrogen and oxygen efficiencies improved [104]. Llorca et 

al. obtained very interesting results by combining bimetallic Au-Cu [105].  

The potential of this reaction can be demonstrated by the amount of patents 

released by several chemical companies such as Dow or Bayer, where 

modifications to catalyst and optimum reaction conditions are evaluated [56]. 

Reaction mechanism 

The presence of both Ti and Au in the catalyst has been demonstrated to be 

essential for the epoxidation to take place. Gold deposited on silica produces 

only acrolein [106], while TiO2 alone is inactive for the reaction. The synergy 

between Au and Ti is very important. It is known that Au can catalyze the 

synthesis of H2O2 from a mixture of hydrogen and oxygen [61]. Furthermore, as 

it was explained before, the epoxidation of propene with hydrogen peroxide 
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required the formation of an active Ti-OOH species after the interaction 

between tetrahedral Ti and H2O2. Therefore, it is reasonable to assume that Ti-

hydroperoxides are also active intermediates in the epoxidation with H2 and O2 

over Au-Ti catalysts. This has been demonstrated via in situ spectroscopic 

techniques [107, 108]. Using data obtained via XAFS, Bravo Suarez et al. [107] 

were capable of proposing a possible reaction mechanism (Scheme 1.8). This 

mechanism involves the formation of hydrogen peroxide over Au surfaces, the 

transfer of H2O2 from Au to neighboring isolated Ti sites to form Ti-OOH and 

the epoxidation of propene to PO by the Ti-OOH species. Finally, PO and water 

are desorbed from species V, resulting in species I. 

 
Scheme 1.8: A sequential mechanism proposed for the direct epoxidation of propene with hydrogen 

and oxygen over Au supported on titanosilicates. Adapted from [107] 

Limitations 

In spite of the big improvements in the catalytic activity mentioned before, 

there are still some drawbacks that need to be solved before this technology can 

be implemented industrially [108]. In the first place, the hydrogen efficiency is 

still too low. So far, 3 to 10 molecules of water are produced per molecule of PO, 

making the process inefficient. In the second place, bigger efforts should be 

made to evaluate and improve the long-term stability of the catalyst. Normally, 

the products of the oligomerization of PO can deposit on the catalyst, blocking 

the active sites. The risk of forming explosive mixtures with hydrogen and 
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oxygen also limits the application of this process. The use of novel reactors such 

as microreactors [109, 110] and membrane reactors [111] can be a solution to 

this issue. Using these reactors, mixtures that in a macro system would be 

considered explosive, can be employed under safe conditions.  

 

1.3.3 DOPO: Direct epoxidation with molecular oxygen 

The ideal process would be the one step epoxidation of propene with molecular 

oxygen alone (Eq. 1.7). Such a process would reduce the operation costs as well 

as decrease the environmental footprint. Moreover, the safety limitations 

brought by the used of mixtures of hydrogen and oxygen would be avoided. The 

direct oxidation of ethylene can be performed over Ag catalyst [3, 5] and has 

been commercialized since the 1940s. However, the direct epoxidation of 

propene with O2 is not so straightforward. The reason is that the allylic C-H 

bond is weaker than the C=C bond, so the active oxygen species will attack it 

preferentially, resulting in partial oxidation to acrolein or propene combustion 

producing CO2. Therefore, the selectivity to PO in the epoxidation with O2 is 

typically lower than 50 % [108]. Furthermore, the epoxidation rate of propene 

is 10 times slower than the epoxidation rate of ethylene [3]. 

      Eq. 1.7 

Different approaches 

The epoxidation of propene with molecular oxygen has been mainly studied 

over Cu [112, 113], Ag [114, 115], transition metal oxides [116, 117] and molten 

salts [118, 119]. The catalysts showing the most promising results are the 

heavily promoted silver catalysts [114, 115]. Nevertheless, a breakthrough in 

research is still needed in order to improve the selectivity to PO up to values 

higher than 80 % [108].  

Silver is capable of dissociatively adsorbing oxygen, which, at low coverages, is 

weakly bound. This dissociation is necessary for the epoxidation to occur [3]. 

Silver deposited on alumina is the catalyst in the epoxidation of ethylene to 

ethylene oxide (EO) using gas promoters such as NO and dichloroethane as 

well as solid promoters like CsCl. The selectivities can reach 80 % thanks to 

effect of the promoters, which make the oxygen atoms more electrophilic so 
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they can be preferentially inserted into the C=C double bond instead of 

cleaving the C-H bond. In the case of propene, the C-H bond is weaker than in 

ethylene, resulting in the formation of the allylic intermediates. On top of that, 

the γ-H of the reaction intermediates are very weakly bonded, and the active 

oxygen adatoms can easily abstract them, eventually being completely oxidized 

to CO2 and water [108]. ARCO Chem Tech (now Liondell) [120, 121] studied 

and patented a catalyst with high silver loading (30 – 60 %) on calcium 

carbonate. Using this catalyst, containing K, Mo and Cl promoters and carrying 

out the epoxidation in the presence of chloroethane, nitric oxide and CO, 

selectivity values close to 60 % were obtained at 3 % propene conversion [3, 

120].  

Gold catalysis 

Considering the high catalytic activity shown by gold-titanium catalysts for the 

hydro-oxidation of propene, the possibility of using them for the direct 

epoxidation with molecular oxygen has also been explored. In 2009, the 

research of Huang et al. [122] and Ojeda and Iglesia [123] proved that Au/TS-1 

and Au/TiO2, respectively, could catalyze the epoxidation of propene with O2 if 

water vapor was added to the gas stream. In a recent paper Huang et al. [124] 

proposed a possible reaction mechanism in which the presence of basic salts on 

the catalyst is necessary in order to stabilize O2
- over the gold nanoparticle. 

Water dissociates heterolytically over the Au nanoparticle into OH- and a 

proton (H+). The latter reacts with O2
- to form OOH* species that can be 

transferred to the neighboring Ti atom and react with propene in the same way 

as in the epoxidation with H2 and O2. Lee et al. [125] reported that propene 

could be epoxidized over Au6-10 clusters supported on three-monolayer Al2O3 

grown by atomic layer deposition. The selectivity to PO with O2 alone was 33 %, 

while when water was added, it increased to above 90 %. Even though this 

system seems attractive, the values obtained are not comparable with the ones 

obtained with Ag. Therefore more research is needed in order to improve the 

efficiencies and understand how the reaction works.  

 

1.3.4 Other alternatives 

A very complete review of the main existing and promising alternative 

processes for the synthesis of PO has been published by Cavani et al. [56]. 

Besides the aforementioned processes, there are others that also show 
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potential. One of the possible options reported is the gas-phase oxidation with 

N2O, which can be used as oxidant of the selective oxidation of hydrocarbons. 

Another reaction that has been researched is the gas-phase oxidation with O3. 

Finally, the process that would represent a huge reduction in costs is the direct 

oxidation of propane to PO. 

 

1.4  Scope and outline of the thesis 

Throughout this chapter, the benefits and drawbacks of the existing processes 

for the synthesis of PO have been highlighted. The two main technologies, the 

chlorohydrin and the hydroperoxide processes are still very important and 

profitable. The commercialization of the HPPO represented a milestone in 

process intensification and PO production [56], for which several prizes were 

awarded to BASF and Dow [126]. Nevertheless, there is still room for 

improvement in the existing technologies and potential in the alternatives that 

are currently under research. The purpose of this thesis is to analyze some of 

those alternatives and to evaluate their feasibility. 

In the first part of this work, the possibility of developing an alternative 

process to the HPPO, where hydrogen peroxide is synthesized in a plasma 

reactor, is assessed. Chapter 2 analyzes the gas phase epoxidation of propene 

with hydrogen peroxide vapor, considering the fact that hydrogen peroxide is 

produced in the plasma in the gas phase and can be immediately utilized for 

the epoxidation. In Chapter 3 the liquid phase epoxidation of propene with 

aqueous hydrogen peroxide is studied in a microreactor. This option would be 

compatible with the synthesis of H2O2 in a microplasma reactor and the 

subsequent capturing in an adsorbing liquid, or with the direct synthesis of 

peroxide from H2 and O2 in a microreactor. Finally, the overall process is 

analyzed in Chapter 4, considering the integration of epoxidation and plasma 

reactors and the feasibility of the combined concept. 

The second part of the thesis focuses on the one step oxidation of propene with 

molecular oxygen. Chapter 5 contains a detailed experimental and kinetic 

study of the epoxidation of propene with O2 alone using Au/TS-1 and Au/Ti-

SiO2 as catalysts. Here, a comparison with the hydro-oxidation of propene 

using hydrogen and oxygen over the same catalysts is also performed. The 

main by-product obtained with this reaction is acrolein, which is, like PO, an 

important chemical intermediate. In Chapter 6 the oxidation of propene with 

O2 over gold nanoparticles deposited on a copper-containing spinel was 



  Scope and outline 

  

25 

investigated. The result was the selective production of acrolein, for which the 

reaction mechanism was also analyzed.   

Finally, Chapter 7 summarizes the conclusions reached along the thesis and 

ends with an outlook of the alternative processes for the production of PO.  
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Abstract 

A study on the gas phase epoxidation of propene with vapor hydrogen peroxide 

has been carried out. The main purpose was to understand the key factors in 

the reaction and the relationship between epoxidation of propene and 

decomposition of hydrogen peroxide, which is the main side reaction. The 

decomposition was highly influenced by the materials used, being higher in 

metals than in PTFE and glass and it was complete when the epoxidation 

catalyst, TS-1, was introduced in the system. However, when propene was 

added, the peroxide was preferentially used for the epoxidation, even with 

amounts of catalyst as small as 10 mg, reaching productivities of 

10.5 kgPO kgcat
-1 h-1 for a GHSV of 450,000 ml gcat

-1 h-1. The hydrogen peroxide 

was converted completely in all the experiments conducted, with selectivity to 

PO of around 40 % for all peroxide concentrations. Finally, if concentrations of 

propene higher than the stoichiometrically required amounts were used, the 

selectivity to PO increased to almost 90 %.  

 

Gas phase epoxidation 

of propene with 

hydrogen peroxide 

vapor 
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2.1  Introduction  

The use of aqueous hydrogen peroxide for the synthesis of propene oxide (PO) is 

an attractive alternative to the traditional chlorohydrin and hydroperoxide 

processes. In the first place, because water is the only by-product, making it a 

clean technology, and in the second place because of the high yields that can be 

obtained. This reaction was first carried out by Clerici et al. [1], who reported a 

conversion of hydrogen peroxide higher than 95 %, with negligible 

decomposition and the selectivity of propene to PO of around 90 %. The final 

step for its industrial implementation occurred in 2008, when the epoxidation 

of propene was coupled with the synthesis of hydrogen peroxide via the 

anthraquinone process and two plants were opened by Evonik and SKC and by 

Dow and BASF, respectively [2, 3]. 

Zhao et al. [4] reported the possibility of integrating the epoxidation of propene 

with the synthesis of hydrogen peroxide in a plasma reactor starting from a 

mixture of O2 and H2. This simplifies the overall process, since the first step 

does not require any solvent and the peroxide obtained has high purity. 

Additionally, if one considers that the H2O2 leaves the plasma as vapor, to 

perform the epoxidation in the gas phase would avoid intermediate capturing 

steps. This combination was first used by Su et al. [5], who reported a yield of 

0.25 kgPO kgcat
-1 h-1, selectivity of propene to PO of 95.4 % and peroxide 

utilization of 36.1 %. A more detailed description of the gas phase epoxidation 

was published by Klemm et al. [6], who performed the reaction in a 

microstructured reactor coated with TS-1, both on laboratory scale and in a 

pilot plant. They reached productivities higher than 1 kg of PO per kilogram of 

catalyst per hour and selectivities to PO based on propene higher than 90 %. 

However, the selectivity based on peroxide that they reported was 25 % in lab 

experiments and 60 % in the pilot plant, which is still too low for being able to 

compete with the liquid phase route mentioned before. 

 
2 2 2 2

1 / 2H O O H O    Eq. 2.1 

The main side reaction encountered when working with hydrogen peroxide 

vapor is its decomposition into oxygen and water (Eq. 2.1), which can occur 

both on the surface of the reactor and over the catalyst. The decomposition of 

H2O2 vapor over different materials, even relatively inert ones, was broadly 

studied in the middle of the 20th century. Satterfield et al. [7, 8] and Mackenzie 

et al. [9] reported that, at temperatures between 15 and 450 °C, it is mainly a 

surface reaction, with the rate of reaction being higher over metals than over 
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borosilicate glass or quartz. Analyzing the effect of temperature, Satterfield et 

al. [7] indicated that the decomposition reaches a minimum at 150 °C. The 

reason for higher decomposition values at lower temperatures was attributed to 

the adsorption of hydrogen peroxide on the walls of the glass vessel, forming a 

multilayer which gets thicker at lower temperatures until there is 

condensation. With respect to the kinetics of the decomposition of hydrogen 

peroxide vapor, Giguere et al. [10] and Hoare et al. [11] reported that it is a 

first order reaction with respect to the concentration of hydrogen peroxide 

when using partial pressures of H2O2 higher than 0.0013 bar, and that the 

activation energy is about 63 kJ/mol. This contrasted with the 1.5 order 

predicted by Satterfield et al. [7] or the bimolecular reaction published by 

Mackenzie et al. [9] The reasons for these discrepancies can be that the former 

did not use any inert gas, while both Giguere et al. [10] and Hoare et al. [11] 

studied the influence of various inert gases, and the latter conducted his study 

at partial pressures of peroxide of 0.0013 bar. In a more recent study, Lin et al. 

[12] analyzed the decomposition of aqueous H2O2 in flow at high temperatures, 

from 100 to 280 °C, over reactor tubing of various materials. They also observed 

first order reaction kinetics and their results were in agreement with the 

research of Hoare et al. [11] The values for the decomposition rate constants for 

several materials that they reported can be seen in the third column of Table 

2.1. The rate constants for Teflon and glass followed the same pattern, so they 

averaged their results and summarized them in a unique constant for both 

materials. On the other hand, the reaction over titanium or stainless steel was 

100 times faster. They attributed the catalytic effect of the metals to a charge 

transfer reaction where radicals are involved. 

In 2011, Klemm et al. [13] developed a microstructured falling film evaporator 

for hydrogen peroxide made of AlMg3. This material was chosen due to its 

higher mechanical strength. The decomposition that they observed accounted 

for 10 % of the peroxide evaporated at 130 °C. According to their observations, 

it occurred in the liquid phase while it was being evaporated, instead of in the 

vapor phase when it comes into contact with the reactor surfaces. They 

supported this information with the fact that they could not reduce the 

decomposition by diminishing the residence time, which was done by increasing 

flow rate of the inert gas.  
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Table 2.1: Influence of the materials in the decomposition of hydrogen peroxide vapor at 140 °C and 

comparison with the results of Lin et al. [12] between 100 and 280 °C in the liquid phase. 

Material Decomposition (%) 
Rate constant from literature 

[12] 

Quartz 30 
3 67000

4.0 10 exp
 

   
 

k
RT

  

PTFE 25 
3 67000

4.0 10 exp
 

   
 

k
RT

 

Titanium 100 
5 68200

7.2 10 exp
 

   
 

k
RT

 

Stainless steel 100 
5 61900

2 5 10. exp
 

   
 

k
RT

 

Conditions: Temperature 140 °C, 0.028 bar H2O2, 0.14 bar H2O and He flow of 100 ml/min. 

Rate constants for the first order kinetics of the decomposition of peroxide in the liquid phase at 

temperatures from 100 to 280 °C for different materials, reported by Lin et al. [12]. Rate constants, 

k, in s-1, R= 8.314 J mol-1 K-1, T in K. 

 

When a catalyst is added to the system, its interference with the peroxide 

decomposition can influence the performance of the desired reaction. In the 

case of TS-1, it contains titanium, which can be present as isolated 

tetrahedrally-coordinated Ti atoms or as amorphous extra-framework titanium 

dioxide species. The former is assumed to be responsible for the catalytic 

activity of TS-1 in the oxidation of organic compounds with hydrogen peroxide. 

Upon contact with H2O2, Ti-hydroperoxide species are formed, which are 

intermediate species in the epoxidation of propene [14]. On the other hand, 

Huybrechts et al. [15] reported that the decomposition of peroxide increased 

when they used TS-1 with higher titanium content, even when it was in 

tetrahedral position. With this, they concluded that the reaction is titanium 

catalyzed. These observations were confirmed by the DFT calculations of Yoon 

et al. [16] They indicated that the Ti-hydroperoxide species, formed in the 

tetrahedrally coordinated Ti in TS-1, are capable of oxidizing a second 

equivalent of peroxide, producing radical ·OOH and Ti(O·)(OH2) species that 

may be involved in the decomposition of H2O2. Potekhin et al. [17], studying the 

kinetics of the decomposition of H2O2 over TS-1, reported an activation energy 
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of 72 kJ/mol, which is similar to the 68.2 kJ/mol published by Lin et al. [12] for 

titanium tubes. The second type of titanium, contained in the extraframework 

amorphous titania, has a stronger effect in the decomposition of hydrogen 

peroxide. According to Huybrechts et al. [15], the anatase present in some of 

their synthesized TS-1 samples was only active for the decomposition of 

peroxide and not for the oxidation of organic compounds. 

The aim of this work is to provide insight into the epoxidation of propene with 

hydrogen peroxide vapor at high temperatures, understanding the key factors 

in the reaction and the relationship between epoxidation and decomposition of 

hydrogen peroxide.  

 

2.2  Experimental 

2.2.1 Catalyst synthesis and characterization 

TS-1 was synthesized following the procedure described by Shan et al. [18] to 

produce conventional zeolite nanocrystals. The resulting catalyst was 

characterized by XRD for crystallinity, SEM for studying the particle size, UV-

vis for the coordination state of the titanium in the zeolite and ICP for its 

elemental composition. The details for the synthesis method as well as the 

characterization techniques followed can be found in Appendix 2.A. 

 

2.2.2 Experimental setup 

The gas phase epoxidation was performed in a tubular reactor with an inner 

diameter of 4 mm and a length of 470 mm. The reactor was placed inside a 

tubular oven, in which the experiments were conducted at different 

temperatures, ranging from 120 °C to 160 °C. The hydrogen peroxide vapor was 

obtained by feeding liquid H2O2 (30 wt.%, Sigma Aldrich, containing 

stabilizers) with a syringe pump (KDS 100 with a borosilicate gas-tight syringe 

SGE) through a PEEK capillary inside the reactor, where it evaporates over a 

bed of PFA (perfluoroalcoxy) beads at the working temperature. The syringe 

pump was placed inside a fridge at 7 °C to avoid decomposition of H2O2. The 

gases, helium (carrier gas) and propene, were dosed by mass flow controllers 

(BROOKS Instruments B.V.). The outlet gases of the reactor were analyzed 

online by a Compact GC (Interscience B.V.) equipped with a Rt-Q-Bond column 

and a Molsieve 5A column in two separate channels, both with a thermal 
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conductivity detector (TCD). Given the limitations of the analysis of hydrogen 

peroxide vapor, which is fully decomposed at the high temperature in the 

injector of the GC, a capturing setup was developed. A 4-way valve was 

installed just after the reactor, giving the possibility of diverting the flow to a 

capturing vessel. This vessel was immersed in a cooling bath prepared with a 

mixture of liquid nitrogen and ethanol (-116 °C) so that all the vapors were 

frozen when passing through it. The remaining gases were measured in the 

GC. All the oxygen measured during these runs can be directly related to the 

amount of hydrogen peroxide decomposed in the reactor (Eq. 2.2). To verify the 

validity of this method, in a number of experiments, the frozen content of the 

vessel was analyzed by iodometric titration to determine the peroxide 

concentration in the gas phase. Using this method, we could determine the 

hydrogen peroxide decomposition with an experimental error of approximately 

10 %. 

2.2.3 Decomposition experiments 

The stability of peroxide against factors like construction materials or the 

presence of catalyst was evaluated in the setup described above. Four different 

types of materials for the reactor were compared both with and without 

catalyst: quartz, PTFE (ERIKS, 10014664), titanium (Grade 2 titanium, DIN 

17850) and stainless steel. To that end, the setup was in its capturing position 

and the measured O2 was related to the decomposed peroxide in vapor phase as 

explained in Eq. 2.2. 

 
2

2 2

2 2

2        
min

   (%)      1  00

   
min

mol
O measured inGC

H O decomposed
mol

H O pumped

 
 
 

 
 
 
 

  Eq. 2.2 

Additional H2O2 decomposition experiments were performed in the liquid phase 

both at the conditions generally used in literature for the liquid phase 

epoxidation and at the normal operating temperature employed during the gas 

phase reaction. The former was carried out with 400 mg of catalyst, in a 100-ml 

stirred glass vessel at 50 °C. Methanol was used as a solvent and the 

concentration of peroxide was 4 wt. %. The latter test was performed at 140 °C 

in a titanium autoclave at 12 bar, due to the high vapor pressure of methanol 

(10.3 bar) and the possible release of oxygen due to the higher decomposition 

rate of peroxide at this high temperature. In this case, a blank test was done 
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without catalyst to evaluate the thermal decomposition before adding 100 mg 

of TS-1. 

2.2.4 Epoxidation experiments 

The gas phase epoxidation experiments were carried out in the setup described 

above, analyzing different parameters that can be important for the 

performance of the reaction.  

The conversion and selectivity to PO of hydrogen peroxide (XH2O2, SH2O2 to PO) 

and propene (XC3H6, SC3H6 to PO) were calculated following Eq. 2.3 to Eq. 2.6: 

 2 2 2 2

2 2

2 2

-
100

IN OUT

H O H O

H O IN

H O

P P
X

P
    Eq. 2.3 

 
2 2

2 2 2 2
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H O H O
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 Eq. 2.6 

The effect of the concentration of hydrogen peroxide and propene was evaluated 

by maintaining one of them at a constant concentration in excess and varying 

the concentration of the other. Helium was used as inert gas, with flows of 

50 and 100 ml/min. In all these experiments the temperature was maintained 

at 140°C 

The influence of the catalyst loading was also tested. To that end, different 

amounts of the synthesized TS-1, ranging from 10 to 100 mg, were packed in 

the reactor. The epoxidation was carried out at a total flow rate of 64 ml/min, 

0.037 bar H2O2 and 0.13 bar C3H6 at a temperature of 140 °C. 

The behavior of the system at different temperatures was evaluated by varying 

the temperature of the oven between 120 and 160 °C. The partial pressures of 

peroxide and propene were 0.024 and 0.008 bar respectively, maintaining a 

total flow rate of 116 ml/min. 
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2.3  Results and discussion 

2.3.1 Hydrogen peroxide decomposition 

Four different types of reactor materials were tested for their interaction with 

hydrogen peroxide vapor. The levels of decomposition varied to a high extent, 

as shown in Table 2.1. 

It was observed that, as reported by Satterfield et al. [7] and Lin et al. [12], the 

decomposition over quartz and PTFE is considerably smaller than the 

decomposition over metals, as all the H2O2 vapor added in the latter case is 

decomposed immediately. The values for the decomposition over Teflon were, 

however, the lowest. This result is not in agreement with what Satterfield et al. 

[7] published, where the decomposition rate over the polymer at 120°C was 

twice as high as over borosilicate glass. The reason for this discrepancy can be 

the fact that quartz can participate in a cation exchange mechanism, attracting 

cations like Na+, K+ or Ca+ that can act as active centers for the H2O2 

decomposition [7]. While, on the other hand, the surface of PTFE is more inert 

to ion exchange. Another contribution to this explanation can be the 

hydrophobicity of the polymer, which prevents water and peroxide to 

accumulate over its surfaces at lower temperatures, reducing the surface 

decomposition.  

It was chosen to perform the gas phase epoxidation experiments in a quartz 

reactor due to its higher thermal resistance and its lower permeability to 

helium, which is the carrier gas used.  

During the tests performed in the liquid phase, the addition of the catalyst was 

found to have little effect under the mild conditions employed normally for the 

liquid phase epoxidation (50 °C). According to the experiments, only 0.5 % of 

the initial peroxide added was decomposed in contact with 400 mg of TS-1 after 

3 hours. It is worth noting that the catalyst employed in this study contains 

certain amounts of extra-framework titanium (see Appendix 2.A, Figure 2.8). 

However, the low peroxide decomposition observed in the liquid phase 

experiments, indicates that the amount of extra-framework Ti is low and does 

not significantly affect the catalyst performance. When the temperature was 

increased to 140 °C, the decomposition increased dramatically both with and 

without catalyst (Figure 2.1). The trend observed without the catalyst can be 

seen as similar to the results obtained in the gas phase in the empty flow 

reactor. The decomposition at higher temperatures occurs on the surface of the 
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titanium reactor, as this reaction is catalyzed and speeded up by the surface of 

the metal. The incorporation of the catalyst to the system resulted in a faster 

consumption of the hydrogen peroxide, being partly decomposed and partly 

used for oxidizing the methanol to form formaldehyde. However, the half-life 

time of H2O2 under these conditions was about 30 minutes, which is much 

longer than the typical residence time of 3 - 7 s in the gas phase flow reactor.  

 

Figure 2.1: Decomposition of H2O2 at 140°C in the liquid phase with and without catalyst, using 

methanol as a solvent. 

When the catalyst was tested in the packed bed flow reactor at 140°C by 

feeding peroxide vapor and water, 100 % of the peroxide added was 

decomposed, even when only 10 mg of TS-1 were loaded in the reactor. Various 

reasons can justify the difference between this behavior and the one observed 

in the liquid phase at the same temperature. First, it can be due to the higher 

availability of the catalyst in a flow system and the stabilizing effect of the 

liquid. Secondly, because of the higher affinity of TS-1 for methanol than for 

water [19]. Finally, in the liquid phase experiments, part of the Ti sites 

responsible for the decomposition of peroxide were probably coordinated with 

methanol, and thus are less available for the decomposition of peroxide over TS-

1.  

The introduction of a flow of propene together with the hydrogen peroxide 

vapor changes the product distribution obtained. Figure 2.2 shows the 

selectivity of hydrogen peroxide to the decomposition and to the production PO 

and by-products. It can be seen that hydrogen peroxide is still converted 

completely, but it is primarily used for the epoxidation of propene. This implies 

that the epoxidation rate is faster than the decomposition rate. The same as in 

the liquid phase epoxidation, where the selectivity of hydrogen peroxide to PO 
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is around 95 %, with the decomposition being very small [1]. This fact was also 

observed by Huybrechts et al. in 1992 [15] when they reported that, despite the 

fact that the decomposition over TS-1 was titanium catalyzed, the efficiency of 

H2O2 for catalytic oxidations was generally high (60 – 90 %). Looking at the 

activation energies of both reactions over TS-1 in methanol in the range from 

25 to 50 °C, they are 28.5 kJ/mol for the epoxidation [20] and 72 kJ/mol for the 

decomposition [17]. In the case of the gas phase reaction, considering the 

Arrhenius equation, an increase of the temperature from 50 to 140°C results in 

an increase of the decomposition rate constant of about 230 times, which is 

much larger than the almost 9 times increment of the epoxidation constant. 

Therefore, this easily explains why our experimentally observed 

epoxidation/decomposition ratio at 140 °C is much lower than those reported by 

others in the liquid phase at 50 °C. For example, Shin and Chadwick [20], 

working at 40 °C in the liquid phase, reported that the utilization of H2O2 was 

88 % with only 0.3 % of the peroxide being decomposed after 5 hours and a 

selectivity to PO of 95 %. Their ratio epoxidation/decomposition (PO 

formed/H2O2 decomposed) is higher than 250, while in our study, this ratio was 

within a range between 1.5 and 0.005, depending on the reaction conditions 

used.  

 

Figure 2.2: Selectivity of hydrogen peroxide to its decomposition into O2 and H2O, PO, acetaldehyde 

and propanal when C3H6 is added (greyed area) versus time on stream. Temperature 140 °C, He 

flow 150 ml/min, 0.017 bar H2O2 and 0.13 bar C3H6. 

The hydrogen peroxide decomposed in the small amounts of extra-framework 

titanium contained in the synthesized TS-1 will not be affected by the addition 

of the flow of propene, since these sites are not active for the epoxidation. 

Therefore, a catalyst in which most of the Ti is outside the framework of the 

zeolite, will mostly decompose the H2O2 vapor and produce very small amounts 
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of PO. In the absence of amorphous Ti, it can be expected that the 

epoxidation/decomposition ratio will be even higher.  

 

2.3.2 Gas phase epoxidation 

The main side reaction during the gas phase epoxidation of propene was the 

decomposition of hydrogen peroxide into oxygen and water. Nevertheless, some 

carbon-containing byproducts were also observed: acetaldehyde, CO and CO2 

from the subsequent oxidation of propene oxide at high temperatures and 

propanal and small amounts of acetone from the isomerization due to the 

opening of the C(3)-O and the C(2)-O bond respectively. Additionally, small 

amounts of propionic acid, acetic acid and propene glycol were detected. TGA 

analysis of the spent catalyst showed the deposition of organic compounds, 

which were burned at 220 °C and represented 1 % of the amount of PO 

produced. These compounds can be associated with the olygomerization or 

polymerization of propylene oxide in the presence of water (Eq. 2.7).  

          Eq. 2.7 

The use of hydrogen peroxide in excess with respect to propene was not 

possible, since all the peroxide added reacted with full conversion in all the 

experiments, partially to give PO and by-products and partially being 

decomposed. This contrasts with the findings of Klemm et al. [6], who reported 

that only after a modified residence time of 0.12 gcat s
-1 ml-1 STP they obtained 

full conversion of hydrogen peroxide. By maintaining an excess of propene and 

varying the concentration of peroxide below stoichiometric amounts, the 

selectivity to PO remains constant around 40 %, only increasing slightly with 

the peroxide concentration. This value is higher than the 25 % reported by 

Klemm et al. [6] for the experiments in their laboratory setup. In Figure 2.3 it 

can be seen that there is an almost constant ratio between the partial pressure 

of H2O2 and the PO formed, which indicates that the two competing reactions 

(epoxidation and decomposition) are both probably of the same order with 

respect to peroxide, evolving in the same manner as the concentration of the 

reactant is increased. In this case, the ratio epoxidation/decomposition (PO 

formed/H2O2 decomposed) was 1.5. 
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Figure 2.3: Dependence of the PO production and selectivity on the concentration of H2O2. Excess of 

C3H6 (0.07 bar), 50 mg TS-1, total flow 50 ml/min. 

The influence of the catalyst loading was evaluated by varying the amount of 

catalyst in the range from 100 mg to 10 mg. The use of even lower quantities 

did not give accurate results due to by-passing of the flow past the catalyst. It 

was observed that even with loadings of TS-1 of 10 mg, the conversion of 

hydrogen peroxide was always complete, obtaining in all cases, for the same 

given reaction conditions, the same amount of propene oxide and the same 

amount of oxygen from the decomposition. With 10 mg of catalyst, the 

productivity of PO goes up to 10.5 kgPO·kgcat
-1·h-1 at a GHSV of 450,000 ml gcat-

1 h-1, which is higher than the minimum required 1 kgPO kgcat
-1 h-1 for industrial 

implementation [6]. The reason for this behavior is that the full conversion of 

hydrogen peroxide occurs already in the first section of the catalyst bed, 

because both reactions happen very fast. Therefore, the remainder of the 

catalyst has no effect in the reaction. This can be seen with the bare eye, since 

after the reaction, the initial part of the catalyst bed has a yellowish coloration, 

associated with a peroxo moiety which is a result of the interaction of the Ti 

atoms in the framework of the zeolite with H2O2/H2O [21]. The rest of the 

catalyst remains white, which implies that when the reactant stream reaches 

it, H2O2 has been already fully converted. 
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a.  

b.  

Figure 2.4: a. Dependence of the PO production rate (■) and the selectivity of propene to PO (▲) on 

the partial pressure of C3H6. b. Conversion (●) and selectivity to PO (▲) of C3H6 and utilization of 

hydrogen peroxide (■) as a function of the partial pressure of propene. Greyed area: Excess of 

hydrogen peroxide. White area: Excess of propene. Constant PH2O2 = 0.024 bar. Total flow rate: 100 

ml/min. Temperature: 140°C. 10 mg of TS-1. 

When working below stoichiometric concentrations of propene, a progressive 

increment in PO formation was observed as the PC3H6 increased (squares in 

Figure 2.4a). On the other hand, the low selectivity of propene to PO at very 

low concentrations of the reactant should be noticed. In this case, the main 

products were CO, CO2 and acetaldehyde, suggesting that the big excess of 

peroxide can be responsible for the further degradation of propene oxide. As the 

amount of propene increases, the peroxide present is not enough for the 

subsequent oxidation of the formed PO, resulting in the growth of the 

selectivity. When concentrations higher than stoichiometrically needed were 

used, the selectivity approached 90 % (Figure 2.4b). Contrary to the selectivity, 

the conversion of propene decreased as the partial pressure of propene 

increased, even when concentrations of propene below stoichiometry were used. 
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As explained before, according to our observations, the decomposition and the 

epoxidation are of the same order in hydrogen peroxide; however, the 

epoxidation rate also depends on the concentration of propene. According to 

Shin et al. [20], in the liquid phase this order is 0.63. Therefore, if the 

concentration of propene is not high enough, the epoxidation rate will decrease, 

while the decomposition rate remains the same. This results in a situation 

where the decomposition rate is faster than the epoxidation rate. In this case, 

most of the peroxide is consumed before it can react with all the propene 

available, resulting in a lower conversion of the latter. 

 

Figure 2.5: Influence of the temperature in the PO production and in the selectivity of propene to 

PO. 0.024 bar H2O2, 0.008 bar C3H6, total flow rate: 116 ml/min, 14 mg TS-1. 

The influence of the temperature on the epoxidation is shown in Figure 2.5. At 

the conditions employed in these experiments, the conversion of hydrogen 

peroxide is 100 % and the conversion of propene is around 75 %, at all 

temperatures. However, with increasing temperature, the selectivity of propene 

to PO raises from 70.2 % at 120 °C to 75.8 % at 150 °C. There are several 

factors that can explain this effect. First, due to the increase of hydrogen 

peroxide adsorbed on the surface of the reactor as the temperature is 

decreased, forming a multilayer infinitely thick as the condensation 

temperature is reached. For instance, at 120 °C, the condensation would begin 

at partial pressures of H2O2 of 0.126 bar [7]. The multilayer adsorption 

increases the decomposition rates with respect to the epoxidation rates. 

Because both reactions occur so fast, it can also be that the rate limiting step is 

the diffusion of propene to the active Ti sites where the hydrogen peroxide is 

adsorbed. With increasing temperature, the propene will reach faster the 

hydroperoxide species, and the epoxidation will occur preferentially. The 
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activation energies can also play a role in the effect of the temperature in the 

competitive reactions of this system: epoxidation and decomposition. Both the 

reaction rate constant of the decomposition and of the epoxidation increase 

with the temperature according to the Arrhenius equation. The fact that there 

is a point where the increase in temperature is not translated into an increase 

in the PO productivity (150 and 160 °C give approximately the same results) 

can be associated to the stronger increase of the decomposition constant 

compared to the epoxidation one, since the activation energy of the former is 

higher than the latter.  

 

2.4  Conclusions 

When working with H2O2 vapor, the main side reaction is its decomposition 

into oxygen and water. This is a surface reaction at temperatures below 450 °C, 

which is highly dependent on the materials that will be in contact with the 

chemical. Therefore, special attention should be paid to the selection of the 

working materials for the reactor and the piping. The decomposition at 140 °C 

over PTFE and quartz was 25 and 30 %, respectively, while all the peroxide 

added was immediately decomposed when the reactor was made of a metal like 

titanium or stainless steel. The addition of the catalyst, TS-1, resulted in the 

full decomposition of the peroxide vapor. However, when a flow of propene was 

introduced, even though the conversion remained 100 %, the peroxide was more 

selectively used for the epoxidation of propene, indicating that, at these 

conditions, the epoxidation rate is faster than the decomposition rate.  

The gas phase epoxidation of propene was achieved successfully, obtaining PO 

productivities of 10.5 kgPO kgcat
-1

 h
-1 using only 10 mg of catalyst and a GHSV of 

450,000 ml gcat
-1 h-1. This implies that, at the temperatures of this study, the 

reaction is very fast. The conversion of hydrogen peroxide vapor was 100 % in 

all the experiments and at all the conditions tested and its selectivity to 

propene oxide was around 40 % at different concentrations of peroxide used. In 

this case, an almost constant ratio between the partial pressure of peroxide and 

PO formed was obtained, implying that both the epoxidation and the 

decomposition are of the same order in peroxide. The analysis of the influence 

of the amount of propene added, leads one to conclude that, as long as the 

concentration of propene is higher than the stoichiometrically required, its 

selectivity to PO will be close to 90 %. Finally, an increase in the temperature 

up to 160 °C was translated in an increase in the amount of PO produced 
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probably due to the higher decomposition of vapor peroxide at temperatures 

below its boiling point. 

 

Appendix 2.A: TS-1 synthesis and characterization 

The catalyst chosen for the epoxidation of propene was TS-1. It was 

synthesized following the procedure described by Shan et al. [18] for 

conventional zeolite nanocrystals. The molar ratio of the synthesis gel was 

1:0.02:0.28:40:0.33 (SiO2/TBOT/TPAOH/H2O/IPA). An aliquot of 1.55 ml of 

titanium butoxide (TBOT, 97 %, Aldrich) was mixed with 4.49 ml of isopropyl 

alcohol anhydrous (2-Propanol, anhydrous, 99.5+ %, Alfa Aesar). Afterwards, 

35.1 ml of aqueous tetrapropylammonium hydroxide (TPAOH, 40 % aq.sol., 

Merck), previously mixed with 71.4 ml of deionized water, were added dropwise 

to the mixture, followed by the incorporation of 60 additional ml of water and 

50 ml of tetraethylorthosilicate (TEOS, 98 %, Aldrich). The gel was stirred for 

24 h at room temperature before being transferred to 5 PEEK-lined autoclaves, 

where the crystallization occurred at 180 °C during 48 h. The white powder 

was collected by high speed centrifugation at 14,000 rpm, washed three times 

with plenty of deionized water by cycles of resuspension-centrifugation, dried at 

room temperature and calcined at 550 °C for 4 h.  

The crystallinity of the obtained catalyst was analyzed at ambient temperature 

with powder X-ray diffraction (XRD) employing a Bruker D8 using Cu Kα 

radiation in standard Bragg–Brentano geometry and a Ni filter at the detector, 

covering the range of 2θ from 5 to 90 ° and a step of 0.01. The coordination 

state of the titanium atoms incorporated in the zeolite structure was examined 

by diffuse reflectance UV–visible (DR UV–vis) spectra, making use of a 

Shimadzu UV-2401PC spectrometer and having BaSO4 as a reference. The 

particle size and the shape of the zeolite crystals were evaluated by XL30-

ESEM-FEG scanning electron microscope (SEM). Finally, the elemental 

composition of the catalyst was checked by inductively coupled plasma optical 

emission spectrometry (ICP-OES) using a Spectra CirosCCD system. The method 

for the sample preparation for the latter was similar to the one published by 

Peru et al. [22]. In it, the structure of the zeolite was dissolved by cold digestion 

with a mixture of HF, HCl and HNO3 at room temperature.  

With the purpose of reducing the pressure drop in the packed bed reactor, the 

catalyst powder was pressed and sieved into pellets with a particle size 

between 60 and 200 μm. 
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Results of the catalyst characterization 

The SEM analysis showed that the particle size ranged from 180 to 150 nm 

Figure 2.7 and the ICP indicated that the amount of Ti contained in the zeolite 

was 1.5 wt. %. 

 

2.A.1 XRD 

 

Figure 2.6: XRD pattern of the TS-1 used in this study.  

2.A.2 SEM 

 

Figure 2.7: SEM image of TS-1. 
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2.A.3 UV-Vis 

 

Figure 2.8: UV-vis pattern of TS-1. 
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 3  
This chapter is a part of: L.A. Truter, D.M. Perez Ferrandez, J.C. 

Schouten, T.A. Nijhuis, 2015, TS-1 coated microreactor for selective 

oxidations. Appl. Catal., A., 22, 139-145. 

Abstract 

Microreactors containing zeolite TS-1 can be efficiently used for the oxidation of 

organic compounds with hydrogen peroxide. Ideally, these microreactors can be 

combined with the catalytic direct synthesis of H2O2 in a microreactor or a 

plasma microreactor. Here, a TS-1 coated capillary microreactor (CCMR) was 

developed by an in situ hydrothermal synthesis and its performance was 

evaluated in the continuous epoxidation of propene. The results were compared 

with a fixed bed microreactor (FBMR) loaded with TS-1 powder. The coating 

layer was determined to be TS-1 using SEM and XPS and reached productivity 

values of 1.8 kgPO kgcat
-1 h-1. It was found that the key parameter for the 

catalyst coating is the incorporation of tetrahedral Ti in the framework of the 

zeolite. These types of reactors are more suitable for the synthesis of fine 

chemicals or pharmaceuticals, where smaller inventories are required, than for 

the production of bulk chemicals. 

NOTE: This chapter is the joint work of D.M. Pérez Ferrández and L.A. Truter. The 

development of the catalytic coating was done by L.A. Truter.  

Microreactors for the 

liquid phase 

epoxidation of propene: 

Coated capillary 

microchannel and fixed 

bed microreactor 
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3.1  Introduction  

Hydrogen peroxide is considered to be a green oxidant due to its high oxygen 

content, and the fact that water is its only by-product [1]. Its use for the 

oxidation of organic compounds was driven by the discovery of TS-1 in 1983 [2]. 

Since then, numerous papers and patents have shown the unique properties of 

this zeolite and the possibility of using it for reactions like the hydroxylation of 

phenol [3], olefin epoxidation [4, 5], or in the oxidations of alkanes [6], alcohols 

[7] and amines [8]. Among all of these reactions, the epoxidation of propene to 

propene oxide (PO) [9, 10] is one that has attracted significant attention due to 

its high selectivity to PO, which can reach 97 %, and the advantage that the 

only by-product obtained is water. The traditional industrial processes for PO 

production present certain disadvantages such as environmental concerns and 

generation on unrelated co-products [11]. Therefore, the epoxidation of propene 

with H2O2 is a sustainable and clean alternative. The integration of the 

synthesis of peroxide via the antraquinone process and the epoxidation of 

propene over TS-1 was industrially implemented for the first time by a joint 

venture of BASF and Dow in a plant opened in 2008 in Antwerp with a 

capacity of 300,000 tons per year [12].  

In spite of being a green chemical, hydrogen peroxide is almost uniquely 

produced in industry via the antraquinone auto-oxidation process. This 

technique is not so green because of the generation of by-products during the 

hydrogenation step (due to overhydrogenation of AQ and solvent), which causes 

water contamination [13-15]. An attractive and cleaner alternative for small 

scale production (<10 ktons per year) of hydrogen peroxide is the direct 

synthesis through the reaction of hydrogen and oxygen over Pd or Au-Pd-

supported catalyst [13, 16]. Additionally, this method would benefit from a 

reduction in capital investment and operation costs [13]. Nevertheless, one of 

the main limitations of the direct synthesis is the risk of explosion when 

working with mixtures of hydrogen and oxygen over a wide range of 

concentrations. Microreactors, due to their high surface  area-to-volume ratio, 

allow operating under safe conditions using gas mixtures that are within the 

explosive regime [17]. Therefore, these types of reactors are highly attractive 

alternatives for the direct synthesis of hydrogen peroxide [18-20]. 

Another option for the production of hydrogen peroxide is the use of plasma 

reactors [21-23]. By feeding a mixture of hydrogen and oxygen, with no solvents 

involved, hydrogen peroxide can be obtained with high purity. Mass-transfer 
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limitations associated with heterogeneous reactions are also avoided. In 

Chapter 4, this option will be discussed in detail. Microplasma reactors, where 

the plasma is generated in a volume with sub-millimeter geometry, have also 

been used for chemical synthesis. Besides the benefits listed before for catalytic 

microreactors, other advantages can be obtained, such as high densities of 

reactive ions, radicals and electrons, or the possibility to operate at near-room 

temperature, which favors its implementation [24]. Microplasma reactors have 

been successfully used for the conversion of methane into synthesis gas [25, 26], 

hydrocarbon reforming [24], or the conversion of propane [27]. 

Considering the risks involved with the transport of hydrogen peroxide, which 

include potential fire and vapor phase explosions [28] and the fact that it 

decomposes relatively easily, to couple the synthesis of this chemical with its 

use in situ for oxidation reactions would be very efficient. When the direct 

synthesis is carried out in a microreactor or a plasma microreactor, it would be 

convenient to implement the oxidation process also on micro or miliscale. A 

number of papers have focused on the oxidation of organic compounds with 

aqueous hydrogen peroxide in a microreactor using TS-1 as a catalyst. 

Different approaches have been used regarding the catalyst immobilization. 

Yube et al. [29, 30] proposed a catalytic wall microreactor that consisted of two 

independent parts: catalyst elements and microchannel elements. It was 

claimed that this configuration could reduce costs in catalyst replacement due 

to the ease of exchanging the catalyst elements. A fixed bed microreactor was 

compared with the catalytic wall microreactor in the selective oxidation of 

phenol to benzenediols, hydroquinone and catechol. The results showed that 

the microreactor concept improved the contact efficiency between catalyst and 

reactants; the residence time was reduced, which suppressed consecutive 

reactions, therefore increasing the selectivity to desired products [29]. However, 

this type of reactor showed one main disadvantage: the poor catalyst utilization 

because the TS-1 pellet was only on one of the channel walls and, therefore, the 

contact of the catalyst with reactants was reduced with respect to the fixed bed 

reactor. Another alternative was presented by Wan et al. [31, 32], who grew TS-

1 on the channels of a microreactor with trapezoidal cross-section by selective 

seeding with TS-1 nanocrystals. The zeolite layer obtained was 5 μm thick and 

formed by crystals of 3 μm in size. This reactor was tested in the epoxidation of 

1-pentene to 1,2-epoxypentane, where a 5.1 % 1,2-epoxypentane yield was 

obtained. Even though the catalyst was active for the reaction, the deactivation 

was an issue and two types were observed: short-term reversible deactivation 



Chapter 3: Microreactors for the liquid phase epoxidation of propene  

  

56 

5
6
 

and long-term irreversible deactivation. The former could be due to the 

deposition of organic compounds on the active sites of the TS-1 and the latter 

because of the possible leaching of framework titanium by water and hydrogen 

peroxide. The method of catalyst immobilization and design of the microreactor 

is thus highly important in order to maximize the catalyst loading, as well as 

provide a stable and active catalyst. Therefore, the catalyst preparation is a 

main focal point in this work. 

Propene oxide is a bulk chemical, typically produced in the scale of thousands 

of tons per year and a microreactor might not be the most attractive option for 

industry. Nevertheless, the epoxidation of propene can be used as a model 

reaction to be studied in a microreactor, considering its high conversion and 

selectivities. In this work, a coated capillary microreactor was developed by in 

situ hydrothermal synthesis of TS-1 as a coating layer. Its performance was 

evaluated in the epoxidation of propene and compared with a fixed bed 

microreactor, packed with the same catalyst in powder state. 

 

3.2  Experimental 

3.2.1 Preparation and characterization of TS-1-coated capillaries and 

fixed bed microreactor 

The method used for the preparation of the TS-1 synthesis mixtures was 

adapted from Shan et al. [33] for conventional zeolite nanocrystals. 0.24 g of 

titanium butoxide (TBOT, 97 %, Aldrich) was mixed with 0.49 g of anhydrous 

isopropyl alcohol (2-Propanol, anhydrous, 99.5 %, Alfa Aesar). Afterwards, 1.3 g 

of deionized water and 3.1 g of aqueous tetrapropylammonium hydroxide 

(TPAOH, 40 % aq. sol., Merck) was mixed and added dropwise to the mixture, 

followed by the addition of 2.5 g of tetraethylorthosilicate (TEOS, 98%, Aldrich) 

(Si/Ti ratio in the synthesis mixture was 17.2). The synthesis mixture was 

stirred for 24 h at room temperature.  

The TS-1 coated capillaries were prepared according to the method developed 

by Truter et al. [34] for the in situ hydrothermal synthesis of zeolite in 

capillary microchannels. The TS-1 synthesis mixture was injected into a 1-

meter capillary commercially precoated with a 4-µm silica layer (CP-

silicaPLOT, 0.32 mm i.d., about 4 µm silica, fused silica, Agilent) (Figure 3.1) 

and the capillary ends sealed with glass end caps (Atas GL International). 

Thereafter, the sealed capillary was inserted into a ¼” circular metal tube and 
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the metal tube sealed. This was to ensure that there was no significant 

pressure difference between the capillary and external environment to prevent 

the rupture of the seals, as well as protect the capillary. Hydrothermal 

synthesis was carried out at 150 °C for 24 hours. After hydrothermal synthesis 

was completed, the capillaries were taken out of the metal tube encasing and 

the seals removed. Excess solution contained in the capillaries was removed, 

followed by washing with distilled water and, thereafter, drying the capillaries 

overnight at 120 °C. The capillary was calcined at 350 °C in an oxygen flow for 

4 hours. The capillaries can be considered as modular units that can be 

connected in series to obtain the amount of catalyst needed. In this case, five 

TS-1-coated capillaries of about 1 meter in length each, containing 6.35 mg of 

catalyst in total, constituted the Coated Capillary Microreactor (CCMR) tested.  

 

Figure 3.1: Silica precoated capillary, SEM image of the coating of ~4μm thickness. 

Synthesis of the powder catalyst used for the fixed bed microreactor was 

prepared using a similar TS-1 synthesis mixture. However, considering that 

the capillary precoating (Figure 3.1) represents an additional silica source, the 

TBOT added for the powder TS-1 was adjusted to 0.18 g. The mixture was 

inserted into a PEEK-lined autoclave where hydrothermal synthesis was 

conducted at 150 °C for 24 h. Thereafter, the synthesized powder was washed 

thoroughly with distilled water, dried, and calcined at 350 °C under oxygen 

flow for 4 hours. Finally the catalyst was pelletized, crushed and sieved 

between 250 and 500 µm to avoid a high pressure drop in the fixed bed 

microreactor. 

The Fixed Bed Microreactor (FBMR) was prepared by packing the powder 

catalyst into the reaction tube (PEEK, i.d. 0.9 mm, o.d. 1/16 ”) and kept in place 
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by a 2 µm PEEK filter. The amount of TS-1 loaded was 26.3 mg. The 

specifications for the two types of microreactors are given in Table 3.1. 

Table 3.1: Specifications for the two types of microreactors tested in the liquid-phase epoxidation of 

propene. 

Parameters 
Fixed Bed Microreactor 

(FBMR) 

Coated Capillary Microreactor 

(CCMR) 

Material PEEK Silica precoated fused silica 

Outer Diameter (mm) 1.59 0.72 

Inner diameter (mm) 0.9 0.32 

Length (cm) 3 425 

Volume reactor (ml) 0.019 0.33 

Catalyst loading (mg) 26.3 6.35 

Particle size (µm) 250 - 500 Coating layer ~3 µm 

TS-1 crystallites (nm) 250 800 

 

The crystallinity of the obtained powder catalyst was analyzed at ambient 

temperature powder X-ray diffraction (XRD) using a Bruker D8 using Cu Kα 

radiation in standard Bragg–Brentano geometry and a Ni filter at the detector, 

covering the range of 2θ from 5 to 90° and a step of 0.02. The coordination state 

of the titanium atoms incorporated in the zeolite structure was examined by 

diffuse reflectance UV–visible (DRUV–vis) spectra, making use of a Shimadzu 

UV-2401PC spectrometer and having BaSO4 as a reference. The use of UV-Vis 

for the analysis of the TS-1 in the capillary coating by crushing the capillary 

proved to not be possible. The amount of fused silica was 130 times higher than 

the amount of TS-1, therefore it was not possible to identify any Ti-peak. 

Consequently, the coordination state of the Ti in the zeolite framework was 

determined by XPS after crushing the capillary and separating as much glass 

from the coating as possible. The equipment employed was a Kratos AXIS 

Ultra spectrometer, equipped with a monochromatic X-ray source and a delay-

line detector (DLD). Spectra were obtained using the aluminium anode (Al K = 

1486.6 eV) operating at 150 W. The elemental composition of the catalyst, both 

powder and capillary, was determined by inductively coupled plasma optical 

emission spectrometry (ICP-OES) using a Spectra CirosCCD system. The 

samples were dissolved by cold acid digestion with a mixture of HF, HCl and 
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HNO3 at room temperature. The coated capillary’s morphology was examined 

after drying with a XL30-ESEM-FEG scanning electron microscope (SEM) 

operated at 10 kV, working distance of 10 mm and various magnifications. 

Samples were sputter coated with a 200 Å gold coating. The catalyst loading in 

the coated capillary was estimated from calculations due to the experimental 

difficulty of detaching and weighting the TS-1 coating from the capillary 

accurately. The calculations were done considering a layer thickness of 

approximately 3 µm, a capillary with an internal diameter of 0.32 mm and 1 

meter in length and zeolite density of 0.5 g/cm3. By using the formula for the 

volume of a hollow cylinder (Vlayer = πh(R2 − r2), where h is the length, R is the 

internal radius of the capillary and r is the radius minus the layer thickness), 

the calculated amount of TS-1 per meter of capillary was 1.5 mg. 

3.2.2 Experimental setup 

The epoxidation experiments were conducted in the setup depicted in Figure 

3.2. Either the Coated Capillary Microreactor (CCMR) or the Fixed Bed 

Microreactor (FBMR) were connected to the setup and kept in a thermostatic 

oven to maintain the reaction temperature. The liquid phase was fed at a flow 

rate between 0.2 and 6 ml/h with a high precision syringe pump (Teledyne 

ISCO) connected with a cooling jacket at 10 °C to minimize H2O2 

decomposition. The propene flow was controlled by a mass flow controller 

(Bronkhorst) in a range between 0.1 and 10 Nml/min. Both reactants were 

mixed before entering in the reactor using a T-shaped mixer. A back pressure 

regulator was introduced downstream to maintain a constant pressure by 

feeding N2 at a constant flow rate of 1 Nml/min. After the reaction, the two 

phases were separated and the gas stream was analyzed in an online microGC 

(Varian) equipped with a Porabond Q column and a Molsieve 5A column in two 

separate channels, both with a thermal conductivity detector (TCD). Liquid 

samples were taken every hour and analyzed for their composition in an offline 

GC (Varian CP-3800) with CP-Sil-5 column and equipped with an FID detector. 

The concentration of hydrogen peroxide in the liquid samples was determined 

by iodometric titration. A three-way valve situated after the ISCO pump 

allowed samples to be taken to analyze the actual concentration of hydrogen 

peroxide that was used, since some decomposition of H2O2 occurred with time 

inside the pump. 
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Figure 3.2: Scheme of microreactor setup for the epoxidation of propene with hydrogen peroxide. 

 

3.2.3 Epoxidation of propene 

The epoxidation of propene with aqueous hydrogen peroxide was conducted in 

the Fixed Bed Microreactor (FBMR) and in the Coated Capillary Microreactor 

(CCMR) described above. The pressure was maintained at 6 bar and the 

temperature at 40 °C. The liquid phase consisted of 13.3 wt.% hydrogen 

peroxide (30 wt.%, Sigma Aldrich, containing stabilizers, effectively 4 wt.% 

H2O2 and 9.3 wt.% water), with methanol as solvent and 4 wt.% ethanol as 

internal standard. The gas phase was pure propene. The WHSV was calculated 

using Eq. 3.1. The space velocity of the liquid was varied by changing the 

pumping rate in the ISCO pump and maintaining the same amount of catalyst. 

The gas-to-liquid ratio (G/L) was maintained constant at 15 for all the 

experiments conducted, calculated considering that the conditions inside the 

reactor are at 6 bar and 40 °C. 
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The propene conversion, selectivity to PO of hydrogen peroxide (XH2O2, SH2O2 to 
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 Eq. 3.5 

The absence of internal mass transfer limitations was confirmed using the 

Weisz-Prater criterion. The calculations can be found in Appendix 3.B. 

 

3.3  Results and discussion 

3.3.1 TS-1 coated capillary 

The TS-1 coated capillary (Figure 3.3) was formed by an in situ hydrothermal 

synthesis method [34], whereby a TS-1 coating is formed within the capillary 

microreactor. A silica precoating (Figure 3.1) acts as a site for nucleation and a 

nutrient source to favor the transformation to a TS-1 coating and minimize 

bulk-crystallization. The precursor suspension was optimized in order to allow 

the dissolution of the silica precoating to be comparable to the nucleation and 

growth rates. This was important in order to ensure that the transformation of 

the silica precoating to zeolite occurred uniformly throughout the layer, as well 

as to prevent bulk crystallization from occurring in the capillary. By selectively 

transforming the silica precoating, the TS-1 coating retained a similar coating 

thickness and uniformity to the initial silica precoating. The final TS-1 coating 

contained a coating of about 3 μm thickness with individual 800 nm crystals 

(Figure 3.3).  

TEM and XPS of the coated capillary were used to determine the crystallinity 

and the incorporation of Ti in the zeolite structure. The presence of a peak in 

459.8 eV in the XPS pattern of the capillary (Figure 3.4b) confirms the 
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incorporation of Ti in tetrahedral position in the framework of the zeolite [35]. 

However, there is also amorphous Ti in the catalyst, which can be identified by 

the peak in 458.3 eV [35]. An analysis of the XPS pattern of the ex situ 

synthesized TS-1 powder (Figure 3.4a) reveals that the ratio of tetrahedral Ti 

with respect to amorphous Ti is larger than in the capillary. This can indicate 

that the incorporation of Ti in the powder is easier than in the coating of the 

capillary. In the latter case, part of the Ti added remains in the zeolite as an 

amorphous phase. A reason for the different behavior can be the different silica 

source added with the dissolution of the silica precoating layer that can have 

an effect in the hydrothermal synthesis [36]. Additionally, Ti incorporation is 

dependent on the concentration of monomeric and dimeric silicate species [36]. 

During the synthesis of the TS-1 coating layer, the concentration of silica in 

solution will vary, depending on the dissolution rate of the silica precoating, 

thus influencing the Ti incorporation.  

 

a.   b.  

Figure 3.3: SEM images of the cross sections of the TS-1 coated 0.32 mm capillary. 

 

a.  b.  

Figure 3.4: XPS pattern of TS-1 powder (a) and TS-1 coating layer (b). 
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The ex situ, bulk synthesized TS-1 powder resulted in the formation of TS-1 

crystals of 250 nm size (Appendix 3.A, Figure 3.12). The results of the XRD and 

UV-Vis confirmed the TS-1 powder to be both crystalline and the Ti to be 

incorporated in the tetrahedral position (Appendix 3.A, Figure 3.11).  

ICP was used to determine the amount of Ti contained in the capillary and 

bulk synthesized powder (Table 3.2). The titanium contained in the TS-1 coated 

capillary was approximately 1.5 wt.%, which is higher than the Ti content of 

the TS-1 powder. This can be explained by the slightly higher Si/Ti ratio used 

in synthesis mixture for the capillary. Nevertheless, from the information 

extracted from the XPS, it was observed that part of the Ti in the coating is not 

incorporated in the framework of the zeolite, but present as an anatase-like 

phase. These species are not active in the epoxidation of propene, but only 

catalyze the decomposition of hydrogen peroxide [37].  

 

Table 3.2: ICP results indicating the Ti content in the powder TS-1 and the TS-1 coated in the 

capillary microchannel. 

Sample [Ti] (wt.%) 

TS-1 powder 1.20 

CCMR 1.47 

 

3.3.2 Epoxidation in a Fixed Bed Microreactor (FBMR) 

The epoxidation of propene with aqueous hydrogen peroxide was carried out 

with the bulk-synthesized TS-1 powder in the fixed bed microreactor (FBMR). 

An excess of propene was used in all the experiments and the temperature was 

maintained at 40 °C to keep the decomposition of hydrogen peroxide to a 

minimum.  

Figure 3.5 shows that the conversion of H2O2 was almost complete (96 %) at 

low WHSV, with selectivity to PO of 83 %. This is comparable with the results 

reported in literature [9, 38]. At lower residence times, the conversion 

decreased to 21 %. The main side reaction based on H2O2 was its decomposition 

into oxygen and water (Equation 3.6). Even though the decomposition typically 

remained below 5 % at high flow rates, it increased to 15 % at low WHSV. The 

decomposition is a surface reaction that can be Ti-catalyzed [37]. Catalysts that 

contain certain amounts of amorphous TiO2 would favor the decomposition, 
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while if Ti is mainly present in the framework of the zeolite, the decomposition 

will be very small [37]; that is the case of the TS-1 powder used in this study.  

  2 2 2 2 
( )   1 / 2 ( )H O l H O l O g   Eq. 3.6 

 

Figure 3.5: Conversion H2O2 (□) and selectivity of H2O2 to PO (●) in the FBMR. G/L ratio= 15, 

4wt.% H2O2 with methanol as solvent. Temperature = 40 °C, pressure 6 bar. 

The conversion of propene was 21 % at low WHSV, with selectivity to PO of 

93 %. The PO selectivity reached 96 % at lower residence times, which 

emphasizes the benefits of continuous processes, where the consecutive 

reactions are minimized due to the lower residence times, as opposed to batch 

processes. The main carbon-containing by-products are produced during the 

reactions sketched in Eq. 3.7 to Eq. 3.10, where the oxirane ring is opened and 

it further reacts with a nucleophile [38]. The interaction with the solvent, 

methanol, results in a maximum of 3 % 1-methoxy-2-propanol (1M2P) and 2-

methoxy-1-propanol (2M1P) (Eq. 3.7). The reaction with water leads to the 

formation of propylene glycol (PG) (Eq. 3.8), however, below 60 °C, this reaction 

pathway is not very relevant [9]. The reaction between propylene glycol and PO 

can produce oligomers (Eq. 3.9). It is interesting to notice the influence of the 

WHSV on the selectivity to these by-products (Figure 3.6b). At lower space 

velocity, the formed PO has more time to react with the solvent, thus forming 

preferentially the monomethyl ethers. As opposed to the tendency observed in 

PO (Figure 3.6a), an increase in space velocity reduces the selectivity to the 

ring-opening by-products.  
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a.  

b.  

Figure 3.6: Epoxidation of propene with hydrogen peroxide in a FBMR. a. PO productivity and 

selectivity of C3H6 to PO. b. Selectivity to by-products as a function of the WHSV. G/L ratio= 15, 

4wt.% H2O2 with methanol as solvent. Temperature = 40 °C, pressure 6 bar. 

  Eq. 3.7  
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 Eq. 3.10 

The selectivity to propanal experiences a different trend in Figure 3.6b, which 

is more similar to that of PO. Furthermore, the mechanism for propanal 

formation does not follow the opening of the oxirane ring, but an isomerization 

reaction, indicated in Eq. 3.11. The activity of the zeolite for the isomerization 

is determined by its acidity [39]. Typically the isomerization to propanal is not 

a main reaction in the liquid-phase epoxidation of propene. However, the 

presence of traces of aluminum can act as active sites for this reaction.  

     Eq. 3.11

  

The PO productivity (Figure 3.6a) increases steadily with WHSV until it 

reaches a maximum where it stabilizes at 0.037 molPO·gcat
-1·h-1. Thereafter, 

other phenomena such as adsorption of reactants or desorption of products are 

more dominant.  

 

3.3.3 Epoxidation in a coated capillary microreactor (CCMR) 

The epoxidation of propene was also carried out in a coated capillary 

microreactor (CCMR), where the active catalyst for the epoxidation is coated on 

the wall of the capillary microreactor. The tested CCMR was composed of five 

1-meter capillaries connected in series and containing a total of 6.35 mg of TS-1 

in its coating.  

The epoxidation of propene is a three-phase reaction (gas-liquid-solid), since 

propene at 40 °C, below 18 bar is in the gas phase. This allows for the 

adjustment of the gas-liquid flow regime in a way that benefits the mixing and 

the contact between reactants and catalyst. The flow regime in the case of a 

CCMR can be better controlled than in the FBMR because there is no obstacle 

in the direction perpendicular to the flow. The selected flow regime in this case 

was slug flow, in which slugs of liquid flow alternate with bubbles of the gas 

phase (propene in this case) (see Figure 3.7). In this type of regime, between 

the catalyst coated in the wall and the bubble of propene, a small layer of liquid 
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containing hydrogen peroxide is formed. In this thin layer the contact between 

the reactants and the catalyst is enhanced and the reaction takes place [40].  

 

Figure 3.7: Picture of the slug flow in the CCMR: bubbles of propene alternated with slugs of 

hydrogen peroxide in methanol. G/L = 15. 

To be able to compare results between the two types of microreactors used in 

this study, the epoxidation experiments in the CCMR were performed 

maintaining the same volumetric G/L ratio as in the FBMR (G/L = 15). The 

pressure drop along the coated capillary, as opposed to the FBMR, was 

negligible, allowing for a more flexible operation rage.  

PO was produced successfully in the CCMR, proving that the zeolite coating 

layer is, indeed, active TS-1. In Figure 3.8 the PO productivities and propene 

selectivities to PO in the CCRM are depicted.  

The maximum conversion of hydrogen peroxide obtained in the CCMR was 

61 %, with selectivity to PO of 75 %. The decomposition of hydrogen peroxide is 

higher in the CCMR which could be attributed to the longer residence time 

with respect to the reactor volume; therefore H2O2 was exposed to a 

temperature of 40 °C for a longer time. Furthermore, an improved contact 

between the catalyst and liquid in the CCMR could further increase the H2O2 

decomposition. 

The selectivity of propene to PO is higher than 90 % and remains relatively 

stable along the range of WHSV studied. A slight decrease is observed at lower 

residence times. Analyzing the by-product selectivities in Figure 3.8b one can 

observe that, while the selectivity to the ethyl ethers and propylene glycol is 

similar to those in the FBMR, the selectivity to propanal is clearly enhanced. 

At low residence times, this selectivity increases up to 8 %. The formation of 

the isomer of PO can take place over aluminum sites. In the silica precoating, 

used to synthesize the TS-1 coating layer, traces of aluminum are present. 

Therefore, once the silica layer is dissolved, aluminum will be incorporated in 
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the TS-1 and can act as active site for the isomerization to propanal. For this 

reason the selectivity to PO decreases slightly with increasing WHSV. 

a.  

b.  

Figure 3.8: a. PO productivity (full squares) and selectivity to PO (empty circles) in the Coated 

Capillary Microreactor. b. Selectivity to by-products. G/L ratio= 15,4 wt.% H2O2 with methanol as 

solvent. Temperature 40 °C, pressure 6 bar. 

A possible improvement for the CCMR could involve the test of other types of 

commercially available silica-precoated capillaries, where the aluminum traces 

are smaller than in the silica-PLOT capillary used in this study. It is expected 

that, in those cases, the propanal production would be reduced, even 

eliminated, increasing the selectivity to PO obtained in the CCMR. 

The stability of the CCMR was evaluated during 400 hours (Figure 3.9). There 

is a sharp peak of productivity during the first hours of reaction. During this 

period all the active sites of the catalyst are available for reaction. Afterwards 

there is a decline in the reaction rate until it reaches steady state. There are 

two possible deactivation mechanisms for these types of reactions. The first one 
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is the deposition of PO and other by-products like propylene glycol and 

oligomers, blocking the zeolite pores and the active sites for the epoxidation.  

 

Figure 3.9: Deactivation and regeneration in the CCMR after 1 week of reaction with H2O2 (30 

wt.%, Sigma Aldrich, containing stabilizers) at 60 °C and flow of 2.5 ml/h during 4 hours. WHSV = 

56 ml gcat
-1 h-1. Temperature 40 °C and 6 bar. 

The other type of deactivation is irreversible and is due to the leaching of Ti 

atoms from the framework of the zeolite. To evaluate if the CCMR was 

suffering from this sort of deactivation, after 400 h time-on-stream, the catalyst 

was regenerated by flushing the capillary with H2O2 (30 wt.%, Sigma Aldrich, 

containing stabilizers) at 60 °C and a flow of 2.5 ml/h during 4 hours. The 

activity of the catalyst was recovered almost completely, implying that the 

deactivation was mainly due to the deposition of organic compounds and, 

therefore, reversible (Figure 3.9) [9]. These results show the long-term stability 

of the TS-1 layer synthesized in this work by the in situ hydrothermal 

synthesis method which is in contrast with the work published by Wan et al. 

[32], which suffered from strong irreversible deactivation after 15 hours of 

reaction due to Ti leaching.  

 

3.3.4 Comparison between both types of microreactor 

It is interesting to determine the relationship between the performances of the 

FBMR using powder TS-1 with the CCMR where a layer of TS-1 is in situ 

synthesized on the walls of a capillary microreactor. Figure 3.10a shows a 

comparison between the PO productivity in terms of the amount of catalyst in 

both microreactors. It can be observed that they follow the same trend, even 

though the productivity in the FBMR is slightly higher. This discrepancy has to 

do with the amount of active sites in the catalyst. Even though the Ti content 
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in both catalysts is similar (Table 3.2), the incorporation of Ti in the framework 

of the zeolite is better in the bulk powder catalyst than in the capillary coating. 

Since most of the Ti contained in the powder is in tetrahedral position, almost 

all of them will be active sites for the epoxidation of propene. On the other 

hand, the XPS analysis of the capillary (Figure 3.4b) indicated that a certain 

percentage of the Ti exists as an amorphous phase and does not take part in 

the reaction. This highlights that the key parameter for the successful TS-1 

coating development is the incorporation of Ti in the framework of the zeolite, 

avoiding formation of amorphous species.  

 

Figure 3.10: PO productivity per gram of catalyst. Comparison between the FBMR and the CCMR. 

G/L ratio= 15, 4wt.% H2O2 with methanol as solvent. Temperature = 40 °C, pressure 6 bar. 

 

Regarding the selectivity of both catalytic systems, it was observed that in both 

cases the selectivity to PO was higher than 90 %. Nevertheless, the FBMR at 

higher residence times reached 96 %, while the maximum selectivity obtained 

with the CCMR was 94%. This was because the formation of propanal is 

enhanced in the CCMR probably due to the incorporation of Al in the zeolite 

coating layer.  

 

3.4  Conclusions 

In this work, a TS-1 coated capillary microreactor was developed by the in situ 

hydrothermal synthesis of TS-1 whereby a silica precoating is transformed to 

TS-1. Evaluation of the CCMR in the epoxidation of propene found the TS-1 

coating to be active and selective for the production of propylene oxide where 

productivities of 1.86 kgPO kgcat
-1 h-1 and PO selectivities of 96 % were 
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obtainable. The coating was found to be stable during long periods of time-on-

stream (160 h), reach steady-state quickly, and shows no signs of Ti leaching. 

Comparison to the fixed bed microreactor showed similar PO productivities. 

However, due to the better Ti incorporation, minimizing the presence of extra-

framework species in the ex situ synthesized powder used for the fixed bed 

microreactor, a slightly higher productivity (2.15 kgPO·kgcat
-1·h-1) was obtainable 

at high WHSV. The Ti incorporation in the TS-1 coating is thus the key 

parameter for obtaining a comparable catalyst to the powder one. 

  

3.5  Outlook 

According to the values reported by Klemm et al. [41], productivities higher 

than 1 kgPO kgcat
-1 h-1 need to be reached to be able to compete with the existing 

technologies for PO production. However, considering the PO productivities 

reported above, to produce 10 ktons of PO per year, around 100 million CCMR, 

or 20 million FBMR like the ones analyzed in this study would be necessary. 

Therefore, even though the epoxidation of propene is a fast reaction, 

microreactors are not suitable for the industrial production of such a bulk 

chemical. Nevertheless, this work proves that this type of reactors can be used 

for the oxidation of organic compounds with hydrogen peroxide. The small 

reactant inventory required for microreactors, makes them applicable for the 

production of fine chemicals or pharmaceuticals. 

 

Appendix 3.A: Characterization of TS-1 powder 

The results of the catalyst characterization of powder TS-1 are shown here: 

a. b.  

Figure 3.11: a. XRD pattern of TS-1 powder. b. UV-Vis pattern of powder TS-1 
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Figure 3.12: SEM image of powder TS-1. 

 

Appendix 3.B: Mass transfer limitations 

To determine whether there are internal mass transfer limitations in any of 

the two reactor systems studied in this chapter, the Weisz-Prater criterion was 

determined. If CWP, described in Eq. 3.B.1 is lower than 1, the internal mass 

transfer effects can be neglected [42]: 
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    Eq. 3.B.1 

-r’A(obs) = observed reaction rate  

ρc = Solid catalyst density 

R = Particle radius 

CAS = Concentration of hydrogen peroxide at the surface of the catalyst 

De = Effective gas-phase diffusivity [42] was determined using Eq. 3.B.2: 
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  Eq. 3.B.2   

with p= Pellet porosity, c = Constriction factor, DAB = 

Mutual diffusion coefficient of solute A at very low concentrations in solvent B. 

DAB was calculated according to Wilke-Chang equation [42], Eq. 3.B.3, being 

the solute, A, hydrogen peroxide and solvent, B, methanol. 
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where φ =  Association factor of solvent B, MB = Molecular weight of solvent B 

(g/mol), T is the temperature (K), μB = Viscosity of solvent B (cP), and VA =  

molar volume of solute A at its normal boiling temperature (cm3/mol). Then: 
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The limiting reactant in this case is hydrogen peroxide, since propene is in 

excess. Therefore, CAS in Eq. 3.B1 was calculated based on 4 wt.% H2O2 in 

methanol. The reaction rates considered were extracted from Figure 3.10 in the 

point where the reaction rate does not vary with WHSV. 

 

Table 3.3: Parameters for the analysis of Weisz-Prater criterion for internal mass transfer 

limitations. 

Parameters Units 

Fixed bed 

microreactor 

(FBMR) 

Coated capillary 

microreactor (CCMR) 

-r’A(obs) kmol kgcat
-1 s-1 1.0·10-5 9.0·10-6 

ρc kgcat m
-3 500 500 

dP (average) m 3.8·10-4 3.0·10-6 

CAS kmol m-3 0.97 0.97 

DAB m2 s-1 5.0·10-9 5.0·10-9 

p - 0.4 0.25 

c - 0.8 0.8 

τ - 3 5 

De m2 s-1 5.4·10-10 2.0·10-10 

CWP - 0.37 6.3·10-5 

 

It can be concluded that none of the two reactors used in this study suffers from 

internal mass transfer limitations. 
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Abstract 

The development of an integrated system for the epoxidation of propene by 

synthesizing hydrogen peroxide in a plasma reactor has been evaluated. The 

production of H2O2 was studied using humid Ar or H2/O2 mixtures in two 
different plasma reactors: atmospheric pressure RF glow discharge (APGD) 

and dielectric barrier discharge (DBD). The feasibility of combining the plasma 

reactor with the epoxidation of propene was assessed both in the liquid and in 

the gas phase. It was concluded that the best combination includes a humid Ar 
plasma integrated with the epoxidation of propene in the liquid phase, due to 

the better utilization of H2O2. Finally, a basic economic evaluation was 

performed based on the analysis of the obtained efficiencies for the plasma and 

the epoxidation reactor and comparing them with off the shelf prices of 

reactants and products. Only limited benefit can be obtained with the best 

energy efficiencies reported up to date. This suggested that the integrated 
process would economically not be feasible, since the energy efficiencies are not 

high enough and PO is a bulk chemical with low added value.  

NOTE: This chapter is the joint work of D.M. Pérez Ferrández and C.A. Vasko 

(Elementary Processes in Gas Discharges, Department of Applied Physics, Eindhoven 

University of Technology), bringing together the two parts of this STW funded project. 

Sections noted with (1) are primarily authored by Vasko, describing his experimental 

work. Sections noted with (2) are primarily authored by Pérez Ferrández, describing her 

experimental work. The sections marked with (3) are the result of joint authorship. 

An integrated 

microreactor for the 

epoxidation of propene 

using a microplasma 
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4.1  Introduction (3) 

Propene oxide (PO) is an important bulk chemical, with a market that reached 

7.7 million tons in 2012, and it is expected to grow up to 9.5 million tons in 

2018 [1]. It is commonly used as an intermediate in the synthesis of polyether 

polyols and propylene glycol, among others. Currently the two main processes 

for the production of PO are the chlorohydrin and the hydroperoxide processes. 

The former releases high quantities of chlorinated by-products, which raises 

environmental concerns due to their hazardousness of their disposal. In the 

latter process, co-products such as styrene or tert-butyl alcohol are produced in 

quantities of 2 to 4 times as large as the amount of PO. This strongly couples 

the economy of the process with the market of the co-product [2]. Since the 

beginning of the 90’s the synthesis of PO via the epoxidation of propene with 

aqueous hydrogen peroxide (H2O2) has become increasingly important. This 

reaction occurs in a single step and produces water as the only by-product, 

making it a very clean technology. However, the main limitation is the high 

commercial price of hydrogen peroxide. Therefore, the only alternative to an 

economically feasible process is to produce H2O2 cheaper. This can be achieved 

by production in situ, cutting handling costs and minimizing H2O2 losses. In 

the hydrogen peroxide to propene oxide process (HPPO), H2O2 is produced via 

the oxidation and reduction of quinones (anthraquinone process, AQ [3]) and is 

afterwards used in the epoxidation of propene over a catalyst (TS-1) under 

relatively mild conditions [4]. Several industrial production plants are already 

operating with this technology. The first of those were developed by BASF and 

Dow in Antwerp [5] (Figure 4.1) and by Evonik and SKC in South Korea [6], 

with capacities up to 300,000 metric tons PO per year.  

The HPPO process reduces the waste water by 80 % and the required energy by 

35 % with respect to existing technologies. On top of this, the integration of the 

raw materials reduces the physical footprint [5]. Despite all the aforementioned 

advantages, HPPO is a complex process requiring three reactors and several 

separation steps after the epoxidation reactor to obtain PO with high purity, 

which can be energy intensive and hence increases the production costs. 

Moreover, the anthraquinone process cannot be considered “green” because of 

the by-products of the hydrogenation step (due to overhydrogenation of AQ and 

solvent) causing water contamination [3, 7, 8]. 
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Figure 4.1: Scheme of the combined HPPO process. Adapted partially from Bassler et al. [5]. (2) 

Propene recylce

Methanol recycle

Methanol

Propene

Pure PO

H2O, Glycols

Low boilers

Main 

Epoxidation 

Reactor

Off-gas
Crude 

PO

Water

Glycols

Separation

Methanol 

Purification

PO 

Purification

Purge

Air

Hydrogen

Oxidation 

Reaction

Hydrogenation 

Reaction

Pd/Al2O3

L/L 

Extraction

H2O2

Makeup xylene 

+ quinones

Recycle 

catalyst

Propene

PO 

Separation

Finishing 

Reactor
O2 removal



Chapter 4: An integrated microreactor for the epoxidation of propene 

  

80 

A cleaner alternative for H2O2 production is the direct synthesis from hydrogen 

and oxygen mixtures [9, 10]. The catalysts typically used are supported Pd, Au 

or Pd/Au alloys, However, this process is limited by the risk of explosive 

mixtures of hydrogen and oxygen. A possible solution may be found in the use 

of novel reactor concepts such as microreactors or membrane reactors. 

Additionally, the low selectivity to hydrogen peroxide should be improved for 

this process to be competitive and feasible for industrial applications. The main 

reasons for the low selectivity values are the hydrogenation of oxygen 

(producing water) and the decomposition of hydrogen peroxide into oxygen and 

water [7, 10].  

A different and attractive approach for the synthesis of H2O2 is the use of 

plasma technology. The advantages of plasma processing using cold non-

equilibrium plasmas are their relative simplicity in design and operation, 

combined with the recent developments of reactors, such as dielectric barrier 

discharges (DBDs) [11, 12], radio frequency jets [13, 14] and similar, small 

plasma sources for a variety of applications. The electron driven plasma 

chemistry of these discharges produces a high amount of gas phase reactive 

species, which can be exploited by a wide array of applications, if their 

chemistry can be understood and directed.  

A review on H2O2 production methods by plasma sources can be found in Locke 

et al. [15]. The energy efficiencies of the processes described average around 

several grams per kilowatt hour of production energy. One of the most efficient 

methods identified is the recent work on a gas phase DBDs operating with 

H2/O2 mixtures, reporting energy efficiencies for gas phase H2O2 production of 

80 to 134 g/kWh [16, 17]. Dielectric Barrier Reactors have already found 

applications in many industrial processes, such as e.g. air purification, and 

forming H2O2 directly from the reaction of H2 and O2 seems beneficial from the 

thermodynamic point of view. Another efficient approach is the use of a gliding 

arc reactor operating with gas (Ar) and liquid phase (water vapor spray), where 

similar energy efficiencies have been reported [18]. The use of water instead of 

H2/O2 mixtures has great potential to minimize production costs. In addition to 

their high energy efficiencies, by-products of both methods will mostly be water 

– thus turning them into ecologically sustainable alternatives. 

However, while both discharges are small (physical length in the order of cm, 

while the electrode gaps vary from sub- to several mm) and are operated at 

atmospheric pressure, their chemistries are not fully understood yet. This 
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specially holds for the chemistry involving a plasma in contact with or in the 

presence of a liquid phase. The chemistry of atmospheric pressure glow 

discharges (APGDs) operating with water vapor, on the other hand, has been 

successfully modeled with high energy efficiencies in the order up to several 10 

g/kWh [19]. Thus two types of plasma discharges have been studied in this 

work: an APGD and a DBD (similar to the ones used in literature). They were 

designed to allow optimal spectroscopic access to study relevant plasma 

parameters.  

With a better understanding of the driving parameters for H2O2 production 

using these microplasmas, gas phase H2O2 may be produced directly where it is 

put to use. This allows two approaches for the integration of the plasma 

synthesis of H2O2 with the epoxidation of propene: either in the gas or in the 

liquid phase. The traditional and most studied approach of performing the 

epoxidation is with aqueous hydrogen peroxide with methanol as a solvent. 

This reaction can reach conversion values of 97 % with very high selectivity to 

PO [20]. An intermediate step is necessary, where the synthesized hydrogen 

peroxide vapor is captured into an adsorbing liquid like water or methanol 

before it is pumped to the epoxidation reactor. This type of process was 

proposed by Zhao et al. [16]. Hydrogen peroxide was synthesized in a DBD 

reactor using a mixture of hydrogen and oxygen. The products were absorbed 

into a fixed volume of methanol contained in a collector and, afterwards, 

pumped to the epoxidation reactor. The combined process reached 69 % 

selectivity of O2 to H2O2 in the plasma reactor with a yield of 62 % and 92 % of 

the peroxide produced was converted to PO with 93 % selectivity. If the size of 

the plasma reactor used is of the micro scale, the use of a microreactor for the 

epoxidation step is reasonable. In addition, microreactors favor the heat and 

mass transfer within the system due to the high surface area to volume ratio. 

This reduces the possibility of hot spots and minimizes the side-reactions that 

decrease the selectivity to the desired product [21].  

The second process option, from the epoxidation point of view, is the gas phase 

epoxidation, where H2O2 vapor coming from the plasma is fed directly to the 

epoxidation reactor. There it can react immediately with propene gas over a 

TS-1 bed. This alternative would avoid the intermediate capturing step in 

which the produced peroxide is absorbed into methanol. Su et al. [22] reported 

this combination with a yield of 0.25 kgPO kgcat
-1 h-1, a selectivity of propene to 

PO of 95.4 % and a H2O2 utilization of 36.1 %. A more detailed description of 

the gas phase epoxidation was published by Klemm et al. [23], who performed 
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the reaction in a microstructured reactor coated with TS-1, both on laboratory 

scale and in a pilot plant. They obtained productivities higher than 1 kg of PO 

per kilogram of catalyst per hour and selectivities to PO based on propene 

higher than 90 %. However, the selectivity based on peroxide that they 

reported was 25 % in lab experiments and 60 % in the pilot plant, which is still 

too low for being able to compete with the liquid phase route mentioned before. 

The purpose of this project is to develop and evaluate the feasibility of an 

integrated system for the production of propene oxide, where hydrogen 

peroxide is produced in situ in a plasma microreactor. 

  

4.2  Experimental designs and methodologies 

4.2.1 Experimental Plasma Setups (1) 

This section introduces the variety of setups used for the gas phase production 

of H2O2. The reactors developed are described in greater detail in [24]. Small 

and homogenous discharges were considered over larger, multiphase and 

corona like discharges. These treat most of the gas passing through the reactor 

in contrast to large/filamentary reactors, where only a fraction of the gas is 

actually in contact with the plasma. At the same time, key parameters such as 

temperature, power density, electron density and short lived species are more 

uniformly distributed. This not only makes it easier to understand the 

chemistry with simple theoretical models, but also improves the measurements 

of those parameters. A schematic description of the experimental setup used in 

common with all plasma reactors can be seen in Figure 4.2. Mass flow 

controllers ((1), Brooks 5800, 10 slm, 300 sccm) allow gas and admixture 

concentration control, enabling to add up to 2.7 % ± 0.3 % water vapor (using 

water bubbler of 250 ml, Duran (2)) to the total gas flow of typically 2 slm. The 

discharges are generated in either humidified argon or helium. 

The gas feed lines (3) are traced between the humidifier and the detection 

vessel and kept above room temperature to avoid condensation. The design of 

the reactors, their equivalent circuits and power supplies are described in the 

following subsections, followed by a description of the principal methods for the 

determination of power in each case.  
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Figure 4.2: Schematic overview of setup for the plasma sources. (1) Gas feed with Mass flow 

controllers, (2) humidification in bubbler, (3) traced gas feed lines, (4) in situ H2O2 detection. From 

[24]. (1) 

The H2O2 yield is measured by observing the color change due to the reaction of 

hydrogen peroxide with an ammonium metavanadate solution (NH4VO3) in the 

liquid phase [25], (4) in Figure 4.2. A blue diode (LED450-06, Roithner 

LaserTechnik GmbH) serves as light source for the absorption measurements: 

light passing through the absorption cell is detected by a low resolution UV-

VIS spectrometer (Avantes AvaSpec-USB2 Fiber Optic Spectrometer), while 

the stability of the light source is monitored simultaneously by a similar 

spectrometer (Ocean Optics HR2000). 

 

4.2.1.1 The Atmospheric Pressure Glow Discharge Reactor (APGD) (1) 

The plasma is a capacitively coupled atmospheric pressure glow discharge 

operating at ambient pressure and driven by radiofrequency (RF) alternating 

current (AC) as described in [26, 27] and similar to [28, 29]. The glow discharge 

is ideal, as the plasma is homogenous across the gap; the high excitation 

frequency adds to the uniformity of the discharge, as the heavy molecules and 
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atoms cannot follow the high excitation frequency, while the lighter electrons 

drive the chemistry. The plasma may be operated in He with small admixtures 

of molecular gases such as H2, O2 or H2O. The reactor consists of two stainless 

steel electrodes positioned adjacently to form a 1 mm gap in between. Reactor 

characteristics are provided in Table 4.1, and the design is detailed in Figure 

4.3. The chosen design allows visual access via side windows made of quartz. 

The body is made of machine cast PVC.  

 

Table 4.1: Physical characteristics of plasmas sources investigated in this work.  

 APGD DBD I DBD II 

electrode length [mm] 35 38 5 - 92 

electrode width [mm] 5 9 12 

Gap [mm] 1 1 0.5 – 40 

plasma volume (approx) [mm3] 175 342 60 – 1073 

water concentration [vol %] 0.2 – 3 ± 0.3 

Operational frequency [kHz] 9550 22.5 

 

The RF power is generated by amplifying the RF signal generated by a signal 

generator (Power Amplifier E&I AB-250 and Agilent 33220A 20 MHz Arbitrary 

Waveform Generator, see Figure 4.3). A bidirectional coupler with thermal 

probes (Amplifier Research PM2002, abbrev. as PM) to monitor the 

forward/reflected power is placed between the amplifier and the matching 

network, which is necessary to efficiently couple power into the reactor. A 

current monitor (Pearson 2877) and a voltage probe (Tektronix-P6015A, I and 

V in Figure 4.3) are used to monitor current and voltage (VI) signals in 

conjunction with an oscilloscope (Agilent Technologies, 250 MHz, 2 GSa/s). The 

APGD is operated around 10 MHz, with 0.5 W to 4 W dissipated plasma power.  

The discharge can be operated with power modulation (on-off) of the RF power 

using an additional signal generator to modulate the amplitude of the RF 

signal produced by the primary signal generator. The duty cycle of the 

modulated (20 kHz) signal is varied from 100 % down to 20 %, with a precision 

of around 1 %. Below 20 % the discharge becomes increasingly difficult to 

operate stably and measurements become less reproducible. 
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Figure 4.3: The APGD reactor and its electrical equivalent circuit (inset top right). (1) Swagelok gas 

inlet, (2) stainless steel electrodes, (3)set of o-rings sealing reactor windows and body, (4) quartz 

windows, (5) gas outlet. For more detail consult [24] (1). 

 

4.2.1.2 The Dielectric Barrier Discharges (DBD I and DBD II) (1) 

The DBD concept is well known and has been investigated extensively [12], e.g. 

in the context of ozone production. First investigations were conducted in 1857 

[30]. In a DBD, one or both electrodes are covered with a dielectric limiting the 

current transport. At atmospheric pressure, electron avalanches build up 

charge very quickly which leads to breakdown in the gas. As this breakdown 

channel reaches the adjacent dielectric surface, it is almost instantly disrupted 

again. These so called microdischarges have a very short lifetime in the order of 

ns, as the surfaces are dielectrical, giving a quick rise in surface charge which 

disrupts the local field in an area larger than the filament itself. This effect 

limits the lifetime of such a filament to a few ns and the slow dissipation of the 

surface discharge inhibits the formation of a new filament at the exact same 

location in subsequent periods [11, 31, 32]. This is a great advantage, as the 
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very active electron chemistry of these microdischarges requires only very little 

energy per microdischarge and thus has great potential for many applications.  

In this work, two DBDs were developed and put to use. The first one, DBD I, is 

depicted in Figure 4.4. It was designed for power control and as a closed system 

to be able to investigate Ar, He and H2/O2 admixtures in the same reactor. The 

DBD II was developed with a scalable electrode gap and the option to cool the 

electrodes. As such, it is possible to freely vary the interelectrode gap and the 

length of the electrodes in the same system. DBD I and DBD II are described in 

detail in chapter 2 of [24].  

 

Figure 4.4: Description of the DBD I design with electrical equivalent circuit. (1) Gas inlet, (2) high 

voltage contact (3) electrodes , (4) gas outlet towards detection. Detail view highlights the 

crossection of the reactor with the discharge gap. (1) 

It is possible to excite a discharge using a kHz AC power source (Amazing1 

Plasma Driver, 22.5 kHz) with sufficiently high output voltages to cause 

breakdown of the gas in the reactor. In both reactors developed for this work, 

the electrodes are parallel sheets of 1 mm thick dielectric material (pyrex glass) 

with a gap between them (see Figure 4.4). These dielectric sheets are coated 

with conductive layers of silver paint (3) on the outer side, serving both as 

electrical connections as well as electrodes. The plasma is excited in the gas 

supplied to the reactor (1), which completely fills the gap between the glass 

sheets. 
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A layer of silicon rubber glue on the reactor outside, covering the electrode 

outer surfaces, prevents corona discharges at the electrode edges. Temperature 

measurements of the silver surface using an infrared thermometer suggested 

that they do not heat up significantly under typical operational conditions, 

ranging from slightly above room temperature at low powers ( < 1 W), to about 

68 °C at high powers (> 5 W). The dimensions and characteristics of the DBD I 

are listed in Table 4.1. 

 

4.2.2 Plasma power measurements (1) 

As both discharge types used in this work are significantly different and the 

power used by the source is one of the key parameters for the energy efficiency, 

it is essential to measure it correctly. The total applied power to a system, 

total
applP , significantly differs from case to case. It depends on the choice of 

equipment and the efficiency of matching the plasma source to the power 

supply. As such, 
total

applP is a poor parameter to compare different sources and of 

no use to understand the chemical kinetics of a discharge. Energy efficiencies 

described in [24] and this work are based on the power dissipated by the 

plasma alone, without losses occurring in the system, Pplasma.  

The standard approach to measure power, which is valid for the APGD source, 

is described in [13]. 

    
0

1
T

P U t I t dt
T

    Eq. 4.1 

with P denoting power, T the period of the applied signal and U(t) and I(t) the 

measured voltage and current, respectively. A simple measurement may be 

strongly influenced by the capacitance introduced by the voltage probe in the 

circuit. Thus a power meter (bidirectional coupler) was used in addition to the 

voltage probes to obtain both reflected and forward power between power 

amplifier and matching box as a function of the measured current root mean 

square (IRMS), 𝑃𝑎𝑝𝑝(𝐼𝑅𝑀𝑆). To calculate the 𝑃𝑝𝑙𝑎𝑠𝑚𝑎(𝐼𝑅𝑀𝑆) it is necessary to correct 

the measured forward power going into matching the box and the reactor, for 

losses in the matching box [13, 24]: 

      plasma RMS app RMS match RMSP I P I P I    Eq. 4.2 
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with 𝑃𝑚𝑎𝑡𝑐ℎ(𝐼𝑅𝑀𝑆) being considered as heat losses in the coil and 𝐼𝑅𝑀𝑆 the 

measured root mean square current. With all losses established as a function of 

the applied RMS current, it is possible to set and monitor specific dissipated 

plasma powers, 𝑃𝑝𝑙𝑎𝑠𝑚𝑎(𝐼𝑅𝑀𝑆), in the APGD source. For more detail, see the 

Experimental Methods section in [24]. 

Another approach is chosen in the case of the filamentary discharges in DBD’s. 

These filaments are seen in typical current / voltage graphs in Figure 4.5. For 

an accurate power measurement, the current of an individual filament has to 

be measured requiring probes with very high rise times to resolve individual 

peaks produced by microdischarges, as seen in the jagged current signal 

produced by many individual, overlapping peaks. Thus the conventional 

approach to calculate the power as in equation 4.2 cannot be applied. A solution 

to this was introduced by Manley [33] and has been applied for similar 

discharges. 

The method uses a measurement capacitance in series with the source, forming 

an electrical equivalent circuit of two capacitances in series. If this 

measurement capacitance 𝐶𝑀 is much bigger than the capacitance of the DBD, 

the influence of the measurement capacitance on the whole system is negligible 

and the charge 𝐶𝑀 measured across the measurement capacitance represents 

the same charge as on the plates of the DBD. The current through the 

measurement capacitance is physically integrated, and hence short current 

pulses of all filaments are included in the power measurement without the 

need to identify them up individually. 

The charge is determined by  

    M MQ t C U t   Eq. 4.3 

and can be measured by current and voltage across the measurements 

capacitance. Plotting the sinusoidal high voltage driving the plasma against 

the charge will result in a symmetric figure due to the periodic nature, 

commonly referred to as Lissajous figure. Actual figures are shown in Figure 

4.5. Integrating over the area enclosed represents the energy dissipated by the 

discharge during a full period, and thus 

  
0

1
T

app MP Q t dt
T

    Eq. 4.4 
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Figure 4.5: Typical Lissajous figure of the DBB I, operated with He + 2.7% H2O at various 

powers.(1) 

This is a simple method for measuring the power applied to the system. In 

order to obtain the plasma dissipated power, the same approach as in the case 

of the APGD has been chosen: as function of RMS current, the applied power 

can be corrected for the corresponding losses at the same current (see equation 

4.2).  

 

4.2.3 Hydrogen Peroxide detection in the plasma source (1) 

A number of H2O2 detection methods have been considered initially as an 

alternative to the ex situ optical absorption method described in this section. 

The main challenge to H2O2 detection in the gas phase lies in detecting low 

densities in situ in the presence of high concentrations of water. While options 

such as Fourier Transform Infrared Absorption (FTIR), Mass Spectroscopy 

(MS) or Gas Chromatography (GC) are well established, they are generally 

challenged to detect H2O2 in the order of 10 ppm at typical water vapor 

concentrations in the plasma (0 – 2.7 vol.%). Detection of H2O2 in the liquid 

phase is also well established and can be performed with high sensitivity 

towards H2O2. A number of techniques for detecting hydrogen peroxide take 

advantage of the strong oxidizing properties of H2O2. Reduction/oxidation 

titration methods detect concentrations of reaction product visually by a color 

change of an indicator solution. However, methods such as iodometric titration 

[34] or permanganate titration [35] also have a rather low sensitivity (H2O2 

detection limit of iodometric titration: 0.1 wt.%) and are suitable only for 

higher concentrations of H2O2. A good overview of alternative 
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spectrophotometric, fluorescence or chemo-luminescence method can be found 

in [36] and [24]. 

A colorimetric method using a solution of ammonium meta-vanadate (NH4VO3) 

was chosen. The reduction of VV to VVII induces a color change from yellow to 

orange, with its maximum intensity at a wavelength of 450 nm as reported in 

[25]. The method has been shown to be highly selective to H2O2 in the presence 

of many other reactive species such as Cl-, NO3
-, Fe3+ and FeOx with a reported 

detection limit of 0.143 μmol/l. Ozone, typically produced in the presence of 

oxygen in the plasma, does not seem to influence the detection of H2O2 with 

NH4VO3 either [37]. Possible issues with selectivity are further limited as the 

effluent is not in contact with air until after the detection. Due to the reported 

stability of the NH4VO3 solution over 180h and its high selectivity it was 

chosen as primary method in this work.  

 

 

Figure 4.6: Illustration of detection method using ammonium metavanadate. The fit of the slopes 

produced at 0.47% H2O and 2.7W ± 0.2W allows to derive the production per minute and thus 

allows to calculate energy efficiencies. Note that negative values are possible, since this is a 

relative measurement method and values larger than 0 mean that less light is passing through the 

solution due to the color change. However, small fluctuation in the light source intensity may 

temporarily brighten the light passing through detection in relation to the reference value and 

result in negative values. (1)  
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The concentration c of H2O2, absorbed by the detection liquid and leading to a 

change in absorption signal, can be determined using the Beer-Lambert Law 

 
0

cdI I e    Eq. 4.5 

with 

0

I

I
 being the ratio of measured to reference intensity, d the optical 

absorption path length and ε the molar extinction coefficient of the detection 

liquid as reported in [25].  

For every measurement run, the first obtained spectrum is used as a reference 

signal. Solving the equation for c, the H2O2 yield in [mol/l] can be obtained for 

each measurement. Performing a measurement every minute results in a 

graph like in Figure 4.6.  

The slope of a linear fit of these individual measurements is the H2O2 yield in 

[mmol l-1 min-1] in the detection volume. Combined with the measured plasma 

power the energy efficiency η in units of [g kWh-1] can be calculated. 

Transforming this concentration into molar densities and considering the flow 

through the system allows to calculate gas phase (volume) densities of 

hydrogen peroxide, 
2 2H On , in [ppm].  

 

4.2.4 Epoxidation of propene with hydrogen peroxide (2) 

The epoxidation of propene in the gas and in the liquid phase is explored with 

the aim to evaluate the eventual integration with the synthesis of hydrogen 

peroxide in a plasma reactor. Titanium silicalite-1 was used as a catalyst in 

both cases, considering its high performance in the oxidation of organic 

compounds with hydrogen peroxide [38-41].  

 

4.2.4.1 Gas phase epoxidation setup (2) 

The gas phase epoxidation is performed in a tubular reactor with an inner 

diameter of 4 mm and a length of 470 mm (Figure 4.7, (3)). The material of the 

reactor may be varied: quartz, PTFE, titanium and stainless steel depending on 

the experiments. The reactor is inserted into a tubular oven (4) for conducting 

experiments at different temperatures, ranging from 120°C to 160°C. The 

hydrogen peroxide vapor was obtained by feeding aqueous H2O2 (30 wt.%, 
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Sigma Aldrich, containing stabilizers) with a syringe pump (KDS 100 with a 

borosilicate gas-tight syringe SGE) through a PEEK capillary inside the 

reactor, where it evaporates over a bed of PFA (perfluoroalcoxy) beads at the 

working temperature. The syringe pump is located inside a fridge at 7 °C to 

avoid decomposition of H2O2 (2). The gases, helium (carrier gas) (0 – 

200 ml/min) and propene (0 – 20 ml/min), were dosed by mass flow controllers 

(BROOKS Instruments B.V.) (1). The outlet gases of the reactor were analyzed 

online by a Compact Gas Chromatograph (GC, Interscience B.V.) equipped with 

a Rt-Q-Bond column and a Molsieve 5A column in two separate channels, both 

with a thermal conductivity detector (TCD) (6).  

 

 

Figure 4.7: Setup for the epoxidation of propene in the gas phase. (1) Mass flow controllers, (2) 

Syringe pump for feeding aqueous H2O2 to the system, (3) quartz reactor, (4) heating oven, (5) 

capturing setup, (6) online GC. (2)  

Given the limitations presented by the analysis of H2O2 vapor, which is fully 

decomposed at the high temperature in the injector of the GC, a capturing 

setup was developed (5). A 4-way valve was installed just after the reactor, 

giving the possibility of diverting the flow to a capturing vessel. This vessel was 

immersed in a cooling bath prepared with a mixture of liquid nitrogen and 

ethanol (-116°C) so that all the vapors were frozen when passing through it. 
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The remaining gases were measured in the GC. All the oxygen measured 

during these runs can be directly related to the amount of hydrogen peroxide 

decomposed in the reactor. To verify the validity of this method, in a number of 

experiments, the frozen content of the vessel was analyzed by iodometric 

titration to determine the peroxide concentration in the gas phase. Using this 

method, the hydrogen peroxide decomposition was determined with an 

experimental error of less than around 10 %.  

 

 Liquid phase epoxidation setup (2) 4.2.4.2

Considering the possibility of synthesizing hydrogen peroxide in a microplasma 

reactor, the liquid phase epoxidation of propene was carried out in a 

microreactor. Two types of microreactors were evaluated: a TS-1 coated 

capillary microreactor (CCMR) and a fixed bed microreactor (FBMR). The 

former was prepared by in situ hydrothermal synthesis of TS-1 zeolite in the 

walls of a fused silica capillary, resulting in a homogeneous TS-1 coating layer 

of ~3 μm thickness. The latter was loaded with TS-1 powder. More details 

about the characteristics of the microreactors can be found in Chapter 3.  

The experiments were conducted in the setup shown in Figure 4.8. Either the 

coated capillary microreactor (CCMR) or the fixed bed microreactor (FBMR) 

were connected to the setup and kept in a thermostatic oven (Figure 4.8, (4)) to 

maintain the reaction temperature. The liquid phase was fed at a flow rate 

between 0.2 and 6 ml/h with a high precision syringe pump (Teledyne ISCO) 

(Figure 4.8, (2)) connected with a cooling jacket at 10 °C to minimize H2O2 

decomposition. The propene flow was controlled by a mass flow controller 

(Bronkhorst) in a range between 0.1 and 10 Nml/min (Figure 4.8, (1)). Both 

reactants were mixed before entering in the reactor using a T-shaped mixer 

(Figure 4.8, (3)). A back pressure regulator was used downstream to facilitate 

maintaining a constant pressure N2 at a constant flow rate of 1 Nml/min 

(Figure 4.8, (7)). After the reaction, the two phases were separated and the gas 

stream was analyzed in an online microGC (Varian) equipped with a Porabond 

Q column and a Molsieve 5A column in two separate channels, both with a 

thermal conductivity detector (TCD) (Figure 4.8, (6)). Liquid samples were 

taken every hour (Figure 4.8, (5)) and analyzed for their composition in an 

offline GC (Varian CP-3800) with a CP-Sil-5 column and equipped with an FID 

detector. The concentration of hydrogen peroxide in the liquid samples was 

determined by iodometric titration. A three-way valve situated after the ISCO 
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pump allowed samples to be taken to analyze the actual concentration of 

hydrogen peroxide that was used, since some decomposition of H2O2 occurred 

with time inside the pump. 

 

 

Figure 4.8: Scheme of microreactor setup for the epoxidation of propene with hydrogen peroxide. (1) 

Mass flow controllers, (2) ISCO pump, (3) T-shaped mixer, (4) thermostatic oven, (5) valve for the 

sampling of liquid to be analyzed in an off line GC, (6) on line gas microGC, (7) back pressure 

regulator. (2) 

 

4.2.5 Epoxidation experiments (2) 

The epoxidation experiments were carried out in the setups described above, 

analyzing different parameters that can be important for the performance of 

the reaction.  

The conversion and selectivity to PO of hydrogen peroxide (XH2O2, SH2O2 to PO) 

were calculated following equations: 
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  Eq. 4.8 

where Fx is the molar flow of the reactants and products used and obtained 

during the oxidation of propene (mol/min). In the gas phase epoxidation the 

main by-products are acetaldehyde, CO2 and CO, from the further oxidation of 

propene, as well as acetone and propanal from the isomerization of PO. In the 

case of the liquid phase epoxidation, the formation of 1-methoxy-2-propanol 

(1M2P), 2-methoxy-1-propanol (2M1P) and propylene glycol (PG) are the result 

of the opening of the oxirane ring due to the acidic conditions. 

In the gas phase epoxidation of propene, the effect of the concentration of 

hydrogen peroxide and propene was evaluated by maintaining one constant 

concentration in excess and varying the concentration of the other. Helium was 

used as inert gas, with flows of 50 and 100 ml/min. In all these experiments the 

temperature was maintained at 140°C. Additionally, the influence of the 

catalyst loading was also tested. To that end, different amounts of TS-1, 

ranging from 10 to 100 mg, were packed in the reactor. The epoxidation was 

carried out at a total flow rate of 64 ml/min, 3.7 vol.% H2O2 and 13 vol.% C3H6 

at a temperature of 140°C. The behavior of the system at different 

temperatures was evaluated by varying the temperature of the oven between 

120 and 160°C. The concentrations of peroxide and propene were 2.4 and 0.8 

vol.% respectively, maintaining a total flow rate of 116 ml/min. 

The liquid phase epoxidation of propene was conducted with aqueous hydrogen 

peroxide using the FBMR and the CCMR, described above. The pressure was 

maintained at 6 bar and the temperature at 40 °C. The liquid phase consisted 

of 13.3 wt.% hydrogen peroxide (30 wt.%, Sigma Aldrich, containing stabilizers, 

effectively 4 wt.% H2O2 and 9.3 wt.% water), with methanol as solvent and 4 

wt.% ethanol as internal standard. The gas phase was pure propene. The gas 

and liquid space velocity (GHSV and LHSV, respectively) were calculated using 

Equation 4.9. The space velocity of the liquid was varied by changing the 

pumping rate in the ISCO pump and maintaining the same amount of catalyst. 

The volumetric gas-to-liquid ratio (G/L) was maintained constant at 15 for all 

the experiments conducted, calculated considering that the conditions inside 

the reactor are at 6 bar and 40 °C. 
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    Eq. 4.9 

The space velocity used in this work relates the reactant liquid or gas flow rate 

to the amount of catalyst employed in the system. 

 

4.3  Results and Discussion 

4.3.1 Hydrogen peroxide production results (1) 

With the methods detailed in the previous section, all three reactors where 

investigated regarding their maximum energy efficiency for H2O2 production. 

The following section intends to present an overview of the results and focuses 

on the main parameters for H2O2 production.  

Table 4.2: Maximum energy efficiencies for H2O2 production. The APGD cannot be operated in Ar. 

These results are obtained with maximum water vapor saturation of  2.7 % ± 0.3 % H2O vapor. 

 APGD DBD I DBD II 

He [g/kWh] 0.18 ± 0.02  0.16 ± 0.02 0.3 ± 0.01 

Ar [g/kWh] - 0.24 ± 0.05 1.4 ± 0.4 

diss. plasma power [W] 1 – 3 0.1 – 4 0.5 – 10 

 

Gas Temperature 

In all cases, it was found that the gas temperature in the reactor did not exceed 

380 K. This is important to note, as especially H2O2 has been reported to 

decompose at higher gas temperatures. At ambient gas temperature up to well 

beyond 400 K, electron driven chemistry reaction rates are orders of magnitude 

faster than thermal dissociation rates. Between the lowest and highest powers, 

the measured change in gas temperature is of the order of 30 K. 

Water concentration 

In the experiments performed with water vapor dispersed in a carrier gas (Ar 

or He), the H2O2 yield rises with increasing content of water in all reactors. 

This can be expected, as H2O2 is produced by the dissociation of H2O molecules 

and the formation of OH radicals in the process. Two of these radicals may 
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recombine to form a H2O2 molecule in a three body recombination process [42]. 

In the operational regime of up to maximal water vapor concentrations of 2.7 – 

3 % ± 0.3 %, the energy efficiency rises linearly (APGD case) or in fair 

approximation linearly (as in the case of the DBD I). 

However, while all measurements listed in Table 4.2 have been obtained with 

the maximal water vapor concentrations of up to 3 vol.%, a set of 

measurements was carried out at concentrations of up to 16 % H2O in the gas 

phase. The power required to operate a discharge increases in the presence of 

molecules compared to atomic gases. This was one of the reasons that lead to 

the use of humid gas discharges instead of admixtures as reported in literature. 

In this case the sharp increase in power needed to keep the discharge 

operational balanced the gain in product yield by higher initial water 

concentrations, thus leading to lower energy efficiencies. These values are 

below the maximum values reported in Table 4.2. 

Use of H2/O2 admixtures 

While H2/O2 admixtures were considered and investigated in both source types, 

the results remain inconclusive. In contrast to [16], a buffered 1:1 mixture with 

96 % He was used in order to avoid explosive mixtures and allow safer 

handling, as both reactor types are open to the ambient and the detection 

method requires an open architecture. Energy efficiencies and peroxide yields 

measured with these admixes are a factor two lower than using humid He and 

are subject to strong variations. These variations maybe due to influences of 

radicals produced by the discharge interacting with the detection solution. 

Using alternative captioning methods, such as the capturing with water in 

combination with consecutive ex-situ analysis of the treated sample volume or 

gas trap to capture the effluent, yielded very low H2O2 densities and did not 

reflect results observed in literature. 

The use of undiluted, non-explosive mixtures of 96 % H2 and 4 % O2 was made 

possible using the epoxidation setup described in section 4.2.4.1 (Figure 4.7). 

When the plasma ignites, the O2 completely dissociates as measured by the GC. 

Simultaneously, H2O is being produced and detected in the GC. As H2O2 

decomposes in the GC and cannot be detected, it is not possible to comment on 

the underlying chemistry of this process.  

It seems, however, from the use of both buffered and pure H2/O2 admixtures 

that the energy efficiency of humid Ar and He discharges is higher.  
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Carrier Gas 

The gasses chosen for this investigation differ from the gases used in literature 

[16, 43], as the chemistry of H2/O2 is poorly understood, while humid non-

equilibrium discharges with H2O have been modeled preceding this work [19] 

and are understood to a certain extent. As understanding the chemistry is 

essential, existing models where investigated further to see how far the energy 

efficiency may be improved.  

Thus Ar and He where used, while it is only possible to directly compare both 

in the same reactor in the DBDs without modifications of the source. Results 

indicate that the main production mechanism is indeed the 3 body 

recombination of OH,  

 
2 2

OH OH M H O M      Eq. 4.10 

M is a third body, neutral atom or gas molecule, which is required to allow the 

conservation of Energy (as the two OH radicals recombine, excess/required 

Energie for the formation of H2O2 molecule have to be provided/absorbed). 

Reults further reflect the higher OH densities in Ar than in He measured both 

elsewhere and in the current setups [24, 44]. Thus the use of Ar is preferable as 

it yields higher OH densities and consecutively higher H2O2 yields.  

Power 

Plasma dissipated power is one of the key factors affecting its performance, as 

higher powers lead to higher electron densities and thus to a more active 

plasma chemistry.  

In the case of the APGD, the energy efficiency rises with dissipated power in 

the operational range, while below 1 W the APGD becomes increasingly 

unstable. For more detail see [42].  

On the other hand, in both cases of the DBD sources, the energy efficiency does 

not increase linearly with power in all cases. Using He as a carrier gas, results 

are comparable to the AGPG, while in the case of Ar as carrier gas, a 

pronounced maximum in energy efficiency at low powers [42, 45] is observed. 

This suggests that the different, filamentary nature of the DBDs might give 

rise to a higher H2O2 yield. Electron densities in a filament are orders of 

magnitudes higher than in a glow discharge, hence also the OH density, most 

likely boosting the dissociation of H2O in the gas. Outside the filament, electron 
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densities and gas temperature are significantly lower, allowing for the 

formation of molecules such as H2O2.  

Modeling as well as a simple balance of experimental results using the APGD 

suggests [42] that electron-induced losses are the most important H2O2 loss 

mechanisms in the plasma. High electron densities (ne) are responsible for 

driving most of the chemical reactions as well as for the main loss mechanisms 

for H2O2 as many highly energetic electrons are available. However, the 

highest ne is restricted to transient filaments in the DBD, leading to the 

assumption that a low number of filaments might result in higher H2O2 yields. 

At lower power, fewer filaments are formed and thus there are less highly 

energetic electrons to dissociate the peroxide, while it is still being produced 

efficiently enough by the recombination of OH radicals. Striking the right 

balance is essential for the optimalisation of this process.  

This might be supported by the observation that at low plasma powers, the 

discharge gap is not uniformly filled with filaments. With increasing power, the 

plasma becomes optically more uniform and the energy efficiency of H2O2 

production drops slightly, again supporting the idea that too many filaments 

dissociate the H2O2 better. However, it should be mentioned that the model 

developed in [42] was for a completely different discharge chemistry and that 

loss mechanisms in this case might be different. 

 

4.3.2 Results of the epoxidation of propene (2) 

Gas phase epoxidation 

The gas phase epoxidation of propene was successfully accomplished by 

evaporating aqueous hydrogen peroxide in situ. Amounts of catalyst as small 

as 10 mg were capable of catalyzing the synthesis of PO, reaching 

productivities as high as 10 gPO gcat
-1 h-1. This value is very high in comparison 

with the gas phase epoxidation experiments carried out with a mixture of H2 

and O2 over Au-Ti catalyst, where the highest productivity achieved so far was 

0.3 gPO gcat
-1 h-1 [46]. The high values obtained with H2O2 vapor are due to the 

large reaction rate of the epoxidation and decomposition over TS-1 at 140 °C. 

Even when more catalyst is added, the conversion and selectivity remain the 

same, indicating that the reactions occur in the first section of the catalyst bed, 

utilizing only a few mg of catalyst.  
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Hydrogen peroxide was completely converted in all experiments (XH2O2 = 

100 %), partially in the epoxidation and partially decomposed. The presence of 

the catalyst enhanced the decomposition, due to the presence of Ti in its 

structure. However, at the moment propene was introduced in the gas feed, the 

decomposition dropped to around 35 % while the selectivity of hydrogen 

peroxide to PO reached 40 %. This indicates that the epoxidation of propene is 

faster that the decomposition of H2O2. Regarding the selectivity to PO based on 

propene, as long as an excess of propene is maintained during the reaction, 

values higher than 90 % can be obtained, with acetaldehyde, CO and CO2 from 

the further oxidation of PO, and propanal and acetone from its isomerization as 

main by-products. The reason for the need of an excess of propene lies in the 

fact that an excess of hydrogen peroxide would further oxidize the produced PO 

into CO and CO2 and acetaldehyde. 

Liquid phase epoxidation 

The traditional liquid phase epoxidation of propene was studied in a 

microreactor, to evaluate the possibility of combining this reaction with the 

synthesis of hydrogen peroxide in a microplasma reactor. Two alternatives 

were contemplated in this case: a fixed bed microreactor and a coated capillary 

microreactor. The epoxidation of propene was achieved and high selectivity to 

PO (>95 %) could be obtained. Productivity values of 2.15 gPO gcat
-1 h-1 were 

attained. Considering that PO is a bulk chemical, produced in the scale of 

thousands of tons per year, it was concluded that a microreactor was not the 

most suitable kind of reactor for the production of this chemical. Nevertheless, 

the powder catalyst synthesized and the productivity obtained can be scaled up 

in order to be used in a traditional packed-bed reactor.  

The main results of both gas and liquid phase epoxidation can be found in 

Table 4.3. It can be seen that the conversion of hydrogen peroxide is higher in 

the gas phase reaction; however, the peroxide consumed is better utilized in the 

liquid phase reaction. Considering that the synthesis of H2O2 is one of the most 

expensive parts of the HPPO process, the best process would be the one that 

converts the higher amount of peroxide with the highest selectivity, thus the 

liquid phase reaction at lower space velocities seems to be the most suitable.  

 



Results and discussion. Results of the epoxidation of propene 

  

101 

Table 4.3: Summary of results of the epoxidation of propene with hydrogen peroxide in the gas and 

in the liquid phase obtained in Chapters 2 and 3. 

 SV XH2O2 SH2O2 to PO SC3H6 to PO PO prod 

 ml gcat
-1 h-1 %   gPO gcat

-1 h-1 

Gas phase 
450000 

(GHSV) 
100 40 90 10 

Liquid phase 

200 

(LHSV) 
30 75 97 2 

25 95 78 96 0.9 

 

4.3.3 Experimental combination of plasma reactor and epoxidation 

reactor (3) 

The feasibility of combining both reactors into a single system was evaluated. 

The DBD I reactor was mounted in the epoxidation setup, connected directly to 

the H2, O2, He and C3H6 MFCs. Initial tests were carried out by feeding a 

mixture of H2/O2 into a 96/4 molar ratio into the DBD reactor. The outlet 

stream was bubbled through 5 ml of water contained in the capturing vessel in 

order to adsorb all the produced H2O2. 

 

4.3.4 Direct oxidation of propene in a plasma reactor (3) 

The direct oxidation of ethylene to ethylene oxide (EO) in a DBD reactor was 

attempted by Suttikul et al. [47] in the absence of any catalyst. In the study 

several factors such as the feed position as well as the applied voltage, input 

frequency and the ratio C2H4/O2 were analyzed. The highest EO yield achieved 

was 7.5 %, with a selectivity of 34 %. Besides the epoxidation, other undesirable 

reactions were observed, such as combustion, dehydrogenation, cracking and 

coupling of C2H4.  

Using the DBD I, developed in this study, the direct epoxidation of propene 

with oxygen alone was evaluated. Initially a mixture of 90 vol.% C3H6 and 

10 vol.% O2 was used, but achieving breakdown in this admixture required very 

high applied powers for stable operation. This was avoided by adding He to the 

admixture (C3H6/O2/He 2.5/2.5/90). The result was a mixture of multiple 

carbon-containing products, such as PO, propane, CO, CO2, acetaldehyde, 
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propanal, acetone, and others. Consequently, the selectivity to PO was minor. 

Several factors should be adjusted in order to minimize the side reactions; 

nevertheless, it would be very difficult to control the system in such a way that 

the selectivity to PO would reach high values.  

 

4.4  Integrated process: Process options (2) 

The selection of one epoxidation option over the other for the integration with 

the plasma reactor has to be done considering several factors, such as the 

intermediate steps between the synthesis of hydrogen peroxide and its use in 

the epoxidation, as well as the subsequent separation steps, required to purify 

the synthesized PO. Therefore, this section will be focusing on the evaluation of 

the overall combined process. 

The first alternative process considers the synthesis of H2O2 in a DBD reactor 

with a mixture of H2 and O2, like the process proposed by Zhao et al. [48], while 

the second alternative studied considers a plasma where hydrogen peroxide is 

produced from a mixture of Ar (or He) and water.  

Gas phase epoxidation 

A scheme of the proposed flow diagram for the integrated process with 

epoxidation carried out in the gas phase can be seen in Figure 4.9. The 

synthesis of hydrogen peroxide takes place in a DBD plasma reactor (Figure 

4.9, (P-1)). A mixture of pure hydrogen and oxygen can be fed avoiding 

explosive conditions. Therefore, the concentration of oxygen should be kept 

below 6 %. Zhao et al. [16] developed a DBD reactor in which, using 4.8 % of 

oxygen, up to 90 % O2 conversion was obtained with 69 % H2O2 selectivity. 

Even though it was not possible to reproduce these results in this study, these 

values are used as reference for the maximum amount of hydrogen peroxide 

produced in the combined process when using hydrogen and oxygen. The outlet 

of the plasma reactor consists of hydrogen peroxide vapor and water as well as 

unreacted hydrogen and oxygen (stream B in Figure 4.9) which can be directly 

fed to the epoxidation reactor together with propene. In the analysis of the gas 

phase epoxidation it was determined that the residence time of hydrogen 

peroxide vapor should be minimized in order to avoid decomposition. Therefore, 

the distance between the plasma and the epoxidation reactors should be kept 

as short as possible. Su et al. [22] proposed to create a single unit, where 

propene is fed immediately after the peroxide formation and the two reactants 
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meet over a bed of TS-1. It was also determined that an excess of propene 

should be used to maintain the selectivity to PO higher than 90 %.  

 

Figure 4.9: Gas phase integrated process. Production of H2O2 in a plasma reactor from a mixture of 

hydrogen and oxygen, and gas phase epoxidation of propene. P-1 is the DBD reactor for the 

synthesis of H2O2, R-1 is the epoxidation reactor, T-1 is the distillation tower where the light gases 

are separated and recirculated to the plasma reactor. (2) 

The epoxidation of propene takes place at 140 °C and atmospheric pressure. All 

hydrogen peroxide is converted, either to PO or to oxygen and water; therefore, 

there is no remaining H2O2 in the outlet (stream D). This is an advantage, 

since, for safety reasons, peroxide should not enter in the PO purification steps. 

The reason is that at high temperatures it decomposes, producing oxygen in a 

not-controlled manner, which can cause safety problems [49]. PO is produced 

with a propene selectivity of 90 %. Additionally, other carbon-containing by-

products are generated, like CO, CO2, acetaldehyde and propanal. The material 

used for the epoxidation reactor should be chosen carefully. As it was explained 

in Chapter 2, the decomposition of hydrogen peroxide is a surface reaction and 

it is speeded up by metals like stainless steel or titanium, while quartz or 

Teflon are more inert. Klemm et al. [50] developed a microstructured falling 

film evaporator where H2O2 was evaporated at 130 °C. The material used in 
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that case was AlMg3, for which an initial self-passivation procedure under 

reaction conditions was applied. The selection of specific materials plays an 

important role in the total capital investment of the plant and should be taken 

into account.  

The light gases can be separated in a subsequent step by fractional distillation 

(T-1), where hydrogen, propene, oxygen, CO and CO2 are removed from the tops 

(stream E) and the heavier hydrocarbons, together with water, leave through 

the bottoms (stream G). The off-gas consists of 95 % hydrogen, consequently, it 

should be purified in order to be recycled as feed for the plasma reactor.  

It can be concluded that the epoxidation of propene in the gas phase avoids the 

intermediate capturing stage in which hydrogen peroxide is adsorbed into 

methanol. Nevertheless, various separation stages are required after the 

reactor to obtain commercial grade PO, including the purification of hydrogen 

in order to be recycled to the plasma reactor, which is expensive. The recycle of 

propene would also be more complicated more complicated than in the HPPO.  

Liquid phase epoxidation 

To analyze the possibility of combining the synthesis of hydrogen peroxide 

vapor from hydrogen and oxygen with the liquid phase epoxidation of propene, 

the same conditions for the plasma reactor as the ones from the previous 

section will be considered. Following the results of Zhao et al. [16], a collector, 

in which the produced hydrogen peroxide was adsorbed into methanol, was 

employed. The concentration of the H2O2 fed to the epoxidation can be 

regulated by adjusting the pre-discharge time of the plasma (before starting 

operation) and the flow of methanol/peroxide/water leaving the collector. For 

instance, if the concentration required is 5.4 wt.%, the flow that should be used 

is 6.4 ml/h with a pre-discharge time of 7.5 h. The unreacted hydrogen and 

oxygen are separated in the collector and recycled to the feed of the plasma 

reactor (stream D in Figure 4.10). Before this stream is recycled, it should pass 

through a condenser (C-1) in order to remove the traces of methanol, water and 

H2O2.  

The liquid stream, consisting of methanol, hydrogen peroxide and water 

(stream E in Figure 4.10), together with an excess of propene, enters the 

packed bed reactor, where the epoxidation takes place. The catalyst used is TS-

1 in pellets. To avoid high concentrations of hydrogen peroxide at the outlet of 

the reactor, because of the safety concerns explained in the previous section, a 

high conversion of the reactant should be ensured.  
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Figure 4.10: Liquid phase integrated process. Production of H2O2 in a plasma reactor from a 

mixture of hydrogen and oxygen and its used for the epoxidation of propene in the liquid phase. P-1 

is the DBD reactor for the synthesis of H2O2, S-1 is the collector where H2O2 is adsorbed into 

methanol, C-1 condenser where traces of methanol and H2O2 are removed from the gas stream, R-1 

is the epoxidation reactor. (2) 

The outlet of the epoxidation reactor (stream G, Figure 4.10) contains 

methanol, propene, PO, water and unreacted hydrogen peroxide. Small 

amounts of methyl ethers and propylene glycol are also present as by-products 

of the epoxidation. In order to obtain commercial grade PO, several separation 

steps should be applied. A similar separation scheme as the one of the HPPO 

shown in Figure 4.1 can be applied after the reactor. Unreacted propene can be 

recycled as well as methanol after purification. 

The alternative of conducting the epoxidation of propene in the liquid phase 

requires the additional step for adsorbing hydrogen peroxide into methanol. 

However, this step is also used for the separation and recycling of unreacted 

hydrogen and oxygen to the plasma reactor, which has to be performed in any 

case. The amount of separation steps required after the epoxidation is higher. 

On the other hand, the utilization of hydrogen peroxide is more than double 

than that in the gas phase, which makes the process more efficient. 
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Synthesis of hydrogen peroxide with liquid water 

The group of Locke [18] reported the possibility to synthesize hydrogen 

peroxide by using a water-spray plasma reactor. In this system up to 20 ml/min 

of water were sprayed in a gas flow of 2 l/min. The maximum productivity was 

obtained with argon as carrier gas, reaching energy yields up to 81 g/kWh. 

Considering the high concentration of water droplets in the gas stream, after 

the plasma reactor, water will immediately condense. Therefore, the use of the 

hydrogen peroxide synthesized with this method for the further epoxidation of 

propene should be done in the liquid phase.  

The main advantage is the fact that water is the only required reactant, 

reducing the reactant costs. However, the H2O2 concentrations in water 

reached are extremely low (0.002 wt.%). Furthermore, the use of water as 

solvent for the epoxidation results in low conversions and selectivities to PO 

[20, 51]. Liu et al. obtained 41 % H2O2 conversion with 21 % selectivity to PO 

[52]. The low selectivity is due to the ring-opening reactions catalyzed by the 

acidic conditions, generated by the presence of water. This also causes the 

faster deactivation of the catalyst. An additional concentration step, where 

H2O2 is concentrated in water and dissolved into methanol would be necessary. 

The overall process would be inefficient.  

Another option would be to use a dielectric reactor with vapor water (maximum 

3 %), like the one described in this work (section 4.2.1.1). In that case, smaller 

amounts of water are contained in the Ar (or He) stream. The hydrogen 

peroxide produced and the unreacted water can be captured in methanol in the 

condenser, like in the case of the DBD with H2 and O2. Argon or helium can be 

recycled directly to the plasma reactor in a very efficient manner. Thereafter, 

the epoxidation and all the necessary separation steps are the same as in 

Figure 4.10. However, with this approach, there is still 10,000 times more 

water than hydrogen peroxide in the gas stream, which makes the 

concentration of H2O2 in a methanol stream challenging. Additionally, the 

concentrations of hydrogen peroxide in the gas phase attained were 8 ppm with 

a maximum energy efficiency of 0.12 g H2O2/kWh [42]. These values are so far 

not efficient enough for a feasible process.  
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4.5  Summarizing discussion 

4.5.1 Production of H2O2 in a microdischarge (1) 

As seen from the results, the plasma sources investigated in this work are not 

as energy efficient as some reported by literature (Table 4.4).  

While it was possible to improve the understanding of the underlying processes 

involved in the generation of H2O2 and to improve modeling tools, the high 

yields projected remained unattainable. A selection of reasons for this is 

discussed in the following.  

 The main loss processes of gas phase H2O2 in the plasma are electron 

induced losses and the dissociation of OH in the bulk [42]. Electron 

induced losses may be lower in other types of discharges, as suggested 

by the peak in energy efficiency observed in the DBDs. While these 

discharges are fundamentally different, it may be assumed that the loss 

mechanisms do not change too much.   

Low power in the DBD leads to fewer plasma filaments, which still 

produce H2O2 sufficiently fast but due to their short lifetime, the 

exposure of gas molecules to high electron densities is reduced. 

 The detection of gas phase H2O2 in the presence of large amounts of 

water is challenging, as described in the methods sections of [24]. The 

ex situ detection method applied here is suitable for small quantities 

and has a high reproducibility. However, recently it was shown that a 

continuous exposure to NO2 (which might be readily formed by air 

leaking into the system) reverts the color change used for absorption in 

this work [53]. Heating of the detection liquid similarly reverts the 

coloring and might influence results, resulting in an underestimation of 

the actual H2O2 productivity. While these effects have been minimized, 

they highlight the challenges of determining small densities of H2O2.  

 Condensation of excess water in the effluent system has been avoided, 

as the presence of a liquid could significantly influence the detection.  

While other points may be added to this list, the key element seems to be the 

measurement of the plasma dissipated power. As discussed, it differs from the 

total applied power and using it for comparison of fundamentally different 

discharges is does not give much information, since the system inherent losses 

should also be included. Unfortunately, it is often not clear from literature if 

this has been taken into consideration (especially in cases of extremely low or 
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high energy efficiencies). In some cases this might be straightforward; however, 

in the comparably simple sources presented here it must be done carefully as 

the errors in energy efficiencies measurements, especially at low powers, are 

very large.  

 

Table 4.4: Summary of energy efficiencies of hydrogen peroxide production methods in gas phase 

plasmas (adapted from [42]) 

Gas mixture Discharge type η (g/kWh) Reference 

Ar + H2O DBD 1.7 [37] 

Ar + H2O DBD 0.14 [54] 

Ar / water spray Pulsed Gliding Arc 80.0 [18] 

Steam 
MW + supersonic 

expansion 
24.0 [55] 

Gas (H2 + O2) DBD 80.0 [16]  

Gas (H2 + O2) DBD 134.0 [17] 

this work    

He + H2O APGD 0.12 [42] 

Ar + H2O DBD 1.2 [24], [45] 

 

In addition, scaling up setups has to be done carefully as the electrical system 

needs to be adapted accordingly. As seen from work on an ozone reactor [56], 

the energy efficiency of the production is not expected to improve if the plasma 

dissipated power is measured appropriately. 

 

4.5.2 Epoxidation of propene (2) 

Coupled with the plasma reactor as source of H2O2, two alternatives for the 

epoxidation of propene were investigated: the gas and the liquid phase 

reaction. Considering the experimental results previously shown, the main 

challenge with this system is the decomposition of hydrogen peroxide at the 

high operational temperatures, which is highly dependent on the materials 

used for reactor and piping. Therefore, a special material should be chosen for 
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the reactor, which would increase the capital costs of the plant. Furthermore, 

the conversion of H2O2 was complete in all cases studied, with a maximum 

selectivity to PO of 40 %. This implies that less than half of the amount of H2O2 

supplied by the plasma source is leading to production of PO.  

Finally, special care should be paid to condensation of hydrogen peroxide vapor. 

The existence of cold spots would lead to condensation, favoring the 

decomposition of hydrogen peroxide due to the higher contact times. On the 

other hand, this process benefits from the direct contact of the synthesized 

hydrogen peroxide with the propene, without the need of intermediate 

capturing steps such as in the case of the liquid phase process. 

The evaluation of the liquid phase epoxidation in a microreactor proved to 

produce PO very selectively based on propene (> 95 %). The selectivity of 

hydrogen peroxide to PO was higher than 80 %. Methanol was used as a 

solvent and, in agreement with literature, produced a limited amount of 

solvent-related by-products [57]. It was concluded that given the high demand 

of PO and considering the productivity values obtained, a microreactor would 

not be capable of satisfying the production requirements of such a bulk 

chemical.  

 

4.5.3 Recommendations and Economic Evaluation (3) 

Considering all these facts, it was determined that the most efficient 

epoxidation strategy in combination with using a plasma reactor as H2O2 

source would be the liquid phase epoxidation. The synthesis of hydrogen 

peroxide is one of the main costs of the process, so the best choice should be the 

one that utilizes the reactant in the most efficient manner.  

The most energy efficient H2O2 production strategy in this work is using humid 

Ar plasmas, as they have both high OH densities and yields. Residence time 

might be of importance to improve yields, thus higher gas feed flows and 

different geometries should be considered. This might further improve 

efficiency if combined with larger plasma volumes for treating more gas 

simultaneously. The increased power needed to sustain larger discharges 

would, however, put a limitation on gains achieved by increasing the plasma 

size.  

Despite these steps, the energy efficiency of the peroxide production is not 

expected to raise two orders of magnitude. Results from the DBDs suggest that 
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using a different type of discharge, such as a corona like discharge above a 

liquid water layer, might be a suitable step to consider. These types of 

discharges are filamentary, thus likely both energy efficient and with an active 

chemistry. The presence of a liquid water phase in direct contact with the 

plasma plays a significant role in the formation of complex molecules on the 

phase boundary. In addition, issues with condensation of the plasma effluent 

would be avoided while offering a transport medium for reaction products. 

However, the plasma chemistry of the processes involved is poorly understood. 

The analysis of the overall integrated process performed in section 4.1 proved 

that, despite requiring an intermediate capturing step to absorb H2O2 in 

methanol, it actually benefits from the recycling of the unreacted feed gases of 

the plasma source. If the feed gas enters the epoxidation unit, further 

separation would become more complex in the presence of other gases like 

propene, CO or CO2. If the plasma is operated with humid Ar, liquid phase 

epoxidation would still be the best option.  

Economic evaluation 

As one of the project aims is to determine whether the integrated process is 

economically feasible, the following section is intended to perform a simple 

economic evaluation of the previously defined processes.  

While this is a simple estimate, a more accurate analysis would require an 

estimation of the size of every unit as well as the energy input required for 

each separation step.  

This feasibility evaluation is based on the amount and price of the reactants 

required to operate a 100 kton/year PO production process using the integrated 

system described above. Based on the observations made earlier, the liquid 

phase epoxidation of propene is combined with the synthesis of hydrogen 

peroxide in a DBD or a APGD reactor, operated with pure H2/O2 and humid Ar 

admixtures. The calculations were done taking the following considerations 

into account: 

 For the DBD reactor operated with H2/O2 mixtures, a feed of 96 vol.% 

H2 and 4 vol.% O2 was assumed. As reported by Zhao et al. [16], 90 % 

O2 reacts, with 69 % selectivity to H2O2. 99.9 % of the unreacted H2 and 

O2 are recycled and mixed with the feed of the plasma reactor. 

 The epoxidation reaction takes place with high conversion and 

selectivity values. Thus, 97 % H2O2 fed reacts with 97 % selectivity to 
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PO. The unreacted propene is also recirculated to the epoxidation 

reactor with 85 % efficiency. 99.8 % of the methanol used as a solvent 

can be recycled to the epoxidation reactor. 

 The plasma reactor described by Locke et al. [18] operates with 2 l/min 

of Ar and 20 ml/min of water sprayed. Using this ratio, the amount of 

both chemicals required for producing 100 kton/year PO was calculated. 

It was assumed that, since Ar does not react in the plasma, all the gas 

fed can be recycled to the plasma reactor after passing through the 

capturing vessel. Therefore, no costs for Ar have been taken into 

account in these calculations.  

 

Table 4.5: Cost of reactants and products for the production of 100 kton/year PO using the 

combined process, with the epoxidation performed in the liquid phase. 

 
H2 O2 propene methanol 

H2O2  

required 

kg/h 0.6 103 9.7 103 10.1 103 22 7.1 103 

$/h(a) 0.75 103 0.97 103 15.1 103 9  

 
     

[$/h] of product Commercial(a) Zhao (b) Locke (c) DBD II (d) APGD (d) 

H2O2 10.6 103 5.6 103  6.6 103 438.5 103 3769 103 

COSTS (FOR PO) 25.7 103 (e) 20.7 103 21.7 103 453.7 103 >108  

REVENUE (PO 

SOLD) 
25.6 103 25.6 103 25.6 103 25.6 103 25.6 103 

PROFIT -0.1 103 4.9 103 3.9 103 -428 103 -3.7 106 

(a) Prices for commercially available reactants obtained from [58]  

(b) Considering price of energy in the Netherlands of 0.1 €/kWh [59] and assuming the 

energy efficiency reported by Zhao et al. [17] of 134 g/kWh.  

(c) Energy efficiency reported by Locke et al. [18]  

(d) With energy efficiencies obtained using the sources in this work.  

(e) Price of PO when the H2O2 required is purchased commercially.  

 

From the calculations in Table 4.5 it can be observed that, as explained in the 

introduction, the use of commercially available H2O2 (second column) brings no 

revenue, since the price of the overall process is equivalent to the benefits 
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obtained when selling the PO produced. On the other hand, the production of 

PO by synthesizing hydrogen peroxide in a plasma reactor would not be 

significantly more profitable than buying the required H2O2, even under the 

assumptions made here and considering the highest energy efficiencies 

reported in literature. The use of a DBD with a mixture of H2/O2 [16] produces 

similar results as when only Ar and water are used in a pulsed gliding arc [18], 

due to the higher energy efficiencies reported by the former study.  

It should be noted that following more recent work from the same group of 

Zhao et al. [17, 60], where the reactor is described in more detail, it is unclear 

how such high efficiencies were obtained. When upscaling the physical 

dimensions of both DBDs used here to the dimensions reported, at least one 

order of magnitude difference in power can be expected. However, larger 

volume does not lead to higher energy efficiencies as seen in [45], nor can it be 

expected that operating several reactors in parallel would affect the energy 

efficiency of the peroxide production.  

On the other hand, while the work of Locke et al. [18] seems almost just as 

economical as the approach of Zhao et al. [17], it is using an arc in a water 

vapor spray, capturing H2O2 in a liquid H2O phase. However, this would lead to 

difficulties for the epoxidation process as the selectivity of H2O2 to PO using 

H2O as a medium is only around 20%, while using methanol it is significantly 

higher and could be expected to be around 97%. And additional separation step 

to separate the H2O2 from the H2O and dissolving it in methanol would make 

this approach unfeasible.  

In order to use one of the DBDs as H2O2 source with water as only reactant, an 

energy efficiency of around 50 g/kWh would be necessary for a breakeven, 

balancing investment costs. The thermodynamical limit of producing H2O2 from 

water using the enthalpy of the reaction  

 2 2 2 2 2H O H O H O H     Eq. 4.11 

at standard conditions is given by 3.2 eV /molecule or 400 g/kWh [61]. It  seems 

reasonable that going beyond 50 g/kWh is possible using water as a source to 

form H2O2 using different discharges, but not with the design that has been 

chosen in this work. It seems that the presence of a liquid phase close to the 

plasma effluent further aids the formation of H2O2 at the phase boundary, and 

efficiencies of discharges in direct contact with water support this argument.  
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4.6  Conclusions (3) 

It can be concluded that the integrated system would not be economically 

feasible for its industrial implementation with the processes presented here. It 

has been shown that hydrogen peroxide can be produced from water vapor in a 

plasma, which would significantly reduce the reactant costs in comparison with 

the anthraquinone and the direct synthesis processes. However, the energy 

efficiencies of the sources investigated here are still not high enough for 

making the plasma synthesis competitive. The epoxidation of propene with 

aqueous hydrogen peroxide is a selective reaction in the liquid phase and has 

already been implemented industrially. The combination with the synthesis of 

hydrogen peroxide in a plasma reactor would be feasible. Yet, propene oxide is 

a bulk chemical with low added value, which makes the revenue of the 

integrated process economically not favorable. On the other hand there is 

considerable potential for the combination of the plasma reactor with the 

synthesis of a chemical with higher added value, such as pharmaceuticals or 

fine chemicals that could compensate for the price of the extra energy required. 

The benefit of such a process would be the high purity of the H2O2 synthesized 

and the fact that no catalyst is required, limiting the further separation steps.  
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Abstract 

A kinetic study of the epoxidation of propene with molecular oxygen and water 

in the gas phase has been carried out. Two Au-Ti catalysts were evaluated: 

Au/TS-1 and Au/Ti-SiO2. It was observed that Au/TS-1 promoted by Cs is active 

for the reaction, producing propene oxide (PO) and acrolein almost in a one to 

one ratio. On the other hand, Au/Ti-SiO2 produced acrolein with almost 100 % 

selectivity when no hydrogen was present. The difference in activity is a result 

of the presence of alkali ions and dispersed Ti atoms in close proximity to Au 

nanoparticles (<2 nm). Water in the gas stream is essential for the synthesis of 

OOH* species that are the active species in the epoxidation. A kinetic model 

was developed to understand the mechanism. It was determined that an excess 

of oxygen and water is favorable for the PO/acrolein ratio, while propene had a 

slight detrimental effect.   

 

  

Kinetics of the selective 

oxidation of propene 

with O2 over Au-Ti 

catalyst in the presence 

of water 
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5.1  Introduction  

The discovery that, over a silver catalyst, oxygen could be used as reactant for 

the direct epoxidation of ethylene to ethylene oxide (Eq. 5.1) represented a big 

breakthrough in industry. Initially, this important bulk chemical was 

synthesized via the chlorohydrin process, which was rapidly substituted by the 

direct synthesis, due to the elimination of the need for chlorine and a 

significant reduction of the operating costs [1]. This process has been used 

industrially since 1940, which gave an important impulse to the industry of 

ethylene oxide [2]. Unfortunately, the attempts to carry out the direct 

epoxidation of propene with molecular oxygen alone proved to be not so 

successful. The selectivity to propene oxide is very limited because the weaker 

allylic C-H bond of propene is preferentially attacked, producing acrolein or 

resulting in combustion directly to CO2 [3]. It should be noted that acrolein is 

also a highly demanded bulk chemical. It can be commercialized in isolated 

form for the production of methionine, which is an essential amino acid, a 

supplement in animal feed. But its production is even higher in the synthesis of 

acrylic acid, where the acrolein is further oxidized over a heterogeneous 

catalyst. This chemical is industrially produced via the oxidation of propene 

with air over a bismuth molybdate-based catalyst, obtaining propene 

conversions from 93 to 98 % and acrolein selectivities ranging from 85 to 90 % 

[4]. Despite the high conversions and selectivities, it would be interesting to 

find a process that avoids the use of heavy metal compounds and still shows 

high selectivity [5].  

When gold nanoparticles deposited on a Ti-containing support are used, and H2 

is co-fed as a sacrificial reductant together with oxygen, the epoxidation of 

propene can take place with high selectivity to PO, thereby producing water as 

only by-product (Eq. 5.2) [6, 7]. Hayashi et al. published for the first time in 

1998 that the epoxidation of propene could be performed over Au/TiO2. The 

selectivity to the epoxide was very high (>90 %) at temperatures below 100 °C, 

but the conversion of propene remained rather low and the catalyst was 

deactivated very fast [6-8]. On the other hand, if titanium in tetrahedral 

position is highly dispersed on a silica matrix, the catalyst has greater stability 

and the PO yield increases significantly [7]. Therefore, supports like 

mesoporous Ti-SiO2 [8-11], zeolite TS-1 [12-14] or Ti-SBA15 [15, 16] have been 

widely analyzed in the reaction of H2 and O2 with C3H6. Major improvements 

have been made for these catalysts since they were first used in the epoxidation 

of propene. The results have evolved from a propene conversion of 1.1 % and a 
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hydrogen efficiency of 35 % [6] to maximum conversions of 8.8 % (with around 

19 % hydrogen efficiency and 81 % PO selectivity) [17] and hydrogen 

efficiencies of 47 % (6 % propene conversion and 88 % PO selectivity) [18]. 

Values that are approaching the initial industrial targets of 10 % C3H6 

conversion, PO selectivity of 90 % and H2 efficiency of 50 % [19, 20].  

   Eq. 5.1 

 Eq. 5.2 

The major issue for these catalysts is, nevertheless, the low hydrogen efficiency. 

Currently around 3 molecules of water are typically produced per molecule of 

PO, making the process so far not efficient enough [3, 9, 10]. In addition, 

hydrogen and oxygen can form explosive mixtures over a wide range of 

concentrations, limiting the operating spectrum to a high extent. Therefore, by 

not using hydrogen and obtaining a catalyst capable of catalyzing selectively 

the epoxidation of propene with oxygen alone would represent an ideal 

alternative, avoiding the biggest problems presented by the reaction with 

H2/O2. And last, but not least, the cost would be highly reduced, since oxygen 

can be directly obtained from the air, and a situation similar to that of ethylene 

oxide could be reached. The search for a suitable catalyst has been focused in 

the use of coinage metals, such as Cu mixed with silica [21, 22] or other oxides 

[23, 24], or silver-based catalysts [25, 26]. The use of gold catalysts for the 

direct epoxidation with molecular oxygen has also been explored, considering 

the high activity shown for the reaction with hydrogen and oxygen. In 2009, 

Ojeda and Iglesia [27] reported the possibility of using water instead of 

hydrogen for the epoxidation of propene over Au/TiO2 even though it was with 

low PO selectivity and propene conversion (<0.1 %). At the same time, the 

group of Haruta [28] published the use of Au nanoparticles deposited on TS-1 

that had been previously treated with alkaline salts, to carry out the 

epoxidation with O2/H2O mixtures. They successfully produced PO with 0.88 % 

propene conversion and around 50 % PO selectivity. In a later work [29], the 

same group investigated the influence of the presence of alkali ions in the 

system and their role in the stabilization of molecular oxygen over the gold 

nanoparticles. According to their experimental results, four conditions should 

H

H

H

H

+ H

O

HH

H1/2 O
2

Ag

+ O
2 + H

2

Au-Ti
CH2 CH3

H
2
O+CH3

O



Chapter 5: Kinetics of the selective oxidation of propene over Au-Ti 

   

120  

be fulfilled for the reaction to occur: 1. Au NPs smaller than 2 nm, 2. presence 

of basic salts that act as promoter, 3. water in the gas feed, and 4. dispersed Ti 

sites. The proposed mechanism for the epoxidation of propene with molecular 

oxygen and water is depicted in Figure 5.1. Also in 2009, Lee et al. [30] were 

capable of obtaining PO from the direct epoxidation with O2 using Au6-10 

clusters over three-monolayer Al2O3 grown by atomic laser deposition on silicon 

wafers. They clearly observed that by introducing water in the gas stream the 

PO selectivity increased from 30 to 90 %. However, the catalyst preparation 

technique is so complex that the scaling up for industrial production would be 

very challenging.  

 

Figure 5.1: Possible mechanistic pathway for the epoxidation of propene with molecular oxygen and 

water over Au/TS-1 promoted with KOH proposed by Huang et al. [29]. The mechanism occurs as 

follows: 1. Reversible transfer of an electron between OH-and Au cluster. 2. Capture of the electron 

by O2 and stabilization of O2
- on the Au surface by the K+ cation. 3. Heterolytic dissociation of 

water. The reaction between H+ and O2
- results in OOH* species and OH-. 4. Transfer of OOH* 

species to the neighboring Ti to form Ti-OOH. 5. Reaction between Ti-OOH and propene to form 

PO, leaving OH. 6. Reaction between OH* and Ti-OH to form water and an O* radical. 7. Non 

selective oxidation of propene by the O* radical, resulting in PO, acrolein and CO2. Adapted from 

[29]. 
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Despite all the aforementioned efforts to improve the catalyst used, no study 

has been made to try to understand the kinetics of the Au-Ti system in the 

epoxidation of propene with molecular oxygen alone. In the present work the 

influence of parameters such as concentration of reactants, temperature and 

residence time will be evaluated in two types of Au-Ti catalysts: Au/Ti-SiO2 and 

Au/TS-1. The high dispersion of Ti atoms in TS-1 makes it an ideal support for 

the epoxidation of propene, while, Ti-SiO2 is a very stable catalyst, well defined 

and with easily controllable composition. The kinetic and mechanistic 

understanding developed in this study can be used for further catalyst 

improvements.  

 

5.2  Experimental 

5.2.1 Catalyst synthesis and characterization 

Two types of Au-Ti catalyst were investigated in this study: Au/Ti-SiO2 and 

Au/TS-1. Even though the elemental composition is similar, their properties 

and synthesis methods are different. For the sake of comparison, Au/SiO2, 

Au/TiO2 and Au/C were also synthesized and tested.  

Ti-SiO2 was prepared in a single batch, following the method described by 

Nijhuis et al. [31]. Titanium was grafted on silica by dispersing 10 g dried silica 

(Davisil, 643, 300 m2/g, pore size 150 Å, pore volume 1.15 cm2/g) in 250 ml of 

anhydrous 2-propanol (max 0.005 % H2O, Merk) in a glove box under N2 

atmosphere. After stirring for 10 minutes, 0.7 ml tetraethylorthotitanate 

(TEOT, Aldrich, 97 %) was added to the slurry and the stirring was maintained 

for 30 minutes longer. The 2-propanol was evaporated under N2 atmosphere in 

a rotating evaporator. The resulting powder support was dried overnight in air 

at 120 °C, followed by calcinations, first at 120 °C (heating 5 °C /min) during 2 

hours, and then at 600 °C (heating 10 °C /min) for 4 hours.  

The TiO2 used was commercially available Degussa P25 (primarily anatase, 

surface area approximately 50 m2/g), SiO2 was the same as the one employed 

for the Ti grafting (Davisil 643) and the graphite was HSA from Johnson 

Matthey. These supports were used as they were supplied. 

TS-1 was prepared by hydrothermal synthesis, following a method similar to 

the one described by Chen et al. [32]. Two different Si/Ti ratios (53 and 100) 

were used to be able to determine the influence of the Ti loading. For Si/Ti = 53, 

an aliquot of 1.18 g (0.626 g for Si/Ti=100) of titanium butoxide (TBOT, 



Chapter 5: Kinetics of the selective oxidation of propene over Au-Ti 

   

122  

Aldrich) was mixed at 0 °C with 38.4 g of tetraethylorthosilicate (TEOS, 

Aldrich) and stirred for 30 minutes. Afterwards, 30 g of aqueous 

tetrapropylammonium hydroxide (TPAOH, Merck, 40 % aq.sol.), previously 

mixed with 30 g of water, was added dropwise while stirring and temperature 

were kept for another half an hour. The solution was then heated in an oil bath 

at 60 °C and this temperature was maintained for 2 hours. The crystallization 

was carried out in a PEEK-lined stainless steel autoclave at 175 °C for 48 h. 

The resulting white powder was separated by centrifugation, washed three 

times with distilled water, dried at 120 °C overnight and calcined at 540 °C for 

6 hours. 

The gold nanoparticles were deposited by a deposition-precipitation method. In 

this case, the procedure followed for Au/Ti-SiO2 and Au/TS-1 was different due 

to the hydrophobicity of the latter and the relative difficulty to deposit gold 

over TS-1 [14]. 

Gold was deposited on Ti-SiO2 by the deposition-precipitation method described 

by Chen et al. [10]. In a typical synthesis, 2 g of support were dispersed in 

100 ml of deionized water and the pH was adjusted between 9.4 and 9.5 by 

adding a solution of 2.5 wt. % NH3 dropwise. The required amount of gold for 

each loading was introduced by dissolving aurochloric acid (HAuCl4, Aldrich, 

30 wt. % aqueous solution) in approximately 20 ml of deionized water and 

adding it dropwise with the help of a burette during 15 minutes. The 

suspension was stirred for 1 hour, during which the pH was controlled by small 

additions of NH3. Afterwards, the yellowish powder was collected by filtration 

and washed with plenty of deionized water three times. After drying it 

overnight at 80 °C, the catalyst was calcined in two steps, first during 2 hours 

at 120 °C (5 °C/min) and then at 400 °C (heating 10 °C /min) for 4 hours. The 

catalysts prepared using this method are denoted as x-Au/Ti-SiO2, where x 

stands for the nominal gold loading in each sample. For Au/Ti-SiO2, the gold 

loading was varied between 0.05 wt. % Au and 2 wt. % Au, while for Au/TiO2, 

Au/SiO2 and Au/C, the catalyst prepared contained 1 wt. % of gold.  

In the deposition-precipitation method used for TS-1 [14, 33], 2 grams of the 

synthesized zeolite were suspended in 40 ml of water that had been previously 

mixed with the required amount of aurochloric acid (HAuCl4, Aldrich, 30 wt. % 

aqueous solution) to reach the desired nominal gold loading. The suspension 

was vigorously stirred for 30 minutes, after which the pH was adjusted to 7.3 

by adding dropwise a 1 M solution of carbonate salts (K2CO3 or Cs2CO3, 

depending on the experiment). The stirring was maintained for 5 hours. 
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Thereafter, the catalyst was centrifuged and washed 2 times with distilled 

water. The resulting powder was dried overnight in a vacuum oven at room 

temperature. Au/TS-1 was activated by increasing the temperature from room 

temperature to 200 °C with a ramp of 0.5 °C/min and adding a mixture of 

H2/O2/C3H6 with a molar ratio of 10/10/10 and He as inert. Different gold 

loadings were tested for this catalyst from 5.5 to 0.625 wt. % Au (nominal gold 

loading = grams of gold in solution/grams of suspended catalyst·100). The 

designation of the catalysts containing TS-1 as support was done as y-Au/TS-

1(r)-a, where y stands for the nominal gold loading (grams of gold added to the 

DP solution with respect to the grams of support in suspension*100), r 

represents the real Si/Ti ratio determined by ICP for each support and a shows 

the alkali ion used during the deposition precipitation. For instance, 2.5-Au/TS-

1(85)-Cs would indicate a catalyst where 2.5 grams of Au per gram of support 

were used during DP with Cs2CO3 as precipitation agent and the actual Si/Ti 

ratio of the TS-1 employed was 85. This method was also used to prepare an 

additional Ti-SiO2 for comparison purposes and with the aim of determining 

the importance of the synthesis method and the presence of alkali ions in the 

epoxidation reaction. It should be noted that even though this method is 

commonly called deposition-precipitation, since the biggest part of the gold 

remains in solution and is not incorporated into the catalyst, it could be 

considered as a kind of impregnation.  

The elemental composition of the catalysts was analyzed by inductively coupled 

plasma optical emission spectrometry (ICP-OES) in a Spectra CirosCCD system 

after performing cold acid digestion treatment of the samples with a mixture of 

HF, HCl and HNO3 [34]. The samples were analyzed for Ti and Au content. The 

determination of cesium was done by Atomic absorption flame emission 

spectroscopy, AAS, (Shimadzu AA-6200), since the determination by ICP-OES 

proved to be problematic, due to the high detection limit for the element (40 

mg/L for Cs [35]). The size distribution of the Au nanoparticles over each 

support was calculated by measuring all visible particles on around 30 pictures 

of Transmission Electron Microscopy. The crystallinity of the synthesized TS-1 

was evaluated by X-Ray Diffraction (Kratos AXIS Ultra spectrometer, equipped 

with a monochromatic X-ray source and a delay-line detector (DLD). Spectra 

were obtained using the aluminium anode (Al K = 1486.6 eV) operating at 

150 W. Finally, the coordination state of the titanium atoms was examined by 

diffuse reflectance UV–visible (DR UV–vis) spectra, making use of a Shimadzu 

UV-2401PC spectrometer and having BaSO4 as a reference.  
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5.2.2 Catalytic testing 

The catalytic experiments were performed in a continuous flow setup 

containing a quartz reactor tube with a packed bed of catalyst and an inner 

diameter of 4 mm, placed inside a tubular oven. The reaction products were 

measured every 5 minutes by an online Compact GC (Interscience B.V.) 

equipped with a Rt-Q-Bond column and a Molsieve 5A column in two separate 

channels, both with a thermal conductivity detector (TCD). A normal catalytic 

cycle consisted of 5 hours of reaction at the desired temperature, followed by 

1 hour calcination at 300 °C with 10 vol.% O2. The typical GHSV employed 

ranged between 10,000 ml gcat
-1 h-1 and 14,000 ml gcat

-1 h-1 with helium as inert. 

All the catalysts were tested initially in the epoxidation of propene with H2 and 

O2 (volume ratio of C3H6/O2/H2 was 10/10/10) with the aim of assessing their 

performance in comparison with the values reported in literature for this type 

of catalyst.  

The catalyst screening for the oxidation of propene with molecular oxygen was 

done at temperatures ranging between 150 and 250 °C. The concentrations of 

propene and oxygen were fixed at 10 vol.% each. To evaluate if water favored 

the epoxidation of propene with respect to its partial oxidation (as stated by 

Haruta et al. [28]), 2.5 vol.% of water vapor was introduced in the system. This 

was achieved by flowing part of the helium stream through a bubbler saturator 

where the temperature was controlled using a Lauda thermostatic bath.  

The influence of the concentration of reactants was evaluated by modifying the 

rates of propene, oxygen and water, always taking special care to operate 

outside the explosive regime [36]. The ranges considered were: 1 to 60 vol.% 

C3H6, while maintaining O2 at 10 vol.%, and oxygen was varied between 1 and 

30 vol.% when propene concentration was 50 vol.%. The variation of the 

concentration of water was done between 1 and 5 vol.%, to avoid condensation 

of water in the tubing leading to the reactor, and maintaining propene and 

oxygen at 50 and 10 vol.% respectively. The influence of the residence time was 

studied using total flows between 10 and 100 ml min-1 (GHSV 4,000 – 40,000 

ml gcat
-1 h-1). 

The performance of the catalysts was stable and reproducible for a period of 

approximately 5 days (see section 5.3.3.1.4), after that time, the catalyst was 

replaced by fresh one. Since there was a small deactivation during the first 

hour of the reaction, the results reported here are averaged between minutes 
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150 and 300 of each catalytic cycle, where conversion and selectivity were 

stable.  

 

5.3  Results and discussion 

5.3.1 Catalyst characterization 

5.3.1.1 Au/Ti-SiO2 

Figure 5.2 and Figure 5.3 depict the TEM images of Au supported on SiO2, 

TiO2, and Au/Ti-SiO2 with different gold loadings. The particle size distribution 

as well as the average particle size is also shown. The ICP analysis of Ti-SiO2 

revealed that the Ti content of the support is 0.88 wt. %. The Au loadings 

determined by ICP are also provided in Figure 5.2 and Figure 5.3. 

 

 

 

Figure 5.2: TEM images and Au particle size distribution of a. 1.0-Au/SiO2, b. 1.0-Au/TiO2. 
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Figure 5.3: TEM images of the prepared Au/Ti-SiO2 catalysts and their Au particle size 

distribution. a. 0.05-Au/Ti-SiO2, b. 0.2-Au/Ti-SiO2 c. 1.0-Au/Ti-SiO2, d. 2.0-Au/Ti-SiO2. 
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5.3.1.2 Au/TS-1 

XRD analysis confirmed that the TS-1 prepared has a crystalline structure 

corresponding with zeolite MFI (Figure 5.4b). The amount of Ti incorporated 

was determined by ICP and is provided in Table 5.1. The UV-Vis patterns 

shown in Figure 5.4a prove that most of the Ti was incorporated in the zeolite 

in tetrahedral position (sharp peak around 210 nm) [37]. However, a shoulder 

can be observed at 300 – 330 nm, indicating the presence of some anatase-like 

material that is not active for the epoxidation of propene. Nevertheless, 

considering the catalytic activity of the catalyst in the epoxidation of propene 

(Section 5.3.2.1), it is expected that most of the Ti is atomically isolated and in 

tetrahedral position. The average particle size of the zeolites was 113 nm in the 

TS-1 with Si/Ti 85 and 91.5 nm when Si/Ti is 105 (Figure 5.5).  

a. b.  

Figure 5.4: a. UV-vis pattern of the two synthesized TS-1. b. XRD of TS-1(105) before and after Au 

deposition with Cs2CO3. The samples have not been calcined after Au deposition. 

a.   b.  

Figure 5.5: SEM images of TS-1 synthesized with Si/Ti ratio 85 (a) and 105(b) 
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The gold uptake efficiency (defined as the final gold loading in the catalyst per 

amount of gold in the initial solution) of TS-1 is lower than that of Ti-SiO2. And 

even though deposition precipitation, together with solid grinding [13], is the 

best technique for preparing an active gold catalyst [38], only around 5 % of the 

gold put in contact with TS-1 gets deposited [39]. The low gold uptake efficiency 

is due to the low isoelectric point and the high hydrophobicity of the zeolite. 

These two reasons also may explain why the particles that do get deposited 

remain highly dispersed on the support, being then more active in the 

epoxidation of propene [14]. The gold that has not been deposited on the 

catalyst remains in solution; therefore, for an efficient use of resources, it would 

be possible to reuse it several times for the gold deposition over TS-1, since only 

a small percentage is used every time. Care should be taken, however, on the 

alkali content, since the pH adjustment by alkali carbonates would increase the 

concentration of the salts in solution, possibly affecting the final alkali content 

of the catalyst. 

In this work, two different alkali carbonates were used as precipitation agents: 

K2CO3 and Cs2CO3. The ICP results as well as the average particle size are 

summarized in Table 5.1. Figure 5.6 and Figure 5.7 show the TEM images of 

the synthesized catalysts with their particle size distribution. In Table 5.1 it 

can be seen that the gold uptake efficiency is influenced by the precipitation 

agent used. By comparing the samples with the same Ti content and nominal 

gold loading of 5.5 %, but deposited with K2CO3 and Cs2CO3, it is evident that 

with Cs almost double the amount of gold gets loaded on the catalyst. This is 

even more evident with lower nominal gold loadings (2.5 %), where Cs allows 

for the same gold incorporation (0.34 wt. %) while with K only 0.05 wt. % 

remains in the catalyst. This is in agreement with the results published by Lee 

et al. [33]. The explanation given for this different trend with the two alkali 

ions is that Cs has stronger affinity for Au than K and it helps to attract and 

stabilize Au nanoparticles on TS-1. This stabilization is more important inside 

the nanopores of the zeolite, where, thanks to Cs, very small Au nanoparticles 

get deposited. These small Au nanoparticles that are not even visible by TEM 

are postulated to be the active sites for the epoxidation of propene [40].  

Huang et al. [18] proposed that the effect of pretreating the TS-1 with alkali 

salts and the reason for their improved gold uptake efficiency was the 

roughening of the surface of TS-1 and the generation of defects where Au 

anions could be anchored. The XRD results (Figure 5.4b) before and after the 

Au deposition with alkaline salts are the same, indicating that the crystalline 

structure of the zeolite remains undisturbed. Additionally, the TEM pictures of 

Au/TS-1_a are very similar to those of the untreated zeolite. 
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Table 5.1: Properties of Au/TS-1 catalysts synthesized with different precipitation agents, Si/Ti 

ratios and nominal gold loadings.  

Sample 
Real 

Si/Ti 

Precip. 

agent 

Nominal Au 

loading  

Real Au 

loading 

Au uptake 

efficiency  

Cs 

loading  

Part. 

size  

   gAusol/gcatsup·100 wt. % wt.% gAu
-1ml-1 wt. % nm 

5.5-

Au/TS-1 

(53)_K 

85 K2CO3 5.5 0.20 73  (a) 

2.5-

Au/TS-1 

(53)_K 

85 K2CO3 2.5 0.05 40  
2.4 ± 

1.4 

5.5-

Au/TS-1 

(53)_Cs 

85 Cs2CO3 5.5 0.34 124 2.6 
3.4 ± 

2.2 

2.5-

Au/TS-1 

(53)_Cs 

85 Cs2CO3 2.5 0.34 272 2.0 
3.9 ± 

2.2 

1.25-

Au/TS-1 

(53)_Cs 

85 Cs2CO3 1.25 0.19 304 1.9 
3.3 ± 

1.4 

0.63-

Au/TS-1 

(53)_Cs 

85 Cs2CO3 0.625 0.06 192 1.9 
3.1 ± 

1.0 

2.5-

Au/TS-1 

(100)_Cs 

105 Cs2CO3 2.5 0.20 160 1.8 
3.5 ± 

1.4 

1.25-

Au/TS-1 

(100)_Cs 

105 Cs2CO3 1.25 0.19 304 2.1 
4.1 ± 

1.9 

(a) Due to the small amount of visible particles, an accurate particle size distribution analysis for 

this sample was not possible.  

 

The influence of the gold loading can be observed by analyzing the samples 

with Si/Ti ratio 85, deposited with Cs and varying the nominal gold loading 

from 0.63 to 5.5 wt. %. At low amounts of gold in solution, an increase in the 

gold precursor concentration is directly translated in an increment of the gold 

loading. However, there is no difference in the amount of gold deposited 

between the samples 5.5-Au/TS-1(85)-Cs and 2.5-Au/TS-1(85)-Cs. A direct 

relationship between the Au loading and Ti content in the zeolite can be 
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observed in Table 5.1, and samples with a higher Si/Ti ratio, are capable of 

incorporating less Au on their surface. Due to the low isoelectric point (IEP) of 

TS-1 (IEP 2-3), when it is in water solution it is highly negatively charged, 

repelling the anionic gold (AuCl4
-) and preventing the deposition of gold 

nanoparticles. Titania has lower IEP (4-5), so if a certain amount of Ti is 

incorporated in the framework of the zeolite, the negative charge in the surface 

will be reduced, favoring the deposition of Au [39]. Probably, for a Si/Ti ratio of 

85, 0.34 wt. % is the limit for the amount of Au that can be loaded, therefore, 

even if the amount of Au in solution is doubled, it is not translated in an 

increase in gold deposited. This behavior can also be observed in the TS-1 with 

lower Ti content (105). Two catalysts with different nominal gold loadings were 

prepared, but the amount of Au in the support did not increase further than 

0.2 wt. %wt. %. As expected, the maximum value for a Si/Ti ratio of 105 is 

lower than what is obtained with 85, even though it is not proportional. From 

Figure 5.4a, it can be noticed that the zeolite with a higher titanium content 

also contains more extra-framework Ti. Therefore, it can be assumed that the 

more scattered isolated Ti will attract smaller Au nanoparticles than the 

amorphous TiO2, resulting in less incorporation, but in a more effective 

manner. Another benefit of using alkali elements could be the fact that they 

make the surface of the zeolite less negatively charged, thus assisting the 

deposition of gold [39].  

 

  

Figure 5.6: TEM image of 5.5-Au-TS-1(85)-K its particle size distribution. 
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Figure 5.7: TEM images of Au/TS-1 deposited using Cs2CO3 and with different titanium and gold loadings and their particle size distribution. a. 5.5-

Au-TS-1(85)-Cs, b. 2.5-Au-TS-1(85)-Cs, c. 1.25-Au-TS-1(85)-Cs, d. 0.625-Au-TS-1(85)-Cs, e. 2.5-Au-TS-1(105)-Cs, f. 1.25-Au-TS-1(105)-Cs. 
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It is generally accepted that higher Au loading leads to bigger Au nanoparticles 

[40]. This is confirmed by the results of Figure 5.7 a-d. There is not a very big 

difference in the average particle size between 5.5-Au/TS-1(85)-Cs and 0.63-

Au/TS-1(85)-Cs. However, the particle size distribution of the former is broader 

than that of the latter. With a higher gold loading, particles as big as 14 nm 

appear deposited on the catalyst, while the biggest particle for the nominal gold 

loading of 0.63 wt. % is 6 nm. This will have an evident effect in the 

epoxidation of propene. A decrease in the Ti content did not result in a decrease 

in the particle size. It should also be noted that if the volume of the Au 

particles is considered, the differences between the samples would be 

emphasized.  

The amount of Cs incorporated in the catalyst was determined by AAS and is 

summarized in Table 5.1. It can be seen that all the catalysts contain around 

2 wt. % Cs, which is in the same range as the catalyst prepared by Lee et al. 

using the same method [33]. The incorporation seems to increase with the 

initial concentration of gold in the synthesis solution. It has been reported that 

the Cs/Au ratio can have an influence in the epoxidation of propene, both with 

H2/O2 [33] and with O2/H2O [29].  

 

5.3.2 Epoxidation with H2 + O2 

5.3.2.1 Au/TS-1 

All Au/TS-1 catalysts prepared produced preferentially PO in the direct 

epoxidation of propene with hydrogen and oxygen. As explained before, the 

precipitation agent used during the deposition-precipitation of gold over TS-1 

plays a role not only on the gold uptake efficiency, but also on the performance 

of the catalyst in the epoxidation of propene. In Table 5.2 the results obtained 

with the different catalyst synthesized using, K2CO3 and Cs2CO3 are 

summarized. 

The performance values are within the same range as those reported by Lee et 

al. [33]. In general, this catalyst proved to be very active, with conversion 

values higher than with other Au-Ti (like Au/Ti-SiO2) catalysts in the same 

reaction. One of the reasons for this high activity is the possibility to operate at 

higher temperatures than, for instance, Au/Ti-SiO2, while maintaining a high 

selectivity to PO. This is favored by the insulation of Ti atoms in TS-1. The 
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selectivity obtained is slightly low because of the presence of some larger gold 

particles that catalyze the CO2 formation. Nevertheless, selectivity values 

higher than 90 % can be obtained at low gold loadings. The hydrogen efficiency, 

on the other hand, remains quite low in all the catalysts tested. This is, again, 

due to the presence of bigger Au nanoparticles that are active in the hydrogen 

combustion to produce water. Another reason for the low hydrogen efficiency 

might the higher operation temperatures of Au/TS-1, which favor the 

combustion of hydrogen versus the epoxidation.  

 

Table 5.2: Results of the epoxidation of propene with H2 + O2 with Au/TS-1 synthesized using 

different precipitation agents. Temperatures: 200 °C, GHSV = 14,000 ml/gcat h, 150 mg catalyst. 

10/10/10 of C3H6/O2/H2 with He as balance. 

R Sample 
Real Au 

loading 
Conv. 

Cs 

loading 

Sel. to 

PO 

H2 

eff. 
PO rate PO rate 

  wt.% % wt.% % % molPO
 gcat

-1 s-1 molPO gAu
-1 s-1 

1 

5.5-

Au/TS-1 

(85)_K 

0.20 6.5 -- 74.0 3.9 7.6·10-7 3.8E·10-4 

2 

2.5-

Au/TS-1 

(85)_K 

0.05 4.1 -- 94.5 15.9 6.0·10-7 1.2·10-3 

3 

5.5-

Au/TS-1 

(85)_Cs 

0.34 4.8 2.6 56.0 2.0 4.7·10-7 1.38·10-4 

4 

2.5-

Au/TS-1 

(85)_Cs 

0.34 5.1 2.0 63.2 2.8 6.1·10-7 1.79·10-4 

5 

1.25-

Au/TS-1 

(85)_Cs 

0.19 6.5 1.9 76.4 6.0 7.9·10-7 4.16·10-4 

6 

0.625-

Au/TS-1 

(85)_Cs 

0.06 3.8 1.9 92.8 9.9 4.9·10-7 8.17·10-4 

7 

2.5-

Au/TS-1 

(105)_Cs 

0.20 6.0 1.8 72.3 3.82 7.5·10-7 3.75·10-4 

8 

1.25-

Au/TS-1 

(105)_Cs 

0.20 7.4 2.1 75.0 5.0 9.4·10-7 4.70·10-4 
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The use of K as precipitation agent results in lower Au loading compared to Cs. 

Besides this, the performance of the catalysts in the epoxidation of propene is 

comparable to the performance of Au/TS-1(85) with the same actual gold 

loading and synthesized with Cs2CO3 (5.5-Au/TS-1(85)_K and 1.25-Au/TS-

1(85)_Cs, with 0.2 wt. % Au), i.e, the productivities per gram of gold (turnover 

frequencies) are the same, independently of the alkali ion used. Comparable 

conversions and selectivities to PO are obtained, suggesting that Cs enhances 

the Au deposition, but does not affect the activity of the catalysts during the 

epoxidation with hydrogen and oxygen in comparison with K. Lee et al. [33], 

suggested that the benefit of depositing gold with Cs2CO3 was the stabilization 

of very small Au nanoparticles in the pores of TS-1, while they did not indicate 

that Cs plays a role in the reaction itself. Huang et al. [18] reported that the 

benefit of pretreating TS-1 with alkali metal hydroxides (Na, K and Cs) before 

Au solid grinding was essential to obtain the optimum Au particle size for the 

epoxidation.  

For the catalysts synthesized with Cs, the gold uptake efficiency is higher, 

reaching Au loadings as high as 0.34 wt. %. However, an increase in gold 

loading does not represent an increase in PO rate, as can be seen in Table 5.2. 

The conversion of propene with 5.5-Au/TS-1(85)_Cs is 4.8 %, but the selectivity 

is only 56.3 %. At 200 °C, the main by-product obtained with this catalyst is 

CO2 with a selectivity of 25 %, either from the complete combustion of propene 

or the cracking of PO [41]. There is, additionally, 15 % selectivity to propane 

from the hydrogenation of propene. The increase in the combustion rate can be 

associated to the presence of larger Au nanoparticles, and a broader particle 

size distribution (Figure 5.7a). It is known that particles larger than 5 nm 

catalyze the CO2 formation [6, 18]. A similar performance is observed in the 

catalyst 2.5-Au/TS-1(85)_Cs, which is reasonable, since the actual gold loading 

is the same and the particle size distribution is also similar (Figure 5.7b). 

When the temperature is increased to more than 230 °C, the propene 

conversion drops dramatically, the PO production is limited and the hydrogen 

efficiency drops to 0.5 % (Figure 5.8a). At this temperature, the conversion of 

hydrogen is almost complete, being mostly oxidized to form water. This is also 

due to the larger Au nanoparticles, which are mostly active for H2 combustion 

[33]. Additionally, other carbon-containing products are obtained, like acrolein 

or propanal. This was also observed by Lu et al. [39] in samples with high Au 

loading and promoted with Ca, Sr and Ba. The same reasoning explains why 

the conversion of propene does not increase with the gold loading (Figure 5.8b). 

At 200 °C, the two catalysts with 0.34 wt. % Au already reach almost complete 

hydrogen conversion. Therefore, the conversion of propene does not increase, as 
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would be expected from a catalyst with more active sites [39]. The maximum 

propene conversion was 6.5 %, obtained from the catalyst 1.25-Au/TS-1(85)_Cs, 

with 0.2 wt. % Au. The selectivity and hydrogen efficiency are also higher (76 % 

and 6 % respectively), resulting in a better PO productivity and less generation 

of by-products and water. The catalyst with 0.06 wt. % Au presents a very high 

selectivity (92.8 %) but lower conversion (3.8 %), since there are less active sites 

for the epoxidation.  

a.  

b.  

Figure 5.8: a. Epoxidation of propene with H2 + O2 over 2.5-Au/TS-1(85)_Cs. Influence of the 

temperature. ■ Propene conversion, ∆ PO selectivity. b. Influence of the gold loading over TS-1(85) 

at 200 °C. ■ Propene conversion, ∆ PO selectivity.  

The influence of the amount of Ti incorporated in the zeolite is also noticeable 

in the epoxidation of propene. The presence of Ti in the support is essential for 

the production of propene oxide, since Ti-OOH species are the active species in 

the epoxidation of propene. However, as opposed to the reaction with H2O2, 

where the more tetrahedral Ti, the more active sites for the epoxidation and 

the reaction rate will be enhanced, in the epoxidation with H2 and O2, the rate 

limiting step is the formation of OOH* species over the gold nanoparticles. 
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Therefore, it is more important to have a catalyst with small Au nanoparticles, 

which is favored by low Ti loadings in the support. An increase in the Si/Ti 

ratio resulted in less Au incorporation, when the same nominal gold loading 

was used (2.5-Au/TS-1(85)_Cs compared to 2.5-Au/TS-1(105)_Cs). But if the 

real gold loading is compared, the four samples with 0.2 wt. % Au present 

similar results in conversion, selectivity and PO productivity. The only sample 

that does not follow this trend is 1.25-Au/TS-1(105)_Cs, with which higher 

propene conversions and PO rates are obtained. This can be due to the higher 

Ti dispersion when the Si/Ti is higher, thus the Au nanoparticles are deposited 

in positions that are farther from each other. Also, in Figure 5.4 it can be seen 

that the sample with larger Ti content has higher amount of extrafra-mework 

Ti, which is not active for the epoxidation and catalyzes de decomposition of 

hydrogen peroxide species. The difference with 2.5-Au/TS-1(105)_Cs is 

surprising, since both have the same amount of gold and titanium and the 

average particle size of 1.25-Au/TS-1(105)_Cs is slightly larger. The reason for 

this discrepancy can be the presence of smaller Au nanoparticles in the pores of 

the zeolite that are not visible in the TEM images and, therefore, not accounted 

for. Another possible explanation can be the incorporation of more Cs in the 

zeolite during the deposition-precipitation (Table 5.1), reaching a more 

optimum ratio Au/Cs. The results obtained with this catalyst are the best of all 

the Au/TS-1 tested in this study.  

It can be concluded that the Au/TS-1 synthesized is very active in the 

epoxidation of propene with hydrogen and oxygen, reaching high conversion 

values with relatively high selectivities to propene oxide. The main limitation 

is the rather low hydrogen efficiency that is affected by the presence of larger 

gold nanoparticles on the catalyst. 

 

5.3.2.2 Au/Ti-SiO2 

The epoxidation of propene was also studied over Au/Ti-SiO2. The 

concentration of reactants used was the same as in the previous section. A 

summary of the results obtained with Au/Ti-SiO2 with different gold loadings 

at 150 °C is provided in Table 5.3.  

In general, the conversion values are considerably lower than the ones obtained 

with Au/TS-1. The reason is, first, the crystallographic insulation of Ti in the 

silica matrix of TS-1, which ensures the absence of any connectivity between Ti 

atoms. In the case of Ti-SiO2, during the grafting method used to deposit Ti 

over porous SiO2, it is more likely that two or more Ti atoms will be grafted 
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together [10], which is detrimental for the conversion and selectivity. For this 

reason, the reaction temperature over this catalyst should be lower to avoid 

complete combustion of propene. In Table 5.4 it can be seen that the conversion 

of propene at 200 °C reaches 2.5 %, but the selectivity to PO remains 20 %. 

 

Table 5.3: Results for the epoxidation of propene with H2 + O2 with Au/Ti-SiO2 with difference Au 

loadings. Temperatures: 150 °C, GHSV = 10,000 ml gcat
-1 h-1, 150 mg catalyst. 10 vol.% of each 

reactant. 

R 
Au 

loading 

Particle 

size 
Conversion 

Selectivity 

to PO 

H2 

eff. 
PO rate   PO rate     

 wt.% nm % % % molPO gcat
-1 s-1 molPO gAu

-1 s-1 

1 0.2 2.4±1.9 0.62 89.30 8.14 7.7·10-8 4.8·10-5 

2 1.0 2.4±1.2 1.39 76.76 5.18 1.4·10-7 1.9·10-5 

3 2.0 2.3±1.3 2.61 57.53 1.05 1.8·10-7 7.2·10-6 

 

The results are similar to those reported by Chen et al. [9, 10] for the same gold 

and titanium loadings. It can be observed that, as the gold loading increases, 

the conversion of propene increases as well, while there is a clear decrease in 

selectivity. The same can be said about the hydrogen efficiency, which is higher 

at lower gold loadings. As explained by Chen et al. [10], this can be due to the 

higher number of interfacial Au-Ti sites when the gold loading is low and, 

therefore, it is more dispersed. It is at these Au-Ti sites where the active 

hydroperoxy species for the epoxidation of propene are formed.  

 

5.3.2.2.1 Comparison with Au/TiO2, Au/SiO2 and Au/C 

Comparing the performance in the epoxidation of propene of 1 wt. % Au 

deposited over TiO2, SiO2 and Ti-SiO2, the first feature to notice is the different 

optimum temperatures for each of the supports (Table 5.4). Au/TiO2 shows the 

best results at lower temperature (75 °C), with a selectivity to PO of 80 %, and 

small amounts of acetaldehyde being produced. However, when the 

temperature is raised to 150 °C, the hydrogen efficiency decreases from 10 to 

0.3 % and the production of PO drops dramatically to a yield of 0.035 %, which 

is in accordance with the results of Nijhuis et al. [8]. This is an indication that 

for a better performance in the epoxidation of propene with Au-Ti catalyst, 
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titanium atoms should be highly dispersed [19, 38]. For this reasons, Au/TS-1 

shows the better performance of all the catalysts tested in this study and it is 

possible to operate with it at higher temperatures. It should also be noted that 

the agglomeration of Ti causes a very fast deactivation of the catalyst due to 

the deposition of carbonaceous species over the active sites [8]. The results 

provided are the averaged activities in the catalytic cycle from minute 150 to 

minute 300, as a result the final activity appears to be lower, since the initial 

values, which are higher, are not accounted for.  

 

Table 5.4: Comparison of the performance of Au/TiO2, Au/Ti-SiO2 and Au/SiO2 in the epoxidation of 

propene with H2 + O2 at different temperatures (10/10/10 H2/O2/C3H6). 

Catalyst 

 

Au 

loading 

Particle 

size 
T Conv. 

Selectivity 

PO 

Selectivity 

acrolein 

H2 

efficiency 

wt. % nm  °C  %  %  %  % 

1.0-Au/TiO2 1 5.35±9.27 
150 0.53 6 4 0.37 

75 0.13 81 12 9.76 

1.0-Au/Ti-

SiO2 
1 2.43±1.21 

150 1.39 77 0 5.18 

200 2.55 20 - 0.96 

1.0-Au/SiO2 1 1.91±1.25 
150 0.25 5 25 0.1 

230 1.34 0 60 0 

 

In the case of Au/SiO2, only 5 % selectivity towards PO was observed at 150 °C, 

and a high amount of propene was converted to acrolein. This percentage 

increases with temperature. In agreement with the results reported by Gasior 

et al. [42], also acetaldehyde, propanal and acetone are produced over this 

catalyst when hydrogen and oxygen are used. It is well known that the 

presence of titanium in the support is essential for the epoxidation of propene 

[19, 38], since Ti-OOH species are the responsible for the epoxidation of 

propene to PO. In the absence of Ti, the OOH* species formed over the gold 

nanoparticles will decompose into O* and OH* (Scheme 5.1, reaction 4*). The 

very active O* species will attack the propene, producing acrolein instead of PO 

[3].  

The test carried out with gold deposited over graphitic carbon resulted in only 

0.3 % of propene conversion. The main product was propane (80 % selectivity) 
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from the hydrogenation of propene. Small amounts of acrolein, acetaldehyde, 

acetone and propanal were also observed, but not in a significant manner. It 

should be said that the gold particles deposited over carbon were bigger than 

the ones deposited over any of the other supports. Nevertheless, no PO was 

observed, highlighting the importance of the presence of Ti. Acrolein was not 

produced as selectively as over Au/SiO2, indicating that the support also plays a 

role on the partial oxidation, which was also indicated by Suo et al. [43]. The 

conversion of hydrogen 2.5 %, with 90 % selectivity to water, indicating that 

there is probably formation of OOH* species that, in the absence of Ti in the 

neighborhood, are decomposed, producing water, or are hydrogenated, resulting 

in the same final product [9].  

 

5.3.3 Epoxidation with O2 and water 

5.3.3.1 Au/TS-1 

The same catalysts as in the previous section were used for the epoxidation of 

propene with molecular oxygen in the presence of water. When Au/TS-1 was 

tested, the main products obtained in this case were PO (C3H6O) (Eq. 5.3), 

acrolein (C3H4O) (Eq. 5.4) and CO2 (Eq. 5.5), according to the following 

reactions: 

 
3 6 2 2 3 6 2

1C H + O +H O  C H O+H O
2

   Eq. 5.3 

 
3 6 2 3 4 2

C H +O C H O+H O   Eq. 5.4 

 3 6 2 2 2
2C H +9O CO6 +6H O   Eq. 5.5 

Several factors like the influence of the gold and titanium loading, the 

precipitation agent used and temperature were evaluated to determine which 

was the best catalyst for the kinetic study.  

 

5.3.3.1.1 Influence of the gold and titanium loading and the precipitation 

agent 

Here the results for the epoxidation of propene over the different catalysts are 

summarized. The conversion values obtained in this study were lower than 

those reported by Huang et al. [29] for the same reaction. While the maximum 
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conversion reported was 2.5 % with 36 % selectivity to PO, Table 5.5 shows that 

the maximum propene conversion obtained at 200 °C was 0.34 %, with PO 

selectivity of 42 %. The reason for this discrepancy can be the different 

concentration in alkali ions. Huang et al. clearly showed that the concentration 

of potassium ions, and its ratio to the amount of gold, played an important role. 

If the concentration of K was 0.5 %, the conversion remained 0.9 % with 21 % 

selectivity to PO. The optimum alkali concentration was found to be between 

1.0 and 2.0 %. A further increase of the amount of potassium was detrimental 

both for conversion and selectivity. On the other hand, the acidic surface of the 

zeolite, created by the Ti-OH groups, catalyzes the isomerization of the formed 

PO into propanal. Another role of the alkali ions is to neutralize the surface, 

inhibiting the isomerization. In this work, no significant amounts of propanal 

were observed, indicating that the surface of the catalyst is neutralized. The Cs 

concentration, determined by AAS, was in all cases around 2 wt. % or higher 

(Table 5.1), which is above the optimum indicated by Huang et al. [29]. This 

can explain the lower propene conversion, due to the blockage of the active sites 

by the excess of ions. Moreover, cesium ions are bigger than potassium ions and 

more likely to obstruct the active sites if an excess is present.  

It is generally accepted that PO is formed by the reaction of propene with Ti-

OOH species. In the epoxidation of propene with O2 and water, it has been 

proposed that this hydroperoxy species are formed through the reaction 

between O2 stabilized over the gold nanoparticle and the proton from the 

heterolytic dissociation of water (Figure 5.1) [29]. However, the attack of the 

allylic C-H bond of propene by oxygen is also a favorable reaction, resulting in 

the production of acrolein [3, 44]. As can be seen in Table 5.5, the propene 

converted is used almost in equal parts for the production of PO and acrolein, 

with the ratio varying slightly from catalyst to catalyst. It should be noted that 

CO2 was produced with lower selectivity (maximum 13 %). The presence of 

water has been proven to allow for the PO formation; however, in contrast with 

the results published by Lee et al. [30], the particle size distribution here is 

broader and bigger nanoparticles (> 2 nm, not active for the epoxidation of 

propene [28]) are also present. Therefore, the maximum PO/acrolein ratio 

obtained was 1.43, which indicates that more PO than acrolein is being 

produced. Huang et al. [29] reached a maximum selectivity to PO of 52 %, with 

CO2 being the main by-product.  

The precipitation agent used, as it was explained in the previous sections, 

affected the amount of gold loaded in the support. But, as opposed to the 

reaction with hydrogen and oxygen, it can also influence the reaction and the 

PO/acrolein ratio. Potassium and cesium are expected to show the best 
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performance in terms of propene conversion and PO selectivity [29]. Likewise, 

the selection of the counter anion should be taken into account. The one used in 

this case, CO32-, in combination with K+ and Cs+, is supposed to promote the 

epoxidation of propene [29]. Similar results were obtained with 5.5-Au/TS-

1(85)_K and 1.25-Au/TS-1(85)_Cs, where the Au loading is the same. However, 

the selectivity is slightly higher with the catalyst synthesized with potassium. 

The best performance was obtained with 2.5-Au/TS-1(105)_Cs, achieving a PO 

yield of 0.15 %. Even though the gold loading was the same as with the 

previous two catalysts, probably the lower Ti content implied that most of the 

titanium present is in tetrahedral position and, therefore, active for the 

epoxidation. The precipitation agent used in that case is Cs2CO3, which in 

principle favors the deposition of smaller Au nanoparticles (<1 nm) in the pores 

of the zeolite [33].  

 

Table 5.5: Results of the epoxidation of propene with O2 in the presence of water over Au/TS-1 

synthesized using different precipitation agents and gold and titanium loadings. Temperature: 

200 °C, GHSV = 14,000 ml gcat
-1 h-1, 150 mg catalyst. 10/10/2.5 of C3H6/O2/H2O with He as balance. 

R Sample 
Real Au 

loading 
Conv. 

Sel.

PO 

Sel. 

Acrol. 
PO rate 

Acrolein 

rate 

PO/ 

Acrolein 

  wt.% % % % molPO gcat
-1

 s-1 molAc gcat
-1

 s-  

1 

5.5-

Au/TS-1 

(85)_K 

0.20 0.20 33.0 56.1 7.3·10-9 1.21·10-8 0.59 

3 

5.5-

Au/TS-1 

(85)_Cs 

0.34 0.32 28.5 49.7 1.1·10-8 1.68·10-8 0.57 

4 

2.5-

Au/TS-1 

(85)_Cs 

0.34 0.34 28 48.9 1.59·10-8 2.74·10-8 0.57 

5 

1.25-

Au/TS-1 

(85)_Cs 

0.19 0.15 27.6 64.16 7.51·10-9 1.62·10-8 0.43 

7 

2.5-

Au/TS-1 

(105)_Cs 

0.20 0.25 54.0 37.9 1.43·10-8 1.0·10-8 1.43 

8 

1.25-

Au/TS-1 

(105)_Cs 

0.20 0.22 53.6 40.9 1.89·10-8 1.45·10-8 1.31 
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Like in the case of the reaction with hydrogen and oxygen, a lower gold loading 

favors the selectivity towards PO, which can be observed in 2.5-Au/TS-1(85)_K. 

A higher gold loading (like 0.34 %) resulted in bigger Au nanoparticles that 

catalyze other reactions, like the formation of acrolein and the full combustion 

to CO2, which is highest in 5.5-Au/TS-1(85)_Cs (13 %). However, very small 

gold loadings like 0.06 wt. % do not provide sufficient active sites and the PO 

formation rate is rather low and not stable. The catalyst synthesized with a 

lower Ti loading and a lower nominal Au loading, in spite of the fact that it has 

the same Au loading as 2.5-Au/TS-1(105)_Cs, has a higher selectivity to PO. 

This can be due to the higher dispersion of Ti atoms, due to the lower Ti 

loading, attracting Au nanoparticles and reducing the risk of sintering [17]. 

Additionally, the TS-1 with higher Si/Ti ratio, contained less extrafra-mework 

Ti, therefore, a highest percentage of it is active for the epoxidation.  

 

5.3.3.1.2 Effect of the temperature 

An increase in the reaction temperature resulted in an increase in the PO and 

acrolein formation rate. In Figure 5.9a, it can be seen that PO is the 

predominant product at lower temperatures, but the combustion becomes the 

main reaction at temperatures higher than 260 °C. At 300 °C the conversion of 

propene is 6.6 % with only 1.6 % selectivity to PO. In Figure 5.9a, all rates are 

based on the amount of C3 converted (i.e. not the products formation rate).  

It is interesting to notice that the formation of acrolein increases steadily with 

the temperature, and even at 300 °C it is produced with a selectivity of 14.5 % 

and a formation rate of 1.0·10-7 molacrolein gcat
-1 s-1. This suggests that acrolein is 

more resistant to combustion than PO.   

In the Arrhenius plot of Figure 5.9b, the apparent activation energies for the 

production of PO, acrolein and CO2 are calculated. As stated before, there is an 

inflexion point, where the slope of the line for the formation of PO changes. 

Therefore, two regions were considered with two different activation energies: 

45 kJ mol-1, for temperatures lower than 250 °C, and -60 kJ mol-1 at higher 

temperatures. The negative value can be associated to the faster increase of the 

rate of the side reactions, like combustion, than the epoxidation rate, so PO is 

consumed faster than what is produced. Therefore with increasing 

temperature, a lower production rate is observed.  The activation energies 

reported in literature for the epoxidation of propene with H2 and O2 are, over 

Au/TS-1, 35 kJ mol-1 [17], 47 kJ mol-1 using Au/TiO2 [45] and 24 kJ mol-1 when 
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the catalyst was Au/Ti-SiO2 [9]. Both in the reaction with hydrogen and with 

water the rate determining step (rds) is the formation of OOH* species. 

However in the former reaction, what limits the OOH* formation is the 

dissociation of hydrogen, while in this case, since there is no hydrogen, the rds 

is the OOH* formation from water and oxygen. Therefore, the activation energy 

is different.  

 

a.  

b.  

Figure 5.9: a. Dependence of the rate of formation of PO and acrolein and the combustion of C3 to 

CO2 and on the temperature during the epoxidation of propene with O2 and water over 2.5-Au/TS-

1(105)_Cs,10/10/2.5.  b. Arrhenius plot for the formation rates of PO, acrolein and CO2 over 2.5-

Au/TS-1(105)_Cs,10/10/2.5 with C3H6/O2/H2O, GHSV = 14,000 ml gcat
-1 h-1. NOTE: The last point of 

CO2 formation rate reaches 1.74 10-7 molCO2 gcat
-1 s-1. 

The value obtained for acrolein was constant in the whole temperature range 

studied and it is 57 kJ mol-1. This value is comparable to the range reported by 

Cant for the formation of acrolein over Au/SiO2 (32-50 kJ mol-1) [46].  
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If one analyzes the activation energy of the different catalysts studied in 

Section 5.3.3, the results (Table 5.6), it can be seen that the activation energies 

of 2.5-Au/TS-1(105)_Cs are very similar to those with 5.5Au/TS-1(85)_K. This is 

reasonable, since the gold loading is the same in both. The lower values 

obtained with the other catalysts can be explained because the temperature 

range evaluated in those cases was lower (160 – 230 °C). This can be due to a 

change in rds with increasing temperature. What may be concluded is that in 

all catalysts tested, the apparent activation energy for PO is lower than that of 

acrolein, indicating that the PO formation is more favorable.  

Table 5.6: Apparent activation energy for PO and acrolein formation over Au/TS-1 synthesized with 

different gold and titanium loadings (calculated for temperatures between 160 and 220 °C.  

Reaction Sample 
Au loading 

(wt.%) 

Ea
obs  (kJ mol-1) 

PO Acrolein 

1 5.5Au/TS-1(85)_K 0.20 47 62 

4 2.5Au/TS-1(85)_Cs 0.34 36 40 

5 1.25Au/TS-1(85)_Cs 0.20 27 39 

7 2.5Au/TS-1(105)_Cs 0.20 45 57 

8 1.25Au/TS-1(105)_Cs 0.20 38 37 

 

5.3.3.1.3 Effect of the residence time 

From Figure 5.10, it can be seen that the conversion increases with the 

residence time, even though the main reaction occurring is the combustion of 

propene, producing CO2 and water. Combustion decreases with decreasing 

residence time up to a point when it is almost negligible at high space 

velocities. Lower GHSV favor the formation of PO with respect to acrolein. This 

can be due to the stronger adsorption of the latter over the active sites 

responsible for its formation, that remain blocked for further reaction. It may 

also be concluded that the active sites for the epoxidation are different than the 

sites for the partial oxidation, since the reduction in the production of acrolein 

is not translated in a reduction in the production of PO.  
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Figure 5.10: Influence of the residence time of the formation of PO and acrolein and in the 

combustion rate by direct oxidation of propene with oxygen and water. 10 vol.% C3H6, 10 vol.% O2 

and 2.5 vol.% H2O. Temperature: 230 °C.  

Since the rate determining step in the direct epoxidation is considered to be the 

formation of OOH* species, the fact that lower residence times favor the 

PO/acrolein ratio could indicate that at those space velocities the formation of 

hydroperoxy species due to the reaction between oxygen and water is higher. 

Then the OOH* species are preferentially utilized in the epoxidation to PO. At 

higher GHSV, on the other hand, the oxygen is probably used faster for the 

direct oxidation to acrolein. At higher residence times the selectivity to acrolein 

drops, while the combustion increases, increasing therefore the PO/acrolein 

ratio. It is also possible that acrolein, at low GHSV undergoes a consecutive 

reaction, forming CO2.  

 

5.3.3.1.4 Stability of Au/TS-1 

The stability of the catalyst for the epoxidation of propene with oxygen and 

water as a function of time is shown in Figure 5.11 a and b. The formation of 

PO suffers from a slight deactivation after 90 minutes. The formation of 

acrolein, on the other hand, increases during the first two hours of reaction, 

being stable afterwards. Therefore, all the results reported in this work are 

calculated by averaging the values for conversion, selectivity and rate between 

150 and 300 minutes of the catalytic cycle. After regeneration of the catalyst at 

300 °C with 10 vol.% O2, the initial activity values can be recovered, indicating 

that there is reversible deactivation. This is due to the strong adsorption of PO 

and carbonate species, blocking the active sites for the reaction [8]. The 
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calcination at 300 °C burns off the carbonate species, freeing the active sites for 

the reaction.  

  

Figure 5.11: Formation rate vs. time on stream of PO (■) and, acrolein (Ο) and combustion rate 

(CO2/3) (∆), in the direct epoxidation of propene with oxygen and water. 10 vol.% C3H6, 10 vol.% O2 

and 2.5 vol.% H2O. Temperature: 230 °C. a. Normal reaction time of 300 minutes. b. Long term 

stability for 5 days. 

An analysis of the long term stability (Figure 5.11b) shows that the PO 

formation is relatively stable over 60 hours of continuous reaction. After that, a 

decline in the production can be attributed either to the deposition of carbonate 

species on the active sites of the catalyst, or irreversible deactivation, due to 

the sintering of some of the small gold nanoparticles, forming larger particles 

that are only active for the combustion of propene. The latter can be confirmed 

by the sharp increase of the CO2 formation with time. This was also observed 

after several cycles of reaction-regeneration. CO2 productivity increased along 

the cycles and the initial values were not recovered after regeneration. 

However, it should also be said that the loss of PO productivity after 5 days of 

continuous reaction only accounts for 30 % of the initial activity.  

A remark should be made on the stability of the fresh catalyst. To avoid gold 

sintering, the synthesized catalysts were stored in the fridge at 2 °C and 

protected from light by aluminum foil. If the catalyst was kept as-synthesized, 

without calcination, the activity noticeably decreased after a couple of weeks. 

If, on the other hand, the catalyst is immediately treated by increasing the 

temperature from 35 to 200 °C under a mixture of 10/10/10 C3H6/O2/H2, 

followed by regeneration at 300 °C for 1 hour with 10 vol.% O2, to remove the 

possible deposition of carbonaceous compounds, Au/TS-1 can be used for 2 

months without apparent loss of catalytic activity. The reason for the better 

stability of the treated sample can be the reduction of the deposited gold 
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nanoparticles from Au2O3 to metallic gold. This change in oxidation state can 

be also observed in the decrease of the particle size after reaction in comparison 

with the as-synthesized catalyst.  

 

5.3.3.2 Au/Ti-SiO2 

Different gold loadings deposited on porous titanium on silica support were 

tested for the epoxidation of propene with molecular oxygen and water at 

temperatures ranging from 150 to 250 °C. The first noticeable result of these 

reactions is the complete absence of PO in the products obtained when 

hydrogen is not co-fed. Nevertheless, propene was converted and acrolein was 

produced with high selectivity.   

 

5.3.3.2.1 Influence of the gold loading 

The influence of the amount of gold loaded on Ti-SiO2 can be seen in Figure 

5.12a. The increase of propene conversion with increasing gold loading is 

evident. However, when more metal is deposited, even though the conversion is 

high, other by-products are being formed, mainly acetaldehyde, CO2 and CO 

from the further oxidation of propene, decreasing the selectivity to acrolein. 

Similar to the case of PO production over Au/TS-1, higher gold loadings result 

in a lower selectivity to acrolein, because there are more large particles (>5 nm) 

that can catalyze the combustion of propene to CO2 and other side reactions. In 

Figure 5.12b, the dashed lines represent the productivity of acrolein normalized 

per gram of gold. It can be seen that the higher productivities are obtained at 

lower Au loadings, probably because in 0.2-Au/Ti-SiO2, all the gold deposited is 

active for the production of acrolein, while with 2.0-Au/Ti-SiO2, part of the 

nanoparticles catalyze other reactions [17]. It can also be observed that there is 

saturation in the productivity of acrolein after 1 wt. % Au, in which an increase 

of gold loading is not translated in a change in productivity. Probably, after a 

certain gold loading, in the formation of acrolein, the reaction occurring over 

the gold active sites is not the rate determining step. So far, the reason for this 

effect is not well understood.  

Considering the combined effect of temperature and gold loading (Figure 

5.12a), at lower gold loadings, the selectivity to acrolein remains above 70 % 
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even at 250 °C and it is almost 100 % below 200 °C. At 250 °C the isomerization 

of acrolein into propanal and acetone starts to be an important reaction.  

a.  

b.  

Figure 5.12: Propene epoxidation using O2/H2O for different gold loadings on Ti/SiO2. a. Influence of 

the temperature and the gold loading on the conversion of C3H6 and the yield to acrolein. b. 

Acrolein rate as a function of the catalyst loading (full lines) and the gold loading (dashed lines) at 

two different temperatures: 210 °C (circles) and 250 °C (squares). GHSV = 10,000 ml gcat
-1 h, 

10 vol.% C3H6, 10 vol.% O2 and 2 vol.% H2O.  

 

5.3.3.2.2 Comparison with Au/SiO2 and Au/TiO2 

To determine which are the active sites in the oxidation of propene with 

molecular oxygen over Au/Ti-SiO2, the reaction was also performed using gold 

deposited on titania or silica. For Au/TiO2, when there is no hydrogen present 

in the gas feed, the conversion is negligible. The catalyst is not active for the 

formation of PO or acrolein at the temperatures studied. Only small amounts of 

acetaldehyde and CO can be obtained at temperatures higher than 200 °C. This 

is in agreement with what has beeing reported by Hayashi et al., who indicated 
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the necessity of hydrogen for the formation of hydroperoxy species that will 

afterwards react with propene to produce propene oxide [6]. On the other hand, 

this contrasts with what Ojeda and Iglesia published [27], since they claimed to 

produce PO over Au/TiO2 with oxygen and water. The main difference with this 

work is the reaction temperature, which was maintained at 77 °C. However, in 

this work, a  test at that temperature was carried out with the same negative 

results.  

When the reaction was performed over 1.0-Au/SiO2, the catalyst was active at 

all temperatures studied, producing acrolein with high selectivity by only 

feeding oxygen and water. The conversion reached 0.84 % with a selectivity to 

acrolein of 70 % at 250 °C. These results are similar to the values published by 

Suo et al. for the oxidation of propene with air (77 % selectivity at 1 % 

conversion at 325 °C with 0.5 wt.% Au) [47]. When compared with the 

performance of Au/Ti-SiO2 with the same gold loading (Figure 5.13), the 

conversion and selectivity are similar. Only the conversion is slightly higher in 

the latter case because of the formation of by-products, probably at the Ti sites. 

This suggests that the active sites in Au/Ti-SiO2 for the formation of acrolein 

are Au-Si and that the Ti atoms have no effect other than to produce other by-

products. The selective formation of acrolein over Au-Si catalyst was first 

observed by Cant et al. in 1971 [46] for gold sponge and Au/SiO2. Also the group 

of Hutchings [5, 48] reported 80 % selectivity to acrolein over impregnated 

Au/SiO2 that had been reduced and oxidized prior to reaction at 260 °C. 

 

Figure 5.13: Epoxidation of propene with molecular oxygen and water. Comparison between Au/Ti-

SiO2 and Au/SiO2. GHSV = 10,000 ml/gcat h, 10 vol.% C3H6, 10 vol.% O2 and 2 vol.% H2O. 

The addition of hydrogen to the flow stream, when the reaction was performed 

over Au/SiO2, almost doubles the conversion. In this case, the selectivity to 
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acrolein is considerably lower (between 38 and 60 %) and increases with 

temperature. At lower temperatures, the same amount of acetone and acrolein 

are produced. Also small quantities of PO can be detected at 150 °C, but this 

corresponds to only 5 % of the propene converted (Table 5.4). Over this catalyst, 

the conversion of hydrogen is complete, being mostly oxidized into water. The 

fact that the yield of acrolein is still higher than in the case when no hydrogen 

is added to the system could be attributed to the formation of hydroperoxy 

(OOH*) species on the Au nanoparticles, as in the case of the epoxidation over 

Au-Ti catalyst. When there is no Ti in the neighborhood of the Au nanoparticle, 

the OOH* can be decomposed into other active oxygen species, which are 

responsible for the oxidation of propene, among other reactions [5]. In the case 

of the reaction with only molecular oxygen, the responsible species for the 

attack to the allylic bond of propene to form acrolein are the very active 

negatively charged oxygen radicals (O*) [3].  

The fact that the reaction over Au/Ti-SiO2 exhibits the same behavior as over 

Au/SiO2 indicates that the reaction mechanism followed is the same and that 

active sites for the partial oxidation to acrolein are the gold nanoparticles 

which are not capable of producing OOH* species. The main difference between 

Au/TS-1 and Au/Ti-SiO2 in this study is the absence of alkali ions in the 

synthesis of the latter. Therefore, oxygen cannot be stabilized over the Au 

nanoparticles, forming OOH* afterwards.  

With the aim of confirming that the acrolein production is solely due to the Au-

Si interaction and to rule out possible contaminations in the catalysts used, 

supplementary tests were performed under the same reaction conditions but 

using gold deposited over graphitic carbon (HSA Johnson Mattthey), which is 

known to be an inert support. No acrolein or PO were produced over the Au 

nanoparticles deposited on carbon. Also a blank test with pure SiO2 (Davisil) 

was carried out and resulted in no propene being converted. 

 

5.3.3.2.3 Epoxidation over Au/Ti-SiO2-Cs 

An additional set of experiments was performed with Au/Ti-SiO2 synthesized 

using the same deposition precipitation method as Au/TS-1, with Cs2CO3 as 

precipitation agent and at a pH of 7.3. Considering that the gold deposition 

over Ti-SiO2 is easier than over TS-1, the stirring was maintained only for 1 

hour instead of 5. The resulting catalyst had a clear pinkish coloration, 
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indicating low Au loading. It is also expected that the catalyst will contain a 

certain amount of Cs ions.  

The test reaction at 150 °C with H2 and O2 produced PO with a selectivity of 

92 % at 0.7 % conversion and 6 % hydrogen efficiency, which is the same as the 

result obtained for 0.2-Au/Ti-SiO2 (Table 5.3). When hydrogen was substituted 

by water in the gas stream, acrolein was again the main product of the 

reaction. In this case, the optimum temperature was 220 °C, at which 0.23 % of 

propene was converted with 74 % selectivity to acrolein. The difference in this 

case is that, as opposed to the normal Au/Ti-SiO2, 11 % of the propene 

converted was transformed into PO. In the absence of water, only acrolein was 

obtained, indicating that water is again involved in the formation of OOH* 

species that will catalyze the epoxidation to PO. Also the conversion of 0.23 % 

is higher than the conversion of 0.2-Au/Ti-SiO2 in Figure 5.12. This indicates 

that the presence of Cs as promotor results in a new active species formed over 

the catalyst that can increase the yield to propene oxide.  

These results emphasize the importance of the presence of alkali ions in the 

Au-Ti catalyst. They are responsible for the stabilization of O2 on the Au 

nanoparticle that will, thereafter, react with the proton from water, producing 

OOH* species. If there is no alkali ion, molecular oxygen will not be stabilized 

and the formation of hydroperoxy species will not be favored.  

 

5.3.3.2.4 Effect of the temperature 

The Arrhenius plot in Figure 5.14 shows the dependence on the temperature 

for the production of acrolein over Au/Ti-SiO2 and Au/SiO2. The trend for both 

catalysts is, as explained before, practically the same. The calculated activation 

energy is 46 kJ mol-1 for Au/Ti-SiO2 and 48 kJ mol-1 for Au/ SiO2, which are very 

similar.  

If this activation energy is compared to the one for the formation of acrolein 

over 2.5-Au/TS-1(105)-Cs (Figure 5.9b), it is lower. However, it is comparable to 

the one obtained with other Au/TS-1 catalysts in which the selectivity to 

acrolein is higher than the selectivity to PO (Table 5.6). In 2.5-Au/TS-1(105)-Cs, 

acrolein is formed via two routes: Via the OOH* route (Scheme 5.1) and over 

the bigger Au nanoparticles (Aub, Scheme 5.2). In the catalyst studied in this 

section, a very limited amount of OOH* species is formed, because of the 

absence of alkali ions to stabilize O2, so the preferential route for acrolein 



Chapter 5: Kinetics of the selective oxidation of propene over Au-Ti  

   

152  

formation will be over the Au nanoparticles that cannot form OOH* species, 

explaining the difference in activation energy.  

 

 

Figure 5.14: Arrhenius plot for the oxidation of propene with molecular oxygen over 1.0Au/Ti-SiO2. 

(■) and Au/SiO2 (●). GHSV = 10,000 ml/gcat h. Concentration of reactants: 10 vol.% O2, 10 vol.% 

C3H6 and 2 vol.% H2O. 

 

5.3.4 Kinetic study 

5.3.4.1 Au/TS-1 

5.3.4.1.1 Experimental results 

The kinetic study of the epoxidation of propene with O2 and water was 

performed over the catalyst 2.5-Au/TS-1(105). The reaction conditions used 

were 230 °C, 14,000 ml gcat-1h-1 and the concentration of one of the reactants 

was varied while maintaining the rest constant. The conversions, selectivities 

and reaction rates obtained are summarized in Table 5.11 in Appendix 5.C.  

It can be seen that the temperature of the reactions in Table 5.11 (Appendix 

5.C), varies slightly in some of the experiments due to the heat losses through 

the insulation of the oven. Therefore, knowing the apparent activation energy 

for the formation of PO, acrolein and CO2 over this catalyst (Figure 5.9b), the 

rates were corrected to the rates at 230 °C, using the equation: 
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The presence of internal mass transfer limitations was evaluated using the 

Weisz-Prater criterion. The evaluation of the external diffusion was done using 

the Maer’s criterion. The calculations can be found in Appendix 5.A. The 

results indicated that the system does not suffer from internal or external mass 

transfer limitations.  

At low concentrations of reactants (below 10 vol.%), the formation rate of PO 

and acrolein is dependent on the concentration of all three reactants (Figure 

5.15a and b). However, at higher concentrations, oxygen and water determine 

the reaction rate, while propene does not have any influence. What can also be 

observed is that the production of PO is even more enhanced than the 

production of acrolein at higher O2 concentrations. The absence of H2O in the 

feed (PH2O = 0 vol.%, reaction 21 in Table 5.11) was expected to result in no PO 

being produced. Nevertheless, in that experiment, 40 % of the propene 

converted produced PO and 50 % acrolein. This can be explained by the 

formation of water through the combustion of propene (5.27 % selectivity to 

CO2) and during the production of acrolein, which can thereafter be utilized in 

the epoxidation reaction. Then, as the water added to the system increases, the 

selectivity to PO increases with respect to that of acrolein. This trend is similar 

to the one observed for hydrogen by Chen et al. [49] in the epoxidation with 

oxygen and hydrogen. The fact that at higher concentrations of reactants, only 

oxygen and water determine the formation rate of PO, indicates that they are 

involved in the rate determining step, which is probably formation of OOH* 

species on Au nanoparticles by O2 adsorption and reaction with the proton 

obtained from the heterolytic dissociation of water [29]. The preferential 

production of PO at such high concentrations also suggests that the formed 

OOH* species are consumed faster in the epoxidation of propene rather than in 

any other reaction that results in acrolein. Higher concentrations of propene, 

even though they do not have a big impact, favor slightly the formation of 

acrolein. Propene can also be adsorbed over Au nanoparticles [50], so it is 

possible that it blocks some active sites for the formation of OOH*. As opposed 

to the reaction with hydrogen and oxygen, where a higher concentration of 

propene is beneficial by competing with hydrogen for the consumption of OOH* 

species and increase the hydrogen efficiency [9], in the reaction with water and 

oxygen, there is no such competition. Therefore, to enhance the PO formation, a 

lower concentration of propene should be maintained.  
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a. b.  

c.  

Figure 5.15: Dependence of the partial pressure of the reactants in the rate formation of PO (a), 

acrolein (b) and CO2 (c). Temperature: 220 °C, atmospheric pressure, GHSV = 14,000 ml gcat
-1 h-1. 

The concentration of one of the reactants is varied while the other two are maintained constant (O2 

at 10 vol.%, C3H6 at 50 vol.% and H2O at 2.5 vol.%).  

The CO2 formation (Figure 5.15c), appears to be independent of the 

concentration of propene, but it is affected by an increase in the amount of 

oxygen or water fed. On the other hand, it was observed that the formation of 

CO2 increases with increasing PO and acrolein concentrations. This can 

suggest that the CO2 produced over this catalyst originates from the further 

oxidation of PO and acrolein, rather than from the direct combustion of 

propene. This was also proposed by Lu et al. [51] for the epoxidation of propene 

with H2 and O2. A proper kinetic analysis is necessary to confirm this 

hypothesis, however, as explained in the section of catalyst stability, the rate of 

CO2 increases over time and is not only dependent on the concentration of the 

reactants. In Figure 5.15c, rCO2 vs. partial pressures of the reactants shows 

signification scatter. Therefore, an accurate kinetic fitting of this rate proves to 

be challenging. Consequently, it was decided to carry out the fitting for PO and 

acrolein, but not for CO2. 
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Initially, power-rate law fittings were done for the rate expressions of PO and 

acrolein formation, using the data reported in Table 5.11 of Appendix 5.A and 

according to the expression in Eq. 5.7. The fitting was carried out applying 

least square regression and its accuracy was evaluated by calculating the 

regression coefficient (R2) [52], as stated by  Eq. 5.8.  

 M1:   
3 6 2 2

·[ ] ·[ ] ·[ ]
i

r k C H O H O   Eq. 5.7 

being i = PO, acrolein 

 
 

 










21

2

21

-
1-

-

j j

j

j
Exp

PO PO
N

j
Exp Exp

PO PO
N

r r
R

r r
  Eq. 5.8 

where N is the number of experimental data points, 
j

Exp

PO
r  are the experimental 

rates, 
jPO

r  are the calculated rates and 
Exp

PO
r  is the average of the experimental rates. 

The kinetic analysis was also performed considering the adsorption of propene, 

oxygen and water over the active sites of the catalyst, following a Langmuir-

Hinshelwood mechanism (L-H). This analysis can provide a better 

understanding of how the reaction occurs and can suggest which are the 

elementary steps involved in the mechanism of PO and acrolein formation from 

propene, oxygen and water over Au-Ti catalyst. Three alternatives are taken 

into account, considering that there are different types of active sites over the 

catalyst: gold and titanium. The first one assumes that there is competitive 

adsorption of the reactants into one single type of site which would be, in this 

case, gold (M2, Eq. 5.9), therefore three gold sites would accommodate propene, 

oxygen and water. The second one considers that they are adsorbed over 

different independent sites, which would be propene over a Ti site while oxygen 

and water would be adsorbed on two different types of gold sites (M3, Eq. 5.10). 

Finally, the model defined as dual site is obtained when it is speculated that 

oxygen and water are adsorbed over the same type of Au sites (therefore two of 

these sites would be necessary), while propene is adsorbed over Ti sites (M4, 

Eq. 5.11) 

 M2: 
        

3 6 2 23 6 2 2

3
3 6 2 23 6 2 2

· · ·[ ]·[ ]·[ ]

[1 [ ]]

C H O H O

i i

C H O H O

K K K C H O H O
r k

K C H K O K H O
  Eq. 5.9 

ki = k’·NT, being NT the total number of vacant sites.  
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Independent sites: 

 M3: 
     
     

                

3 6 2 23 6 2 2

23 6 2 23 6 2

·[ ] ·[ ] ·[ ]

1 [ ]1 1

C H O H O

i i
H OC H O

K C H K O K H O
r k

K H OK C H K O
 Eq. 5.10 

Dual site: 

 M4: 

 

 
   
               

3 6 2 23 6 2 2

2
3 63 6 2 22 2

·[ ] ·[ ]· ·[ ]

1
1 [ ]

C H O H O

i i
C H

O H O

K C H K O K H O
r k

K C H K O K H O

 Eq. 5.11 

The results for all the Langmuir-Hinshelwood regression analysis are 

summarized in Table 5.7, and the graphs where the model vs. experimental 

results are compared are shown in Figure 5.16.  

 

5.3.4.1.2 Analysis of the regression of the kinetic data 

Four different models are compared in this study: Power-rate law, which is an 

empirical method, Langmuir-Hinshelwood (L-H) single site, where the 3 

reactants compete for 1 adsorption site, L-H independent sites, where there is a 

different adsorption site for each of the components and, finally, L-H dual site, 

assuming that oxygen and water adsorb over the Au sites and propene on the 

Ti sites.  

In Figure 5.15a it can be observed that the PO formation is highly dependent 

on the concentrations of oxygen and water, even at higher concentrations. 

There is, on the other hand, a saturation at high concentrations of propene, 

indicating that the reactant does not play an important role in the reaction 

rate. These observations could be described by the results of the power-rate law 

(M1) in Eq. 5.12, where the order of propene, oxygen and water are 0.04 ± 0.03, 

0.6 ± 0.05 and 0.3 ± 0.07 respectively.  

   -7 0.04 0.03 0.6 0.05 0.3 0.07
PO 3 6 2 2r =4.1·10 ·[C H ] ·[O ] ·[H O]   Eq. 5.12 

The high reaction order in oxygen suggests that it is involved in the rate-

determining step. The equation and the rPO trend in Figure 5.15a also suggest 

the involvement of water in the mentioned rate determining step. Both 

reactants probably participate in the formation of the hydroperoxy 

intermediate necessary for the epoxidation of propene.  
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Table 5.7: Summary of kinetic parameters for different Langmuir-Hinshelwood mechanisms. Epoxidation of propene with O2 and H2O over 0.2-

Au/TS-1(105). Temperature: 220 °C, atmospheric pressure, GHSV = 14,000 ml/gcat· h. 

Model Reaction rate Compound Param. Value 95 % confidence R2 

Power-rate law(M1)    3 6 2 2·[ ] ·[ ] ·[ ]ir k C H O H O   

PO 

kPO 4.10E-07 2.86E-07 5.34E-07 

0.976 
α 0.04 0.01 0.07 

β 0.59 0.54 0.63 

γ 0.29 0.22 0.37 

Acrolein 

 

kAcr 2.17E-07 3.97E-08 3.94E-07 

0.809 
α 0.04 -0.06 0.13 

β 0.55 0.42 0.68 

γ 0.19 -0.02 0.40 

Langmuir-

Hinshelwood Single 

site (M2) 


       

3 6 2 23 6 2 2
3

3 6 2 23 6 2 2

· · ·[ ]·[ ]·[ ]
·
[1 [ ]]

C H O H O
i i

C H O H O

K K K C H O H O
r k

K C H K O K H O
  

PO 

kPO 3.18E-06 1.85E-06 4.50E-06 

0.9 
KC3H6 7.07 2.98 11.16 

KO2 6.03 1.81 10.25 

KH2O 59.48 8.88 110.07 

Acrolein 

 

kAcr 1.87E-06 1.05E-06 2.70E-06 

0.792 
KC3H6 15.35 -8.96 39.65 

KO2 14.68 -9.71 39.07 

KH2O 165.37 -139.66 470.40 



Chapter 5: Kinetics of the selective oxidation of propene over Au-Ti  

  

158  

Table 5.7 cont.: Summary of kinetic parameters for different Langmuir-Hinshelwood mechanisms. Epoxidation of propene with O2 and H2O H2O over 

0.2-Au/TS-1(105). Temperature: 220 °C, atmospheric pressure, GHSV = 14,000 ml/gcat· h. 

Model Reaction rate Compound Param. Value 95 % confidence R2 

Langmuir-

Hinshelwood 

Independent 

sites (M3) 

                    
                      

3 6 2 23 6 2 2

2 23 6 2 23 6

· · ·
·

1 11

C H O H O
i i

O H OC H

K C H K O K H O
r k

K O K H OK C H
  

PO 

kPO 1.50E-07 1.18E-07 1.83E-07 

0.955 
KC3H6 115.08 5.86 224.30 

KO2 4.85 3.52 6.18 

KH2O 113.51 48.53 178.50 

Acrolein 

kAcr 1.05E-07 6.43E-08 1.45E-07 

0.808 
KC3H6 117.24 -109.69 344.17 

KO2 5.72 2.55 8.88 

KH2O 172.07 -53.71 397.85 

Langmuir-

Hinshelwood 

Two sites 

(M4) 
 

 
   
   
             

3 6 2 23 6 2 2
2

3 63 6 2 22 2

·[ ] ·[ ]· ·[ ]
·

1
1 [ ]

C H O H O
i i

C H
O H O

K C H K O K H O
r k

K C H
K O K H O

  

PO 

kPO 6.44E-07 4.80E-07 8.09E-07 

0.946 
KC3H6 100.24 3.26 197.21 

KO2 3.22 2.23 4.21 

KH2O 32.22 20.81 43.63 

Acrolein 

 

kAcr 4.14E-07 2.64E-07 5.64E-07 

0.825 
KC3H6 97.86 -58.06 253.78 

KO2 4.50 2.09 6.91 

KH2O 47.56 19.89 75.23 

Note: Partial pressures are expressed in bar, adsorption constants in bar-1, and the units of k are mol gcat
-1 s-1.  
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Figure 5.16: Kinetic fitting for PO formation. a. Power-rate law. b. L-H Independent sites. c. L-H Two sites, and acrolein formation. d. Power-rate 

law. e. L-H Independent sites. f. L-H Two sites. 
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These reaction orders differ significantly from those reported for the 

epoxidation of propene with hydrogen and oxygen [49, 51-53]. For instance, 

Taylor et al. [53] obtained the following orders: 0.3 for O2, 0.6 for H2 and 0.18 

for propene. When hydrogen is involved, the formation of the hydroperoxy 

species through a reaction between hydrogen and oxygen is also the rate-

determining step. But in that case, the dissociation of hydrogen over the gold 

nanoparticles may be what limits the reaction. In the reaction with oxygen, it 

appears that the limitation is the adsorption and stabilization of the molecular 

oxygen over the gold nanoparticles and its reaction with water. If O2 is not 

adsorbed over the Au site, the reaction does not occur.  

In spite of the good fitting obtained with the power-rate law, it is an empirical 

expression that does not give information about the reaction mechanism. 

Besides, it would not predict accurately the PO formation at propene partial 

pressures lower than the ones studied in this work (0.06 bar), considering the 

trend of the propene line in Figure 5.15a. This behavior can be better explained 

through a Langmuir-Hinshelwood mechanism, where the equilibrium 

constants for adsorption are also taken into account.  

The first possible mechanism to consider is the one proposed by Chang et al. 

[54] based on DFT calculations. The study was performed simulating small-

sized unsupported gold clusters (Au38 and Au10). According to their calculations, 

water and oxygen are favorably co-adsorbed over the same kind of Au atom (in 

the apex sites). The formation of hydrogen bonds between both species helps to 

stabilize the co-adsorption. This favors the formation of hydroperoxy (OOH*) 

and hydroxyl (OH*) radicals over the Au clusters with an energy barrier as low 

as 26.3 kJ/mol. Propene can be favorably adsorbed on the same gold atom as 

OOH*, and the PO formation can take place, being the epoxidation reaction the 

rate limiting step of the whole process. This combination of reaction steps 

explains the results obtained by Lee et al. over unsupported Au clusters [30]. 

This mechanism can be modeled assuming a Langmuir-Hinshelwood 

mechanism with one type of site, where there is competitive adsorption of the 

three reactants. Therefore three of these sites take part in the mechanism (M2, 

Eq. 5.9). The results of this model did not correspond with the experimental 

observations (Table 5.7) and the predicted rPO with respect to the partial 

pressure of reactants follows a parabola that does not represent the 

experimental results. The main difference between this study and the 

conditions used in the DFT calculations of Chang et al. is the fact that the gold 

nanoparticles in this case are supported on TS-1. It is generally accepted that 
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Ti-OOH species are intermediate species in the epoxidation of propene [6, 38]. 

Therefore, it is expected that, in the presence of a Ti-containing support, the 

reaction path would also involve the Ti site, thus at least two different types of 

active sites: Au and Ti. This alternative was also considered in this study and 

modeled by M4 (Eq. 5.11). This model assumes that O2 and H2O adsorb on the 

same type of gold site, while propene is adsorbed on a different Ti site. The 

approximation provided by M4 was in good agreement with the experimental 

data points (R2 = 0.946) (Figure 5.16c), suggesting that the actual mechanism 

probably involves both sites. An additional test was done by evaluating the 

possibility that there are 3 different types of active sites (M3, Eq. 5.10), like it 

has been considered in the reaction with H2 and O2 [53]. In this case, oxygen 

and water would be adsorbed on different types of sites within the gold 

nanoparticle and propene on a Ti site. Numerically, this regression proved to be 

the most accurate. However, this model is not coherent with the theoretical 

observations of Chang et al. [54]. As it has just been explained, the synergetic 

effect of the co-adsorption of O2 and H2O favors the stabilization of both species 

over the gold cluster and the further OOH* formation. The production of OOH* 

is also necessary for the weakening of the O-O bond that will result in further 

epoxidation reactions. It can be concluded that, even though, numerically, the 

best fit was obtained with the 3-site model, a more complex mechanism 

dominates the epoxidation of propene with O2 and H2O.  

A more detailed kinetic study can be performed based on the obtained results 

and taking into account also the possible intermediate steps of the reaction 

explained in Scheme 5.1. Considering the aforementioned reaction sites: Au (*) 

and Ti (■), one can assume that oxygen and water are co-adsorbed over the 

same type of Au site (*1 and *2) and react forming hydroperoxy (OOH*) and 

hydroxyl (OH*) species (*3). Based on the trends observed in Figure 5.15a for 

the formation of PO, it can be said that this is the rate determining step 

(RDS1). The resulting OH* radicals react with each other, producing water and 

O* (*4). Therefore, the water molecule is not consumed during the reaction, 

even though its presence is essential for the formation of hydroperoxy radicals, 

and thus, PO [54]. This is confirmed by the results of this study, where the 

absence of water resulted in very limited PO formation and high selectivity to 

acrolein. Afterwards, similar to the mechanism proposed by Lu et al. [51], the 

formed hydroperoxy species are transferred to the adjacent Ti site, forming the 

active Ti-OOH species (■7). Propene adsorbs in equilibrium on that same Ti 

site with OOH■ (■8) and then the epoxidation takes place (■9), producing PO 
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and OH, and being the other rate determining step in this mechanism (RDS2). 

Afterwards, PO is desorbed (■10) and OH is transferred to the gold site (■11).  

For a complete analysis of the mechanism, the irreversible decomposition of the 

formed OOH* species should be also taken into account. A simplified equation 

for this step is provided by equation (*5). The formation of OOH* would, then, 

be equal to the rage of the amount of PO produced (rPO) plus the rate of the 

OOH* decomposed (rD): 

      OOH PO Dr r r   Eq. 5.13 

 

- Au site: 

O2 (g)+*↔O2*        (*1) 

H2O(g)+*↔H2O*       (*2) 

O2*+H2O*→OOH*+OH*   RDS 1    (*3) 

OH*+OH*→H2O*+O*       (*4) 

OOH*+*→O*+OH*       (*5) 

2O*+C3H6 (g)→ C3H4O(g)+H2O*      (*6) 

- Ti site:  

OOH*+∎↔OOH∎+*       (■7) 

OOH∎+C3H6 (g) ↔ C3H6 -OOH∎      (■8) 

C3H6 -OOH∎→ C3H6 O-OH∎  RDS 2    (■9) 

C3H6 O-OH∎↔OH∎+C3H6 O (g)      (■10) 

OH∎+*↔OH*+∎       (■11) 

Scheme 5.1: Proposed reaction mechanism for the epoxidation of propene with water and oxygen 

over Au/TS-1-Cs 
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The derivation of the kinetic expression can be found in Appendix 5.B and the 

final equation that represents the mechanism of the epoxidation of propene 

with oxygen and water is the following:  




 

    
 
 

2 2 2 2

2

2 2 2 2 2 2 2 2
3 6

1 ·

OOH O O H O H O
PO

OOH D
O O H O H O O O H O H O

OH C H

k P K P K
r

k k
P K P K P K P K

k P

  

     Eq. 5.14 

The production of acrolein over Au/TS-1 (Figure 5.15b), follows a similar trend 

as the production of PO, suggesting that both mechanisms could be correlated. 

There is, however, a milder dependency on oxygen and water than in the case 

of PO. Once again, the influence of propene is almost inexistent. The power-

rate law analysis confirms this (Eq. 5.15).  

    -7 0.04 0.09 0.55 0.13 0.19 0.21
3 6 2 22.17·10 ·[ ] ·[ ] ·[ ]Acroleinr C H O H O   Eq. 5.15 

The formation of acrolein is originated by the attack of very active oxygen 

species to the allylic C-H bond of propene [3]. It can follow different paths. 

First, through the oxidation of propene over the bigger Au nanoparticles [29] or 

the Au nanoparticles that are not capable of producing OOH* species because 

there is no alkali ion present that can stabilize the molecular oxygen (which 

will be discussed in more detail later in this chapter). Additionally, the O* 

radical resulting from the formation of water from two hydroxyl radicals or the 

decomposition of hydroperoxy species (reactions *5 and *6 in Scheme 5.1), can 

react in a non-selective way with propene, attacking the allylic C-H bond and 

producing acrolein (Figure 5.1, step 7). The decomposition can also occur when 

OOH* species are formed over Au nanoparticles but there is no neighboring Ti 

atom whereto the hydroperoxy species can be transferred and take part in the 

epoxidation. Therefore, an extra term could be included, accounting for the 

percentage of Au nanoparticles that are in close proximity to Ti atoms and 

would result in PO and acrolein being produced, while the other fraction would 

originate the direct decomposition of the OOH* species being formed and favor 

the formation of acrolein. However, it is not possible to determine this fraction 

of Au sites and all the Au nanoparticles capable of producing hydroperoxy 

species assumed identical.  

The results obtained in this kinetic study with the initial L-H equations (Table 

5.7) do not describe the acrolein formation in a very accurate manner, with 
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regression coefficients not higher than 0.83. The reason for this can be the 

different reaction paths mentioned. However, the one that best models the 

results obtained (Table 5.7) is the L-H with two sites, even though the propene 

adsorption constant is always misrepresented, with very broad confidence 

intervals. Therefore, a specific kinetic equation for acrolein would also be 

necessary.  

If the same reasoning as for the formation of PO is followed for acrolein, 

Scheme 5.1 can provide an approximation for the acrolein synthesis via OOH*. 

It can be assumed the very active O* species formed will preferentially attack 

the allylic C-H bond of propene, resulting in acrolein, rather than the C=C 

bond, which would produce PO [3]. An Eley-Rideal mechanism was assumed for 

this reaction. Therefore, combining the equations in which these species are 

formed (during the water formation via OH* reaction and during the 

decomposition of OOH*), the following kinetic expression can be obtained: 
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 Eq. 5.16 

The results of the fitting can be seen in Table 5.8.  They proved to be fairly 

accurate for the PO formation, suggesting that the model could be a good 

approximation to what the actual mechanism is. It supports the reaction 

mechanism proposed by Huang et al. [29] and confirms that the main 

limitation for this reaction to occur is the formation of hydroperoxy species 

from water and oxygen.  

From the adsorption constants reported in Table 5.7 for all of the L-H models, 

it is clear that the adsorption of oxygen is negligible in comparison with the 

values for water. This was also noticed in the coupled mechanism, where the 
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calculated adsorption constant for oxygen is 0. This value is obviously not 

possible, otherwise the constant kOOH’, which is a combination of kOOH·KO2·KH2O, 

would be also 0. Since for the production of OOH* the co-adsorption of both O2 

and water is necessary, a consequence of KO2 being 0 would be no PO being 

formed (rPO=0). What can be concluded from these results is that PO2KO2<<1, 

where the actual value of KO2 is smaller than the error in the fitting of the 

parameters. As explained by Huang et al. [29], the presence of alkali ions in the 

catalyst is essential to stabilize the molecular oxygen over the Au nanoparticle, 

indicating that the adsorption of O2 over Au is limited with respect to that of 

water. 

The kinetic modeling results for acrolein were not as accurate as those of PO. 

The influence of propene was underestimated. It should be remembered that 

there is a contribution to the acrolein formation over the bigger Au 

nanoparticles, or over those Au not in contact with alkali ions. These gold sites 

are not capable of producing OOH* species from O2 and H2O [54], resulting in 

the direct partial oxidation, which is not represented in equation 16. An 

additional term for the acrolein formation over those types of gold sites (▲, 

Aub) should be added to the kinetic expression. The proposed mechanism is 

depicted in Scheme 5.2 and the correspondent kinetic equation is derived in 

Appendix 5.B, resulting in Eq. 5.17. 
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- Aub site, not capable of producing OOH* species: 

O2 (g)+▲↔O2▲        (▲1) 

O2▲+C3H6 (g) ↔C3H6-O
2
▲      (▲2) 

C3H6-O
2
▲→C3H4O-H

2
O▲      (▲3) 

C3H4O-H
2
O▲↔C3H4O(g)+ H

2
O▲     (▲4) 

Scheme 5.2: Proposed reaction mechanism for the acrolein (C3H4O) formation over those gold sites 

not capable of producing OOH* species. 
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Table 5.8: Kinetic parameters for the model proposed in Equation 5.14, 5.16 and 5.17.  

Eq. Parameter Units Value model 
Value  

calculated 
95 % confidence R2 (PO) R2 (Acr) 

PO and acrolein (Eq. 5.14 and 

Eq. 5.16) 

kOOH
’ =kOOH KO2 KH2O mol gcat

-1 s-1 bar-2 8.2·10-5  1.9·10-5 

0.96 0.79 

KO2 bar-1 0  -- 

KH2O bar-1 19.3  5.6 

kOOH mol gcat
-1 s-1 bar-2  4.3·10-6/ KO2  

kOH
’= kOOH

’ / kOH mol gcat
-1 s-1 315.1  138.2 

kOH  mol gcat
-1 s-1  2.3·10-7  

α= kPOK1K2 mol gcat
-1 s-1 bar-2 3.8·10-5  (a) 

kD mol gcat
-1 s-1 2.1·10-6  1.4·10-6 

Acrolein over Aub Eq. 5.17 (b) 

kAc mol gcat
-1 s-1 1.6·10-8  5.1·10-9 

KO2b bar-1 0.31  0.44 

K3 bar-1 271.8  (a) 

NOTE: The fitting of the three equations was done simultaneously. 

(a) Indeterminate value during the fitting. Therefore no confidence interval can be provided.  

(b) Gold nanoparticles not capable of producing OOH* species from O2 and H2O. 
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The regression provided by a combination of Eq. 5.16 and Eq. 5.17 proved to 

represent the reaction rate of acrolein in a more accurate manner, suggesting 

that acrolein is being produced both in the sites where OOH* is produced and, 

in a direct way, over the bigger Au nanoparticles or those without alkali ions.  

Once again, the adsorption constant of oxygen in the other gold sites (KO2b) is 

insignificant and comparable to that in the small Au clusters. This highlights 

the weakness of the interaction between oxygen and gold, which is based on the 

exchange of an electron to form O2
-. This is the reason why gold is active for the 

epoxidation of propene. If the interaction would be too strong, O2 would 

dissociate and the resulting in the formation of acrolein or complete oxidation 

to CO2 and H2O. This is the case of silver catalysts, in which the allylic 

intermediates formed are easily combusted, being CO2 the main  product of the 

oxidation of propene [3]. The adsorption of propene over the gold-oxygen site 

(K3) is considerably stronger than that of oxygen. The reaction rate of acrolein 

over Aub sites (kAc) is the smallest of all, indicating that the major part of the 

acrolein should be produced over the small Au clusters after OOH* 

decomposition or hydroxyl reaction.  

As explained before, for those gold nanoparticles not close to Ti atoms, the 

formed OOH* species would be directly decomposed, and would favor the 

formation of acrolein. In those cases, rAc=rD. 

Finally, the rate of decomposition of the hydroperoxy species being formed was 

also considered, since it is known that hydrogen peroxide easily decomposes at 

higher temperatures [55]. That is the reason why the direct synthesis of 

hydrogen peroxide with oxygen and hydrogen is normally carried out at 

temperatures below 20 °C [56]. The value of the decomposition constant 

obtained with this model was lower than the expected constant for the 

formation of OOH* species (kOOH), since the final value would be larger than 

4.3·10-6, because KO2 is very small. For this reason there is PO production, 

otherwise, all the hydroperoxy species formed would be decomposed 

immediately and acrolein would be the main product.  

 

5.3.4.1.3 Summary of the kinetics over Au/TS-1 

To conclude this section, it can be said that two competitive reactions occur 

over the surface of Au/TS-1 during the oxidation of propene with water and 

oxygen: epoxidation to PO and partial oxidation to acrolein. Most probably both 
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of them pass through the initial formation of OOH* species, which is the rate 

determining step. According to Lee et al. [30], the maximum ratio PO/acrolein 

that they produced in such a catalytic system was 14/1. However, they 

prepared a very sophisticated catalyst, with controlled Au6-10 clusters. The 

calculations of Chang et al. indicate that over those small Au clusters, O* 

species can also produce PO when reacting with propene in an Eley-Rideal 

mechanism [54]. A normal deposition-precipitation method is not capable of 

guaranteeing such a controlled particle size, even in the results of Huang et al., 

using solid grinding, the maximum selectivity to PO reported is 52 % [29]. 

Therefore, by understanding the reaction mechanism and the role of each 

reactant in the reaction, it will be possible to tune the concentrations to shift 

the PO/acrolein ratio to the best interest. To favor the PO formation, it is 

important to maintain high concentrations of oxygen and water to make sure 

that there are enough OOH* groups. The fact that the PO rate is higher than 

the acrolein rate at higher concentrations of those two reactants indicates that 

the OOH* species are consumed faster by the propene in the epoxidation 

reaction rather than the in decomposition to form O* groups that would lead to 

acrolein. The effect of the propene partial pressure is small in comparison with 

the role of oxygen and water; nevertheless, it has been observed that higher 

concentrations of the olefin are detrimental for the PO formation probably 

because it blocks the gold sites where OOH* species are formed. Another 

reason can be that high concentrations of propene enhance more the formation 

of acrolein over the other gold sites (Scheme 5.2). 

The kinetic model developed here agrees with the mechanism proposed by 

Huang et al. [29] and depicted Figure 5.1. According to it, oxygen and water are 

co-adsorbed over the same type of gold site. The electron transfer between both 

molecules favors the formation of adsorbed OOH* species over the gold 

nanoparticles that are, afterwards, transferred to a neighboring Ti site and 

forms the well-known active Ti-OOH species. Propene is adsorbed over that 

site, forming Ti-OOH-C3H6 that reacts producing PO and a hydroxyl group. 

Two hydroxyl groups can react with each other, resulting in water and a very 

active O* species that attack the allylic bond of propene producing acrolein. 

This is the reason why, even though water is not consumed in the reaction, its 

presence is essential for this to happen.  

Acrolein is formed via two mechanisms. The first one involves the OOH* 

production over Au sites, which has been explained before. There is a 

percentage of gold nanoparticles not in contact with Ti atoms. Even if these 
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sites are capable of producing hydroperoxy species, it will decompose, resulting 

in O* that catalyzes acrolein formation. The second route is the direct partial 

oxidation of propene over those sites not capable of producing OOH* species, 

either because the Au particles are too big or because of the absence of alkali 

ions near the particle.  

This highlights the importance of the preparation method of the catalyst. If the 

aim is to selectively produce PO, very small Au nanoparticles should be 

deposited, minimizing the presence of big ones, and alkali salts should be used 

during the deposition precipitation, to make sure that O2 is properly stabilized 

on the nanoparticle and can react with water to produce OOH*. On the other 

hand, the presence of adjacent Ti atoms to the gold nanoparticles is essential, 

where the OOH* species can be transferred and that are the known 

intermediate species in the epoxidation of propene.  

 

5.3.4.2 Acrolein formation over Au/Ti-SiO2 

As previously explained, the oxidation of propene with oxygen over Au/Ti-SiO2 

produces acrolein in a selective manner. Figure 5.17a shows the influence of 

the concentration of the reactants in the formation rate of acrolein. It is evident 

that the concentration of oxygen plays the most important role. Water, on the 

other hand, has almost no influence. The green circles show a small increase 

from 0 to 0.01, but after that, the rate remains the same. Furthermore, in 

Figure 5.17b there is a very small difference between the reaction with and 

without water (blue line with full and empty triangles). The combination of 

these two observations indicates that water is not involved in the rate 

determining step, as opposed to what was reported for acrolein over Au/TS-1 

(Figure 5.15b). Therefore, the main formation of acrolein over Au/Ti-SiO2 does 

not pass through the synthesis of OOH* species, which also explains why no 

PO is produced. There should be, nevertheless, a small amount of OOH* groups 

being formed, which would account for the small increase in the rate with and 

without water. This could occur on the very small Au clusters that do not even 

appear in the TEM pictures. It could also be that water is strongly adsorbed 

and, once there is enough, the rate would only depend on the concentration of 

oxygen. 

The effect of propene is, once again, very limited. Only at small concentrations 

it is possible to see the increase in the rate with propene partial pressure. 
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Saturation is reached already at 0.05 bar. All this indicates that only oxygen is 

involved in the rate determining step.  

a.  

b.  

Figure 5.17: Oxidation of propene with molecular oxygen and water over Au/Ti-SiO2. a. Influence of 

the concentration of reactants in the acrolein formation rate. Red squares: variation of propene 

concentration while maintaining 10 vol.% O2 and 2 vol.% H2O. Blue triangles: variation of the 

oxygen concentration with 50 vol.% C3H6 and 2 vol.% water. Green circles: variation of H2O with 

10 vol.% O2 and 10 vol.% C3H6. b. Influence of the presence of water in the feed when varying 

oxygen. Full triangles: 2 vol.% water. Empty triangles represent no water in the feed. Constant 

propene flow: 1 vol.%. For all experiments: Temperature 210 °C, GHSV = 10,000 ml gcat-1 h-1. 

 

5.3.4.2.1 Regression of the kinetic data and discussion 

A similar kinetic study as the one carried out for Au/TS-1 was also performed 

for Au/Ti-SiO2. Power-rate law and Langmuir-Hinshelwood models were fitted 

to the experimental results obtained for the production of acrolein. Once again, 

the possibility of the components being adsorbed over the same type of active 

site (Au), or over 3 different types of active sites are considered.  
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The results of the fittings are shown in Table 5.8. The power-rate law model 

proved to be the most accurate fitting (Eq. 5.18). In this case, as predicted, the 

influence of water in the formation rate is insignificant, with an order of 0.03. 

According to this model, oxygen has the highest influence in the formation of 

acrolein, confirming that it is involved in the rate determining step, and this 

value is even higher than in the case of Au/TS-1. 

    -7 0.21 0.02 0.77 0.02 0.03 0.02
3 6 2 22.64·10 ·[ ] ·[ ] ·[ ]Acroleinr C H O H O   Eq. 5.18 

Again, the model with only one type of site (M2B) does not represent the 

experimental data obtained in an accurate manner. The best results were 

obtained when considering 3 different types of sites. However, the adsorption 

constant of water (KH2O) has big errors, which could indicate that water is not 

actually involved in the mechanism or it could also mean that there is very 

strong adsorption of water, therefore KH2O[H2O]>> 1. The model with dual site, 

in which water and oxygen are adsorbed over Au and Ti over a different site, 

does not predict properly the influence of water (Figure 5.16d). Taking into 

account that titanium is essential for the production of PO, but not for acrolein, 

it can be assumed that the second site does not involve a Ti atom, as was the 

case in Au/TS-1. This second site could be another type of site on the gold atom, 

or the location where oxygen is adsorbed, like in Scheme 5.2. 

The adsorption constant of oxygen is, in all the models, very small, like in the 

case of Au/TS-1. The propene adsorption constant is accurately represented and 

appears to play an important role. The adsorption of oxygen is very limited 

with respect to the other reactants, and determines the reaction rate for 

acrolein formation.  The role of water is not exactly clear in these models. It 

could be blocking the active sites for the reaction of acrolein (equation ▲3 in 

Scheme 5.2 or taking part in the reaction, but only in the acrolein synthesis 

that goes through OOH* formation (Scheme 5.1). 

 



Chapter 5: Kinetics of the selective oxidation of propene over Au-Ti 

172  

Table 5.9:  Dependencies of the formation of acrolein on the concentration of reactants applying a power -rate law fitting and L-H. Catalyst: Au/Ti-

SiO2, temperature 210 °C, GHSV = 10,000 ml/gcat h. 

Model Reaction rate Compound Param. Value 95 % confidence R2 
F-

value 

Power-rate 

law(M1B) 
   3 6 2 2·[ ] ·[ ] ·[ ]ir k C H O H O   Acrolein 

kAcrol 2.64E-07 1.9E-08 

0.998 1.02e4 
α 0.21 0.02 

β 0.77 0.02 

γ 0.03 0.02 

Langmuir-

Hinshelwood 

Single site 

(M2B) 

      


             

3 6 2 23 6 2 2

3
3 6 2 23 6 2 2

· · ·[ ]
·
[1 ]

C H O H O

i i

C H O H O

K K K C H O H O
r k

K C H K O K H O
  Acrolein 

kAcrol 1.78e-5 3.12e-5 

0.87 128 
KC3H6 2.79 1.10 

KO2 0.79 1.58 

KH2O 18.36 8.92 

Langmuir-

Hinshelwood 

Independent 

sites 3 

components 

(M3B) 

               
     

                      

3 6 2 23 6 2 2

3 6 2 23 6 2 2

· · ·
·

1 1 1

C H O H O

i i

C H O H O

K C H K O K H O
r k

K C H K O K H O
  Acrolein 

kAcrol 3.17E-07 1.34e-7 

0.983 1.09e3 

KC3H6 29.55 12 

KO2 1.27 0.69 

KH2O 2365.86 3500 

Langmuir-

Hinshelwood 

Dual sites 

(M4B) 
 

 
   
                

3 6 2 23 6 2 2

2
3 63 6 2 22 2

·[ ] ·[ ]· ·[ ]
·

1 1 [ ]

C H O H O

i i

C H
O H O

K C H K O K H O
r k

K C H K O K H O
  Acrolein 

kAcrol 1.46e-6 1.26e-6 

0.91 196 
KC3H6 61.11 74.2 

KO2 1.11 1.2 

KH2O 38.3 15.7 

Note: Partial pressures are expressed in bar, and the units of k are those so that the final rate is mol gcat
-1 s-1.  
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Figure 5.18: Kinetic regression for Acrolein formation with the 4 models with the experimental data for the epoxidation of propene over Au/Ti-SiO2. 

a. Power-rate law. b. L-H Single site 3 components. c. L-H Three independent sites. d. L-H Dual site 

 

 

 

c.a.

b. d.
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Considering that Au/Ti-SiO2 has a similar elemental composition as Au/TS-1 

and that it is composed of small Au nanoparticles deposited on a support where 

Ti is highly dispersed, it is reasonable to assume that the mechanism proposed 

for the latter catalyst Scheme 5.1and Scheme 5.2 could also be applied to this 

catalyst. However, experimentally no PO was observed over Au/Ti-SiO2, 

probably because the gold nanoparticles contained in the catalyst are not 

capable of producing a noticeable amount of OOH* species due to the absence 

of alkali ions. Therefore, only the evaluation for acrolein synthesis was fitted 

with the equation obtained with that model. In this equation both contributions 

to acrolein formation are considered: the one passing through OOH* species 

(Eq. 5.16) and the one in which oxygen attacks directly the allylic bond of 

propene (Eq. 5.17). All combined in the following expression (Eq. 5.19):  

 



 
 

   
 
 

 
 

  
     

  



  
    

 
  

2 2 2 2

2

2 2 2 2 2 2 2 2

2

2 2 2 2 2 2 2 2

3 6 2

2 2 2 2 2 2 2 2

2 1 ·

1 ·

1

1 ·

OOH O O H O H O
Ac

OOH
O O H O H O O O H O H O

OH

D

OOH
O O H O H O O O H O H O

OH

D
C H

OOH
O O H O H O O O H O H O

OH

k P K P K
r

k
P K P K P K P K

k

k

k
P K P K P K P K

k

k
P

k
P K P K P K P K

k









 

3 2   2 3 6

2 2 3 2 2 3 6

 

1

Ac O b O C H

O b O O b O C H

k K K P P

K P K K P P

 Eq. 5.19 

The resulting parameters are shown in Table 5.10.  

The model fits the experimental results well, indicating that the acrolein 

obtained in the experiments is produced via the two different gold sites. Initial 

attempts to fit only the equation formed without OOH* did not give accurate 

results, confirming the small contribution of the small Au clusters. 

Therefore, it can be concluded that acrolein can be produced over large (>5 nm) 

Au nanoparticles by the formation of oxidizing species that attack the allylic C-

H bond of propene. This reaction can also occur over smaller Au nanoparticles 

when there is no alkali ion present that can stabilize the negatively charged, 
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therefore no OOH* species can be formed. There is a small percentage of 

acrolein being produced after the decomposition of hydroperoxy species into O* 

and OH* when there is no neighboring Ti. This OOH* species can be formed 

over small Au clusters. 

 

Table 5.10: Kinetic parameters for the model proposed in Eq. 5.19 for the formation of acrolein over 

Au/Ti-SiO2.  

Parameter Units Value in model 95 % confidence R2 (Acr) 

kOOH
’ =kOOH KO2 KH2O mol gcat

-1 s-1 bar-2 2.9·10-5 1.2·10-5 

0.936 

KO2 bar-1 0 -- 

KH2O bar-1 37.3 15.9 

kOH
’ mol gcat

-1 s-1 0 -- 

kOH = kOOH
’ / kOH

’ mol gcat
-1 s-1 --  

α= kPOK1K2 mol gcat
-1 s-1 bar-2 0 -- 

kD mol gcat
-1 s-1 3.5·103 (a) 

kAc mol gcat
-1 s-1 2.03·10-8 1.08·10-8 

KO2b bar-1 0.18 0.16 

K3 bar-1 436 (a) 

(a) Indeterminate value during the fitting. Therefore no confidence interval can be provided.  

 

5.4  Summarizing discussion 

After years of study of gold-based catalysis, it is evident that the activity and 

product distribution are highly dependent on the gold dispersion, on the 

particle size, on the nature of the support and on the preparation method [57]. 

This has been observed in this chapter, in which two catalysts with similar 

elemental composition catalyze in an different manner the epoxidation of 

propene with oxygen and water.  

Two Ti-Au catalysts were tested in the oxidation of propene, first with 

hydrogen and oxygen and then with oxygen and water: Au/TS-1 and Au/Ti-

SiO2. The main difference between them, besides the support, is the presence of 

Cs ions in the former due to the different precipitation agent used during the 

deposition precipitation method. 



Chapter 5: Kinetics of the selective oxidation of propene over Au-Ti  

   

176  

Both catalysts were very active for the epoxidation of propene with H2 and O2 

with values similar to those in the literature. However, the best performance 

was obtained with Au/TS-1, proving that the zeolite is a better support [38]. It 

is known that the high dispersion of titanium is beneficial for a higher propene 

conversion and PO selectivity. Considering the preparation method for Ti-SiO2 

(Ti grafting), it is likely that two or more Ti atoms will be grafted together [10], 

even more at high Ti loadings like the one used in this study. In TS-1, the Ti 

atoms are forced to be crystallographically insulated within the silica matrix 

[38]. Additionally, because of the low isoelectric point (IEP) of silica, during the 

deposition-precipitation method, the anionic gold is more attracted to the Ti 

sites, whose IEP is higher [17, 58], resulting in very isolated Ti atoms in close 

proximity to Au nanoparticles. With both catalysts it was observed that lower 

gold loadings gave higher PO selectivities, because of the higher dispersion of 

gold, avoiding possible sintering and favoring the formation of smaller gold 

nanoparticles that give a higher interface between Au and Ti. It should be 

noted the possible influence of the presence of Cs in Au/TS-1, which is expected 

to stabilize Au nanoparticles inside the TS-1 pores, which can be active species 

for the epoxidation [33]. 

The epoxidation with oxygen in the presence of water was performed 

successfully. Water acts as a kind of catalyst, since it is not consumed, but it is 

necessary for the reaction to occur. The kinetic study performed here confirms 

the mechanism proposed by Huang et al. [29], in which oxygen is co-adsorbed 

with water and forms OOH* species over the small Au nanoparticles. These 

species are transferred to the neighboring Ti site, forming Ti-OOH species, 

which are the active species during the epoxidation of propene with hydrogen 

peroxide. Then propene reacts with Ti-OOH, producing PO and adsorbed 

hydroxyl species. Parallel to this, part of the OOH* groups are decomposed into 

OH* and O* species. The OH* reacts giving water and another O*. O* groups 

are very active and tend to attack the allylic bond of propene, producing 

acrolein. This is the reason why the experiments performed in this study 

produce very similar amounts of PO and acrolein. As explained before, the 

presence of alkali ions is essential for the stabilization of O2
- and further 

formation of hydroperoxy species. In the absence of alkali ions, which is the 

case of Au/Ti-SiO2, almost no OOH* is being produced, so oxygen reacts directly 

with propene producing acrolein. In the experiment where Au was deposited 

over Ti-SiO2 in the presence of Cs, the catalyst was capable of producing small 

amounts of PO, only when water was co-fed, suggesting that it is actually 

forming OOH* species from O2 and H2O. The big difference in selectivity 
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between the two catalysts might be traced back to the Ti insulation in the 

support, which will always be better in TS-1.  

Even if OOH* species are being formed over Au nanoparticles, if there is no Ti 

atom in close proximity, the hydroperoxy species cannot be transferred and 

they will be directly decomposed into OH* and O*, which will result in acrolein 

being formed. This is the case in the oxidation of propene with H2 and O2 over 

Au/SiO2. Hydrogen and oxygen produce OOH* species over Au nanoparticles, 

but in the absence of Ti, they decompose and produce acrolein. When there is 

no hydrogen, acrolein is mostly produced from the reaction between oxygen and 

propene. If hydrogen is added, also OOH* species are being formed, 

contributing to the total acrolein rate. That is why the acrolein yield is higher 

when H2 is co-fed, even though the reaction is less selective because of the 

synthesis of other by-products. The fact that Au/Ti-SiO2 shows the same 

behavior in the reaction with oxygen and water as Au/SiO2 is due to the 

absence of alkali ions. Since no OOH* species could be formed, O2 will just 

react with propene to give acrolein and Ti has no effect in the reaction.  

Scheme 5.3 summarizes the reactions that can take place over Au-Ti catalyst 

during the oxidation of propene with oxygen and water.  

 

 

Scheme 5.3: Summary of the reactions taking place over Au-Ti catalyst during the reaction of 

propene with oxygen and water. X indicates the absence of Ti or alkali ions.  
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5.5  Conclusions 

A kinetic study has been carried out for the epoxidation of propene with 

molecular oxygen in the presence of water with the aim of understanding the 

reaction mechanism and thereby improving the PO selectivity. Two types of 

Au-Ti catalysts have been tested: Au/TS-1 and Au/Ti-SiO2.  

In the case of TS-1, an initial catalyst screening has been carried out, with the 

aim to identify the optimum gold and titanium loading, as well as the most 

suitable alkali ion for the epoxidation, both with hydrogen-oxygen and with 

water-oxygen. It was determined that lower Ti and gold loadings favor the 

selectivity to PO and that Cs favors the gold incorporation in the catalyst, 

creating more active sites. The epoxidation with water and oxygen was 

performed successfully over Au/TS-1-Cs, with selectivities to PO up to 54 %, 

with acrolein as the most important by-product. A kinetic model was developed 

for the reaction, including PO and acrolein formation considering two types of 

active sites: Au sites, where water and oxygen react, and Ti sites, over which 

the epoxidation takes place. Two rate determining steps were considered, the 

first one is the formation of OOH* species from oxygen and water over the gold 

nanoparticle and thanks to the stabilization of the molecular oxygen by the 

alkali ion. The second one is the epoxidation reaction. Acrolein is formed by the 

reaction of propene with very active O* species. These species can be formed in 

the same Au-Ti sites as PO, via OOH* species, or directly from oxygen, in gold 

nanoparticles that are too big or do not contain alkali ions, so they cannot 

produce hydroperoxy species.  

Gold over Ti-SiO2 was also evaluated and proved to be active for the 

epoxidation with hydrogen and oxygen, but only produced acrolein when the 

reactants were oxygen and water. The reason for this is, mainly, the absence of 

alkali ions in the catalyst. The acrolein rate was equivalent as the one obtained 

over Au/SiO2, suggesting that Ti does not play any role in the reaction.  

As a conclusion, it can be said that the epoxidation of propene with molecular 

oxygen is possible in the presence of water. The presence of alkali ions and Ti 

atoms in the support are essential. An increase in the concentration of oxygen 

and water favors the OOH* formation, therefore enhancing the PO/acrolein 

ratio.  
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5.6  Outlook 

The epoxidation of propene with molecular oxygen and water would be an ideal 

process for industrial implementation that would reduce reactant and 

operation costs, simplifying the current production of PO. However, more 

research should be done regarding the catalyst development. So far, the 

catalyst used has been optimized for the epoxidation with hydrogen and 

oxygen, while an optimum should be found in terms of gold-titanium 

interaction and the presence of promoters. It should be taken into account that 

the current conversion values reported for this reaction are within the same 

range as the ones obtained at the end of the 90’s for the epoxidation with 

hydrogen and oxygen. The industrial reference values established by Haruta in 

2004 [20] would need to be re-evaluated, considering that the reactants costs 

would be lower, since oxygen can be obtained from the air, therefore probably 

even with lower PO yields, the process could be economically feasible.  

 

Appendix 5.A: Internal and external mass transfer limitations 

Internal Diffusion: Weisz-Prater Criterion 

The absence of internal mass transfer limitations was evaluated using the 

Weisz-Prater criterion, where if CWP, shown in Eq. 5.A.1, is lower than 1, the 

internal mass transfer effects can be neglected [59]: 

 
 

 

' 2

1
cA obs

WP
e AS

r R
C

D C
  Eq. 5.A.1 

with: 

-r’A(obs) = observed reaction rate: 4·10-7 kmol kgcat
-1 s-1   

ρc = Solid catalyst density: 500 kg m-3 

R = Particle radius: 30·10-6 m 

CAS = Concentration of propene at the surface of the catalyst. If CC3H6 = 

50 vol.%, CAS = 2.23·10-2 kmol m-3 

De = Effective gas-phase diffusivity [59]:   
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AB p c
e

D
D   Eq. 5.A.2 

DAB = Gas-phase diffusivity. DAB for a mixture of C3H6-He was calculated 

according to Perry’s Chemical Engineer’s Handbook [60] to be 8.75·10-5 m2 s-1 

Considering also p = Pellet porosity = 0.4, c = Constriction factor = 0.8, 

Tortuosity = 3, De = 9.33·10-6 m2 s-1. 

Solving Eq. 5.A.1 gives for CWP:  


  

-7 -1 -1 -3 -5 2

-7 

-5 2 1 -2 -3

4·10   500 (3·10 )
8.64·10 1

8.83·10 2.23·10  

cat cat

WP

kmol kg s kg m m
C

m s kmol m
  

Therefore, this system does not suffer from internal mass transfer limitations. 

 

External Diffusion: Mears Criterion 

The absence of external mass transfer limitations can be evaluated using the 

Mears criterion [59]: 

 




'

0.15
c

A b

Ab

r Rn

k C
  Eq. 5.A.3 

-r’A = reaction rate: 4·10-7 kmol·kgcat
-1·s-1   

ρb = bulk density of the catalyst bed (ρb =(1-ф)ρc with ф= porosity or void 

fraction of packed bed and ρc the density of the catalyst). ρb = 500 kg·m-3. 

R = Particle radius: 30·10-6 m 

n = reaction order 

CAb = Bulk of propene. If CC3H6 = 50 vol.%, CAS = 2.23·10-2 kmol·m-3 

kc = mass transfer coefficient (m s-1) = 0.37 m s-1 

kc can be calculated from the Sherwood number with an equation obtained 

from Perry’s Chemical Engineer’s Handbook [60] 

     0.49 1/30.91 0.91 Re
c p

A

k d
Sh Sc

D
  Eq. 5.A.4 

Solving equation Eq. 5.A.3: 
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-7 -1 -1 -3 -5

-7 

1 -2 -30.3

4·10   500 3·10
7.27·10 0.15

·  2.23·1  7 0

cat cat
kmol kg s kg m m

m s kmol m
 

It can be concluded that the system does not suffer from external mass transfer 

limitations. 

 

Appendix 5.B: Derivation of the kinetic expression 

The derivation of the kinetic rate expression of the rate of PO was obtained 

from Scheme 5.1: 

- Au site: 

O2 (g)+*↔O2*        (*1) 

H2O(g)+*↔H2O*       (*2) 

O2*+H2O*→OOH*+OH*   RDS 1    (*3) 

OH*+OH*→H2O*+O*       (*4) 

OOH*+*→O*+OH*       (*5) 

2O*+C3H6 (g)→ C3H4O(g)+H2O*      (*6) 

- Ti site:  

OOH*+∎↔OOH∎+*       (■7) 

OOH∎+C3H6 (g) ↔ C3H6 -OOH∎      (■8) 

C3H6 -OOH∎→ C3H6 O-OH∎  RDS 2    (■9) 

C3H6 O-OH∎↔OH∎+C3H6 O (g)      (■10) 

OH∎+*↔OH*+∎       (■11) 

Reproduction of Scheme 5.1: Proposed reaction mechanism for the epoxidation of propene with O2 

and H2O over Au/TS-1.  
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- Au site: 

(*1)  2 2 2 *O O OK P         Eq. 5.B.1 

(*2)  2 2 2 *H O H O H OK P        Eq. 5.B.2 

(*3)   2 2OOH OOH O H Or k        Eq. 5.B.3 

(*4)  2
OH OH OHr k         Eq. 5.B.4 

Considering that this analysis is carried out in steady state, it is assumed that 

there is no accumulation of reactive species, therefore, rOOH = rOH   

kOOH θO2 θH2O = kOH θOH2 →   
22

  · ·OOH
OH O

OH
H O

k

k
    Eq. 5.B.5 

The balance active sites on Au (*) is done assuming that O* and OOH* are very 

reactive; therefore, the occupancy is negligible:  

      2 21 *  H O O OH        Eq. 5.B.6 

 

  2 2 2 2 2 2 2 2

1
*

1 ·OOH
O O H O H O O O H O H O

OH

k
P K P K P K P K

k

  Eq. 5.B.7 

Therefore, the formation rate of OOH* species introduced in Eq. 5.B.3 can be 

calculated as: 


 

   
 
 

2 2 2 2

2

2 2 2 2 2 2 2 21 ·

OOH O O H O H O
OOH

OOH
O O H O H O O O H O H O

OH

k P K P K
r

k
P K P K P K P K

k

  Eq. 5.B.8 

- Ti site 

Balance active sites on Ti (■): 

(■7) 
 




 1  
*

OOH
OOH

K
       Eq. 5.B.9 

(■8) 
 

 


   2 1 3 6
3 6 2 3 6  

*

C H OOH
OOH C H C H OOH

K K P
K P              Eq. 5.B.10 
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(■9) 
 




  2 1 3 6
3 6

 
   

*

PO C H OOH
PO PO OOH C H

k K K P
r k             Eq. 5.B.11 

      3 61      OOH OOH C H                  Eq. 5.B.12 


   


 * *

1 1 2 3 6

1

1    / /OOH C H OOHK K K P
               Eq. 5.B.13 

Substituting Eq. 5.B.13 in Eq. 5.B.11: 

 

   


 

*
1 2 3 6

* *
1 1 2 3 6

 

1    

/

/ /

PO C H OOH
PO

OOH C H OOH

k K K P
r

K K K P
               Eq. 5.B.14 

Considering that the amount of OOH* formed is proportionally very small, it 

can be simplified that: K1 θOOH + K2 K1 PC3H6 θOOH <<1, therefore,  

  *
1 2 3 6 / PO PO C H OOHr k K K P                 Eq. 5.B.15 

Simplifying: α = kPOK1 K2 

   *
3 6 /PO C H OOHr P                  Eq. 5.B.16 

Part of the OOH* species formed are decomposed according to equation (*5) in 

Scheme 5.1: 

  *
D D OOHr k                    Eq. 5.B.17 

Assuming that all the OOH* formed gets consumed either by PO formation or 

being decomposed: 

   OOH PO Dr r r                   Eq. 5.B.18 

Substituting Eq. 5.B.8, Eq. 5.B.16 and Eq. 5.B.17 in Eq. 5.B.18 gives: 

     * *
3 6 /OOH C H OOH D OOHr P k                 Eq. 5.B.19 


 



 
  

 

*
3 6 *OOH OOH C H Dr P k                 Eq. 5.B.20 

 









*

*
3 6

2

/OOH
OOH

D
C H

r

k
P

                 Eq. 5.B.21 
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3 6

*
3

2
6

OOH C H
PO

D
C H

r P
r

k
P

                  Eq. 5.B.22 




 

    
 
 

2 2 2 2

2

2 2 2 2 2 2 2 2
3 6

1 ·

OOH O O H O H O
PO

OOH D
O O H O H O O O H O H O

OH C H

k P K P K
r

k k
P K P K P K P K

k P

  

                   Eq. 5.B.23 

To prevent strong crosscorrelation between the parameters, during the fitting 

of the data, the following substitutions were made: 

'
2 2OOH OOH O H Ok k K K                  Eq. 5.B.24 

' ' /OH OOH OHk k k                   Eq. 5.B.25 

 

- For the formation of acrolein, a similar reasoning can be followed. If it is 

assumed that all the O* produced will preferentially attack the allylic C-H 

bond, rather than the C=C bond, acrolein will originate from the reaction of all 

O* obtained during the mechanism depicted in Scheme 5.1. Because of the 

small dependency on the propene concentration and the lack of accuracy in the 

prediction of the adsorption constants of propene with the LH mechanism, it 

can be assumed that the acrolein formation follows a Eley-Rideal mechanism 

with propene reacting from the gas phase with the adsorbed O* species (*6). As 

can be seen in Scheme 5.1 equation (*6), two O* are necessary for the formation 

of acrolein and water. However, it has been considered that the oxidation of 

propene with the O* originated during the water formation (*4) is the rate 

determining step, therefore, only one O* will be included in the rate equation 

(5.B.27). However, both O* are taken into account for the oxygen balance 

(5.B.28) 

 3 6Ac Ac O C Hr k P                   Eq. 5.B.26 

Assuming that the O* formation is the rate limiting step for the acrolein 

production and considering that there are two O* involved in the reaction, one 

can simplify that: 

  / 2Ac Or r                    Eq. 5.B.27 
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and calculating rO as:  

   O OH Dr r r                   Eq. 5.B.28 

In Eq. 5.B.5 it was assumed that rOH= rOOH, therefore 
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                   Eq. 5.B.29 

One then obtains the final expression for acrolein production: 
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                   Eq. 5.B.30 
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- The acrolein formed over those gold sites not capable of producing OOH* 

should also be taken into account. The mechanism is depicted in Scheme 5.2. 

 

- Aub site, not capable of producing OOH* species: 

O2 (g)+▲↔O2▲        (▲1) 

O2▲+C3H6 (g) ↔C3H6-O
2
▲      (▲2) 

C3H6-O
2
▲→C3H4O-H

2
O▲      (▲3) 

C3H4O-H
2
O▲↔C3H4O(g)+ H

2
O▲     (▲4) 

Reproduction of Scheme 5.2: Proposed reaction mechanism for the acrolein formation ofver those 

gold sites not capable of producing *OOH species.  

- Aub site not capable of producing OOH* 

(▲1)  2 2 2O O b OK P                  Eq. 5.B.31 

 (▲2)     2 3 6 3 3 6 2 3 2 2 3 6O C H C H O O b O C HK P K K P P             Eq. 5.B.32 

 (▲3)   2 3 6 3 2 2 3 6
b

Ac Ac O C H Ac O b O C Hr k k K K P P              Eq. 5.B.33 

A balance of the active sites on Aub (▲) the gives:  

     2 2 3 61    O O C H                  Eq. 5.B.34 

 
 2 2 3 2 2 3 6

1
 

1 O b O O b O C HK P K K P P
                Eq. 5.B.35 

Substituting Eq. 5.B.35 in  Eq. 5.B.33 leads to:  


 

3 2   2 3 6

2 2 3 2 2 3 6

 

1

b Ac O b O C H
Ac

O b O O b O C H

k K K P P
r

K P K K P P
               Eq. 5.B.36 
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Appendix 5.C: Catalytic results for the epoxidation over Au/TS-1 

Table 5.11: Summary of catalytic results for the epoxidation of propene with molecular oxygen and water over 0.2 -Au/TS-1(105) at various 

concentrations of reactants. Temperature: 220 °C, atmospheric pressure, GHSV = 14,000 ml/gcat· h. 

Reaction Temp Concentration C3H6 conv Selectivity 
PO/ 

Acr 
Formation rate Consumption rate 

 
 °C vol.%  %  %  mol gcat

-1 s-1 molC3H6 gcat
-1 s-1 

 
 C3H6 O2 H2O 

 
PO Acrolein CO2  PO Acrolein CO2 C3H6 

1 231.9  0.049 0.096 0.027 0.74 47.47 38.04 10.94 1.26 2.94E-08 2.33E-08 3.14E-08 1.01E-07 

2 231.9  0.058 0.096 0.027 0.68 45.55 39.09 11.99 1.18 3.06E-08 2.60E-08 3.77E-08 1.65E-07 

3 231.6  0.094 0.094 0.026 0.42 48.13 37.44 11.39 1.29 3.38E-08 2.63E-08 4.11E-08 1.68E-07 

4 231.5  0.188 0.095 0.026 0.22 46.77 40.37 9.65 1.15 3.46E-08 3.00E-08 4.79E-08 1.42E-07 

5 231.6  0.481 0.096 0.027 0.09 45.47 43.56 8.72 1.05 3.34E-08 3.17E-08 4.74E-08 1.51E-07 

6 231.7  0.385 0.096 0.027 0.11 45.15 43.96 9.58 1.04 3.47E-08 3.35E-08 5.87E-08 1.66E-07 

7 231.5  0.578 0.097 0.026 0.08 41.32 44.30 11.16 0.94 3.32E-08 3.53E-08 6.40E-08 1.69E-07 

8 231.7  0.481 0.096 0.026 0.09 42.77 45.20 10.46 0.96 3.42E-08 3.58E-08 6.84E-08 1.34E-07 

9 231.7  0.094 0.094 0.026 0.50 39.20 40.79 16.88 0.97 3.30E-08 3.40E-08 5.94E-08 2.02E-07 
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Table 5.11. Continuation. 

Reaction Temp Concentration C3H6 conv Selectivity 
PO/ 

Acr 
Formation rate Consumption rate 

 
 °C vol.%  %  %  mol gcat

-1 s-1 molC3H6 gcat
-1 s-1 

 
 C3H6 O2 H2O 

 
PO Acrolein CO2  PO Acrolein CO2 C3H6 

10 225.0 0.48 0.10 0.03 0.07 49.17 40.58 6.94 1.21 3.24E-08 2.67E-08 1.39E-08 6.61E-08 

11 226.8 0.46 0.14 0.03 0.10 49.07 39.42 7.25 1.24 4.17E-08 3.33E-08 2.41E-08 8.69E-08 

12 226.9 0.48 0.05 0.03 0.06 46.87 40.50 8.55 1.16 2.57E-08 2.22E-08 1.42E-08 5.53E-08 

13 226.4 0.48 0.19 0.03 0.11 50.27 39.00 7.93 1.29 4.95E-08 3.83E-08 2.36E-08 9.84E-08 

14 226.9 0.48 0.24 0.03 0.13 50.83 39.72 8.25 1.28 5.75E-08 4.48E-08 2.83E-08 1.13E-07 

15 226.7 0.49 0.29 0.03 0.15 50.20 39.27 9.36 1.28 6.50E-08 5.08E-08 3.66E-08 1.29E-07 

16 226.9 0.48 0.14 0.03 0.11 46.58 40.67 11.24 1.15 4.55E-08 3.96E-08 3.31E-08 9.80E-08 

17 226.5 0.49 0.10 0.00 0.03 40.36 49.20 5.27 0.82 1.04E-08 1.21E-08 3.85E-09 2.55E-08 

18 223.2 0.49 0.10 0.01 0.05 50.32 39.59 5.43 1.27 2.35E-08 1.85E-08 7.82E-09 4.70E-08 

19 225.7 0.48 0.10 0.02 0.07 49.36 35.35 8.49 1.40 2.78E-08 1.98E-08 1.71E-08 5.70E-08 

20 223.8 0.48 0.10 0.03 0.08 49.98 34.64 12.98 1.44 3.54E-08 2.46E-08 2.73E-08 6.98E-08 

21 229.8 0.49 0.10 0.01 0.06 45.22 38.96 11.65 1.16 2.52E-08 2.17E-08 2.24E-08 5.61E-08 

22 228.3 0.47 0.09 0.04 0.09 49.07 32.14 15.94 1.53 3.95E-08 2.59E-08 4.16E-08 8.09E-08 

27 230.1 0.44 0.09 0.05 0.10 47.80 32.41 15.90 1.47 3.98E-08 2.73E-08 4.33E-08 8.50E-08 
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Abstract 

The use of gold nanoparticles deposited on a copper containing MgCr2O4 spinel 

has been evaluated for the oxidation of propene to acrolein. High selectivities to 

acrolein (83 %) were obtained at 1.6 % propene conversion. It was determined 

that the presence of both gold nanoparticles and copper in the support is a 

prerequisite for a good activity of the catalyst. A reaction mechanism is 

proposed by combining the experimental performance with computational DFT 

calculations. Propene is adsorbed over the gold nanoparticles, via the double 

bond, and copper oxide is involved in the abstraction of the allylic hydrogen of 

the olefin. The oxygen insertion takes place thanks to adsorbed oxygen on the 

catalyst.  

Selective propene 

oxidation to acrolein by 

gold dispersed on a Cu-

containing MgCr2O4 

spinel support 
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6.1 Introduction  

An important amount of commodity chemicals is industrially produced via 

oxidation reactions. The design of selective catalysts, as well as the study of the 

reaction kinetics of these oxidations is a challenge which is widely investigated. 

In the case of the oxidation of propene, the resulting product will be determined 

by the catalyst used and the reaction conditions employed (Scheme 6.1) [1]. 

Besides propene oxide (PO), for which its importance has been emphasized in 

the previous chapters, other products from the oxidation of propene are also 

relevant from an industrial point of view. That is the case for acrolein (C3H4O), 

which is an intermediate in the synthesis of methionine (global methionine 

demand in 2008 was 730,000 tons per year) as well as in the production of 

acrylic acid (3,400,000 tons/year estimated for acrylic acid in 2007) [2].  

 

Scheme 6.1: Oxidation reactions of propene when oxygen alone or a mixture of oxygen and 

hydrogen ([H]) are used. Scheme adapted from [1]. 

Acrolein is currently produced via the direct oxidation of propene over bismuth-

molybdate-based catalysts, first patented by Sohio in the 1960’s [3]. This 

catalyst has been thoroughly studied, and several patents have been released 

using combinations of mixed-metal oxides together with bismuth and 

molybdenum. Nowadays, typical values of acrolein selectivities between 85 and 

90 % are obtained at 93 – 98 % propene conversion. The lifetime of these 

catalysts can reach 10 years. Industrially, the oxidation of propene is typically 

carried out in fixed-bed multitube reactors at near atmospheric pressure and 

330 °C. The fact that air can be used as an oxidant reduces operation costs [2].  
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Before the Bi-Mo catalyst was discovered, copper oxide was used for the direct 

oxidation to acrolein by Shell [4, 5]. From Table 6.1 it can be observed that 

mostly acrolein and PO are obtained during the oxidation of propene over Cu-

containing catalysts. The selectivity towards one product or the other is 

determined by the oxidation state of the metal. It is known that Cu0 adsorbs 

propene in a very strong manner and is active for the epoxidation of propene to 

propene oxide [6, 7]. The proposed mechanism for the epoxidation over copper 

catalysts follows the formation of an oxametallacycle as surface intermediate 

species when propene is adsorbed over the metal, similar to the case of silver 

[8, 9]. The oxametallacycle is favorably converted to the epoxide due to the 

lower basicity of oxygen atoms on metallic Cu, compared to Ag; therefore, the 

selectivity to the desired epoxide increases [9]. There is, however, a limitation 

in the use of metallic Cu, since it can be readily oxidized into CuO or Cu2O 

under reaction conditions. Therefore the Cu oxidation state is highly dependent 

on the composition of the gas fed, i.e. the ratio between propene, which is a 

reducing agent, and oxygen, an oxidation agent, as well as on the reaction 

temperature [10, 11]. Additionally, it is difficult to obtain simultaneously high 

conversions and selectivities, because the formed epoxide can be readsorbed 

over the catalyst and oxidize it [12]. When copper is in oxide form, its reactivity 

towards propene also depends on whether the catalyst is cuprous (Cu2O) or 

cupric oxide (CuO). Both oxides are capable of catalyzing the abstraction of 

allylic hydrogen from propene. However, Cu2+ (CuO) favors mainly the 

complete combustion of propene to CO2 [11, 13], while the presence of Cu+ 

(Cu2O) is beneficial for the partial oxidation of propene to acrolein [10, 11, 14] 

More recently, the interest in using Cu for the oxidation of propene revived via 

the use of bimetallic CuAu as catalyst. Sinfelt and Barnett reported that CuAu 

can convert up to 40 % propene with up to 70 % selectivity to acrolein using 

molecular oxygen [15]. Llorca et al. found that CuAu supported on titania can 

epoxidize propene using nitrous oxide [16]. The group of Hutchings 

investigated the synthesis of supported CuAu catalysts in more detail and 

found that in their active state for propene oxidation their catalyst contains 

metallic gold as well as a well-dispersed copper oxide phase, the latter being 

suspected the origin of its reported high selectivity to acrolein [1, 14]. An 

overview of the main results reported for the oxidation of propene using Au, Cu 

and bimetallic Cu-Au catalysts can be found in Table 6.1. 
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Table 6.1: Summary of literature studies about partial oxidation of propene to acrolein over Au and Cu-containing catalysts. 

Paper Ref. Catalyst Temp GHSV (ml gcat
-1 h-1) C3H6 conversion Major prod. (sel) Gases  

Adams 1964 [5] Cu2O 300-400 °C 167 (a) 10-12 % Acrolein (60-85 %) O2 

Cant 1971 [17] Au/SiO2 285 °C 1,500 10 % Acrolein (50 %) O2 

Sinfelt 1976 [15] CuAu/SiO2 265-305 °C 208 – 1,042 (b )  40 % Acrolein (50-70 %) O2 

Gasior 2004 [18] Au/SiO2 200 °C 3,750 (b ) 2.8 % Acetaldehyde (75 %) H2/O2 

Vaughan 2005 [7] Cu/SiO2 320 °C 30,000 9 % Acrolein (35 %) O2 

Chu 2006 [19] CuOx/SBA-15 227-350 °C 18,000 1-12 % PO (15–50 %) O2 

Llorca 2008 [16] CuAu/TiO2 300 °C 12,000 – 36,000 2.5 % PO (50 %) N2O 

Suo 2008 [20] 
Au/SiO2 325 °C 6,250 (b ) 1 % Acrolein (77 %) Air 

Au/TiO2 325 °C 3,950 (c ) 0.80 % Acrolein (20 %) Air 

Tuysuz 2009 [10] Cu/SBA-15 475 – 500 °C 7,500 – 15,000 20 % Acrolein (50 %) O2 

Bracey 2011 [1] CuAu/SiO2 300 °C 23,440 (b ) 
0.63 % Acrolein (81 %) H2/O2 

0.23 % Acrolein (81 %) O2 

Belin 2013 [14] CuAu/SiO2 320 °C 23,440 (b ) 10 % Acrolein (89 %) H2/O2 

This study  Au/MgCuCr2O4 200 °C 10,000 1.6 % Acrolein (83 %) O2 

(a), (b), (c) SV original values were given in h-1. Converted from h-1 to ml gcat
-1 h-1 using an assumed bed density of 2.16 (a). 0.96 (b) and 1.52 (c). 
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It is worthwhile to mention that CuAu catalysts have recently also been used 

for the oxidation of ethanol to acetaldehyde. Bauer et al. reported a high 

ethanol conversion with very high acetaldehyde selectivity (80 – 90 %) using 

CuAu nanoparticle core-shell structures for this reaction [21]. These authors 

contended that the active phase consists of a gold core with a CuOx shell in 

which the O binding energy is lowered. Yet, they also mentioned the 

importance of the interfacial site between gold and CuOx. Recently, the group of 

Hensen explored the use of a Cu-containing spinel support for gold 

nanoparticles. Gold nanoparticles (AuNP) dispersed on MgCuCr2O4 render a 

very active, selective and stable catalyst for the aerobic ethanol oxidation to 

acetaldehyde [22]. During the ethanol oxidation, a very strong synergy between 

AuNP and the Cu-containing spinel was reported, showing clearly the 

importance of the interaction between Au and Cu. 

The aim of this study is to evaluate the performance of gold nanoparticles 

deposited on MgCuCr2O4 in the selective oxidation of propene with molecular 

oxygen. It is expected that acrolein will be the main product of the reaction, 

because of the strong synergy between Cu and Au and that no Ti is present in 

the catalyst, which would favor the PO formation. An experimental analysis is 

made in order to try to determine the role of gold and copper in the reaction. 

Finally, the experimental observations will be complemented with theoretical 

calculations using DFT that will give insight into the reaction mechanism and 

what are the active sites for the formation of acrolein.  

6.2 Experimental 

6.2.1 Catalyst synthesis and characterization 

Mg0.75Cu0.25Cr2O4 (denoted further as MgCuCr2O4) and MgCr2O4 were prepared 

and characterized by the group of Hensen at Eindhoven University of 

Technology. The procedure followed for the synthesis was a co-precipitation-

calcination method using the corresponding metal nitrates as precursors. The 

pH of an aqueous mixed nitrate solution with a Mg(NO3)2/Cu(NO3)2/Cr(NO3)3 

ratio of 3/1/8 (in case of MgCr2O4, Mg(NO3)2 and Cr(NO3)3 were used in 1/2 

ratio) was adjusted to ~11 by dropwise addition of a 1 M NaOH solution to 

ensure complete precipitation. The precipitate was filtered, washed and dried 

at 110 °C overnight and calcined at 700 °C in air for 8 h to yield the spinel 

product. Gold nanoparticles were loaded on this support by homogeneous 
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deposition-precipitation using the method developed by Louis et al. [23]. Urea 

was employed as precipitation agent, while the temperature was maintained at 

90 °C for 6 hours and the final pH was ~ 9. The targeted gold loading was 1 

wt%. Finally, the catalysts were calcined in air at 350 °C for 5 h.  

XRD analysis was performed on a Bruker Endeavour D4 with Cu Kα radiation 

(40 kV and 30 mA). TEM imaging was done with a FEI Tecnai 20 electron 

microscope at an acceleration voltage of 200 kV with a LaB6 filament. The 

average Au particle size was calculated by counting ~200 Au particles visible in 

the TEM images. The surface area was determined by N2 porosimetry using a 

Tristar 3000 automated gas absorption system. The samples were degassed at 

180 °C for 3 h prior to analysis and the BET method was used to calculate the 

surface area. The gold loading of the catalysts was determined by ICP-OES. 

After an aliquot of the sample was treated in a mixture of HCl/HNO3 (3/1), the 

residual solid was filtered and washed completely with demineralized water 

until the filtrate was 100 ml in volume. 

 

6.2.2 Oxidation experiments 

The catalytic oxidation of propene was done in a packed bed quartz reactor 

with an inner diameter of 4 mm. In a typical test, 150 mg of catalyst was 

loaded in the reactor and the flow was adjusted to 25 ml min-1 (GHSV 

10,000 ml gcat
-1 h-1). Prior to reaction, the catalyst was calcined in situ at 300 °C 

under 10 vol.% O2 for 1 h, followed by 1 h reduction also at 300 °C with 10 vol.% 

H2. Cycles of 5 h of reaction with an intermediate regeneration by oxidation 

and reduction were performed. The standard feed composition used was 

10/10/80 O2/C3H6/He. Additionally, the influence of the presence of hydrogen in 

the gas stream was analyzed by using a mixture of H2/O2/C3H6 with a ratio of 

10/10/10 and He as a balance. The temperature of the reaction was controlled 

by a tubular oven and varied between 150 °C and 300 °C, according to the 

experiment. To evaluate the stability of the catalyst, the reaction at 200 °C was 

repeated after several reaction cycles. The oxidation of propene with N2O was 

also studied with a flow rate of 20 ml min-1 (GHSV 8,000 ml gcat
-1 h-1) and a 

concentration of propene and N2O of 9.3 vol.% each. The outlet gases of the 

reaction were analyzed every 5 min by an online Compact GC (Interscience) 

equipped with a Rt-Q-Bond column and a Molsieve 5A column in two separate 

channels, both with a thermal conductivity detector (TCD). The propene 

conversion (X) and selectivity (Sac) to acrolein and the other by-products were 
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calculated considering the reaction: 
3 6

C H C
x

n m  and according to the 

following equations: 
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Where Px is the partial pressure of the carbon-containing products obtained 

during the oxidation of propene: Acrolein, acetone, PO, propanal, acetaldehyde, 

CO and CO2. For calculating the conversion of propene, the first equation in 

Eq. 6.1 was used, since it is more robust towards small variations in the 

injected gas (from pressure fluctuations).  

 

6.3 Results and discussion 

6.3.1 Catalyst characterization 

Figure 6.1 shows the XRD patterns of MgCr2O4 and MgCuCr2O4 as well as of 

the gold-containing catalysts. The structure of all materials is similar to that of 

the reference MgCr2O4 spinel reported in literature [24]. The XRD patterns did 

not change upon loading of gold nanoparticles and subsequent calcination.  

The most important physico-chemical properties of these materials are 

collected in Table 6.2. The BET surface areas of the spinel supports are very 

low, which is due to the high calcination temperature. Representative TEM 

images of the two spinel-supported gold catalysts are given in Figure 6.2. The 

average particle sizes for these two catalysts were determined to be 3.5 ± 

0.9 nm and 3.2 ± 0.9 nm for Au/MgCr2O4 and Au/MgCuCr2O4, respectively. 
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Figure 6.1: XRD patterns of MgCr2O4, MgCuCr2O4 and their gold nanoparticles containing 

counterparts. The patterns are consistent with the pure MgCr2O4 spinel phase (JCPDS 10-0351). 

The reference pattern of MgCr2O4 is generated from the structural data reported by Kemei et al. 

[24].  

Table 6.2: Summary of the characterization results of the spinels and catalysts used in this study.  

Sample Cu/Mg ratio SBET (m2/g) [Au] (wt%) dAu (nm) 

MgCr2O4 0 16 - - 

Au/MgCr2O4 0 n.d. 0.93 3.5 ± 0.9 

MgCuCr2O4 0.25 5 - - 

Au/MgCuCr2O4 0.25 n.d. 0.90 3.2 ± 0.9 

 

 

Figure 6.2: Representative TEM images of (left) Au/MgCr2O4 and (right) Au/MgCuCr2O4. 
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6.3.2 Catalytic experiments 

Au/MgCuCr2O4 proved to be an active catalyst for the partial oxidation of 

propene with O2, producing acrolein in a selective manner. The main by-

products observed were CO2, CO and acetaldehyde from the further oxidation 

of acrolein or from the direct combustion of propene.  

Figure 6.3 and Figure 6.4 show the conversion of propene and its selectivity to 

acrolein as a function of temperature using the prepared catalysts. The highest 

acrolein yield is obtained at 200 °C over Au/MgCuCr2O4, when 1.6 % of propene 

is converted with selectivity to acrolein of 83 %. This selectivity is comparable 

to the one reported by Bracey et al. [1] over CuAu/SiO2 using only oxygen as 

oxidant. At temperatures above 220 °C the conversion increases dramatically 

up to about 22 % and almost all the propene converted is combusted to form 

CO2. This conversion value is the maximum amount of propene that can be 

combusted using a 1/1 C3H6/O2 ratio in Helium, considering the stoichiometry. 

After evaluating the catalyst performance at different temperatures, gradually 

increasing the reaction temperature until 300 °C, reaction cycles were 

performed at decreasing temperatures down to 200 °C. The conversion and 

selectivity were exactly the same as the ones obtained during the ramp up of 

the temperature. This indicates that, even at higher temperatures, the surface 

of the catalyst remains unchanged and that there is no sintering of AuNPs or 

decomposition of the spinel support. Comparing the optimum temperature of 

Au/MgCuCr2O4 with the temperature range used in literature for Cu and Au-

containing catalysts (Table 6.1), clear differences can be observed. For a single 

metal catalyst, copper is a very active catalyst for acrolein formation at 

relatively high temperatures (~400 °C), while gold shows its best performance 

for the synthesis of PO using H2/O2 mixtures between 100 and 200 °C. For a 

bimetallic CuAu catalyst, it would be expected that the low temperature active 

gold will shift the activity of Cu to a lower temperature. This was 

experimentally observed by Belin et al. [14], who obtained the highest acrolein 

yields (8.9 %) at 320 °C. From this it can be deduced that gold plays a very 

important role in the rate determining step, which can be either by O2 

activation or by propene activation. 
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Figure 6.3: Propene conversion in the partial oxidation of propene with O2 to acrolein over 

Au/MgCuCr2O4 (■), Au/MgCr2O4 (▲) and MgCuCr2O4 (●). GHSV = 10,000 ml gcat
-1 h-1. Left side of 

the image: Magnification in the range of temperatures between 135 and 260 °C. 

 

Figure 6.4: Selectivity to acrolein in the partial oxidation of propene with O2 to acrolein over 

Au/MgCuCr2O4 (■), Au/MgCr2O4 (▲) and MgCuCr2O4 (●). GHSV = 10,000 ml gcat
-1 h-1. 

The influence of the presence of gold nanoparticles on the catalyst was 

evaluated by carrying out the oxidation of propene over the support 

(MgCuCr2O4) without AuNP deposited on it. In Figure 6.3 (●) it can be seen 

that the conversion of propene is lower than when gold is present, but it still 

reaches 1.6 % at 245 °C. This suggests that gold plays a role on the oxidation of 

propene to acrolein. With respect to the selectivity to acrolein, even at lower 

temperatures, the catalyst without gold is less selective that the original one, 
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with CO2, CO and acetaldehyde as main by-products. Over this catalyst, up to 

3.5 % of PO was also observed. The sharp increase in conversion at 270 °C is 

similar to the one observed for Au/MgCuCr2O4 and, like in the previous case, 

most of the propene is converted to CO2. This may suggest that the combustion 

occurs over the support. The lower selectivity shown by the support suggests 

that AuNPs play a role in the formation of acrolein, while if propene is 

adsorbed directly on the spinel support, other reactions, such as combustion, 

are preferential. The adsorption of propene over gold nanoparticles has been 

proven by Nijhuis et al. [25] through the analysis of XANES spectra, where the 

mode of adsorption was determined to be π-bonding. 

A similar analysis was performed to determine the role of Cu in the oxidation 

of propene. Gold nanoparticles were deposited over the spinel synthesized in 

the absence of copper (Au/MgCr2O4). It is noticeable in Figure 6.3 (▲) that the 

conversion is very limited, even at higher temperatures. Nevertheless, the 

selectivity to acrolein is higher than in the absence of Au, pointing out that Au 

catalyzes preferentially the formation of acrolein. The fact that the catalyst will 

combust less propene at higher temperatures than when copper is present can 

indicate that Cu catalyzes the CO2 formation observed with Au/MgCuCr2O4. 

It can be concluded that the activity of the catalyst can be related to the 

presence of both gold nanoparticles and copper in the support. The XPS 

analysis of the same catalyst, but used for the oxidation of ethanol [22], showed 

that the oxidation state of the copper contained in the spinel is Cu+ and that 

the AuNPs deposited were metallic gold. The excellent catalytic activity of 

Au/MgCuCr2O4 for the oxidation of ethanol to acetaldehyde also has been 

attributed to the synergy between of Au0 and Cu+ [22]. As explained in the 

introduction, the oxidation state of Cu determines the oxidation product 

obtained. While CuO catalyzes the combustion of propene, Cu2O favors the 

formation of acrolein [11]. Therefore, it is reasonable to assume that the 

activity of Au/MgCuCr2O4 in the oxidation of propene to acrolein is due to a 

combination of Au0 and Cu+. 

 

6.3.2.1 Influence of the residence time 

The influence of the residence time was evaluated by varying the total flow rate 

and maintaining the same reactant concentrations and amount of catalyst. 
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a.  

b.  

Figure 6.5: Oxidation of propene with oxygen over Au/MgCuCr2O4. a. Rate of formation of acrolein 

and rate of combustion of propene (rCO2/3). b. Conversion of propene and selectivity to acrolein and 

combustion. Temperature: 210 °C. Reactants: 10% C3H6, 10% O2. 

Conversions as high as 3.2% can be obtained at low space velocities, however, 

the selectivity to acrolein decreases to 71 %, indicating that the combustion is 

enhanced due to the higher contact times (Figure 6.5b). As can be seen in 

Figure 6.5a, the rate of acrolein formation increases with increasing space 

velocity, while the rate of combustion decreases. This may indicate that CO2 

formation is the result of the further oxidation of acrolein, rather than the 

direct combustion of propene.  

It is expected that at higher GHSV, as the reactor starts operating under 

differential conditions, the acrolein formation rate will stabilize and be 
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independent of the residence time. At differential conditions, the conversions 

are very low and the rates will depend only on the concentrations of the 

reactants fed.  

 

6.3.2.2 Effect of hydrogen co-feeding 

In the experiments in which hydrogen was added to the gas feed (10 vol.%) 

together with oxygen and propene for the oxidation over Au/MgCuCr2O4, no 

beneficial effect was observed either in the conversion or selectivity to acrolein. 

Additionally, the conversion of hydrogen was very low (maximum 5 %), which 

produced only small amounts of water. It was similarly reported by Vaughan et 

al. [7] that hydrogen co-feeding did not have an effect during the oxidation of 

propene over Cu/SiO2. This behavior differs from the one of gold catalysis. In 

Chapter 5, while using Au/SiO2 as a catalyst, the addition of H2 to the oxygen 

and propene feed increased the conversion and decreased the selectivity to 

acrolein due to the formation of other carbon-containing by-products, like 

acetone and propanal. This performance can be associated to the formation of 

OOH* species over the gold nanoparticles that, in the absence of neighboring Ti 

atoms, dissociate producing water and O* species, capable of attacking the 

allylic bond of propene forming acrolein as well as other non-selective oxidation 

products. Analyzing the results obtained by Bracey et al. over CuAu/SiO2 [1], 

the addition of hydrogen in the feed favored the formation of acrolein. They 

postulated that the presence of hydrogen increased the amount of active 

oxidizing species through the formation of OOH* species that may react 

directly with propene, or dissociate, resulting in other oxidizing species. The 

formation of OOH* over CuAu/SiO2 can be related to the presence of Au 

nanoparticles in the catalyst, since it has been said that Cu/SiO2 is not capable 

of doing so [7]. As opposed to CuAu/SiO2, the oxidation over Au/MgCuCr2O4 in 

the presence of hydrogen resulted in the same conversion and selectivity to 

acrolein as without it. This can indicate that, when using this catalyst, the 

consumption of oxygen is faster in the direct oxidation to acrolein over Au-Cu 

interface than the rate at which OOH* species are formed with hydrogen over 

the gold nanoparticles. In the epoxidation of propene with Au-Ti catalysts using 

a mixture of hydrogen and oxygen, the rate limiting step is the dissociation of 

hydrogen to form OOH* species that will be the active species in the 

epoxidation [26]. Therefore, it is plausible to presume that this step is also very 

slow over Au/MgCuCr2O4. If the use of oxygen is faster for the attack of the 
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allylic C-H bond to form acrolein than the formation of hydroperoxy species, the 

latter would be almost negligible, resulting in similar results with and without 

hydrogen co-fed.  

The evaluation of the MgCuCr2O4 in the absence of Au nanoparticles under a 

flow of H2/O2 resulted in a very high selectivity (90 %) to the hydrogenation of 

propene to propane at 1.4 % propene conversion. Similar to the reaction with 

oxygen only, the conversion at 270 °C increases to 16 % due to the combustion 

of propene. The use of copper catalysts for the hydrogenation of propene and 

ethylene was already demonstrated at the beginning of the 20th century [27, 

28]. Even more similar to the support of this study, Sussman et al. performed a 

kinetic study on the hydrogenation of propene over copper-magnesia catalyst 

[29] where a dual site reaction mechanism was proposed between atomically 

adsorbed hydrogen and propene. The hydrogenation over Au is dependent on 

the particle size, and  becomes relevant at very low gold loadings, when Au is 

present as subnanometer particles [30], which is smaller than the ones used in 

this chapter. The fact that when Au is deposited over the Cu-containing spinel, 

no significant hydrogenation of propene is observed might be due to the 

deposition of Au NPs over the sites responsible for the hydrogenation, blocking 

them and preventing the reaction from happening. 

On the other hand, the catalyst with AuNP deposited on a copper-free support 

(Au/MgCr2O4) produced acetone almost in the same amount as acrolein and the 

conversion of propene and ethylene remained low. This can be associated with 

the formation of OOH* species over the gold nanoparticles, like in the case of 

CuAu/SiO2 [1]. In the absence of Cu, oxygen can react with hydrogen over 

AuNP and, as explained before, release water and O* upon dissociation. 

Adsorbed O* can react with propene in a non-selective way, thus the formation 

of acetone as well as acrolein. Additionally, at high temperatures, the 

conversion of hydrogen is complete, indicating that the formed OOH* species 

are reduced to form water.  

 

6.3.2.3 Reaction with N2O 

According to Duma et al. [31], it is energetically more favorable to release a 

single oxygen atom from N2O than from an oxygen molecule. Therefore, its use 

as a mild oxidant for the epoxidation of propene over suitable catalyst, like 

silica-supported iron oxide, can result in propene conversions of 6 – 12 % with 

PO selectivities of 40 – 60 %. Llorca et al. [16] reported the epoxidation of 
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propene over Au-Cu/TiO2 using also N2O as oxidant. They obtained propene 

conversions of 2.5 % with PO selectivities up to 50 %. However, the attempt to 

perform the oxidation of propene with N2O over Au/MgCuCr2O4 resulted in a 

very small conversion (< 0.2 %) even though the selectivity to acrolein 

remained close to 90 %. First, it is important to achieve the decomposition of 

N2O into N2 gas and adsorbed O*. Decomposition experiments carried out over 

Au/MgCuCr2O4 proved that this catalyst is not very active in the decomposition 

of nitrous oxide (only 2 % conversion at 300 °C and 1 % at 200 °C). 

Consequently, the amount of O* available to react with propene is very limited. 

Additionally, part of the adsorbed O* forms molecular oxygen that is released 

to the gas stream. 

The fact that no PO was observed during the reaction with N2O, as opposed to 

the observations of Llorca et al. [16], can be due to the oxidation state of Cu in 

the catalyst support. As explained by Vaughan et al. [7], metallic copper (Cu0) 

should be present in the catalyst to be able to catalyze the epoxidation of 

propene. According to the XPS analysis of Au/MgCuCr2O4, the spinel contains 

Cu+, which is mainly active for the partial oxidation to acrolein and less active 

in N2O decomposition [11]. 

 

6.3.3 Computational analysis  

With the aim of better understanding the mechanism of the oxidation of 

propene to acrolein over Au/MgCuCr2O4, DFT calculations were carried out in 

the group of Hensen at Eindhoven University of Technology. A description of 

the procedure used for this analysis can be found in [32] and a diagram 

summarizing the proposed mechanism is depicted in Figure 6.6.  

It was determined that propene is favorably adsorbed on an interfacial Au 

atom (which is neighbor to another Au atom and the support). This is in 

agreement with the work published by Nijhuis et al. [25] and with the 

experimental observations given in the previous sections, where gold 

nanoparticles were necessary for the selective formation of acrolein over 

Au/MgCuCr2O4. It was calculated that the adsorption is so strong that it can 

lead to the reconstruction of gold nanoparticles and formation of isolated gold 

atoms in the neighborhood of Cu and Cr cations (Figure 6.6, state i). One of the 

allylic C-H bonds in adsorbed propene (Figure 6.6, state ii) dissociates with the 

H atom relocating to one of the oxygen anions of the support. These O atoms 

are coordinated to both Cu and Cr cations (Figure 6.6, state iii). Again, this is 
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supported by the experimental observations in which the presence of Cu in the 

catalyst is necessary to be able to convert propene. In the absence of copper, 

most probably, the hydrogen abstraction is not favored, and propene is 

desorbed unreacted, as observed in section 6.3.2. Following the C-H bond 

cleavage, the adsorption mode of the remaining C3H5 allyl intermediate 

changes. The allyl is bound via the terminal C atom to the Au atom while the 

other two C atoms form a new double bond, so that effectively a Au-CH2-

CH=CH2 intermediate is formed. This structure can tilt to one of the other 

support O atoms with negligible barrier, resulting in an Au-CH2-CH-CH2-

Osupport in which the middle C atom again binds to the Au atom (Figure 6.6, 

state iv). From this configuration one of the C-H bonds of the CH2 group bound 

to the support oxygen dissociates to a neighboring O atom of the support (state 

v). Thermodynamically, this reaction that results in the formation of adsorbed 

acrolein is favorable (E = -75 kJ/mol).  

Acrolein is adsorbed two-fold, namely with its CH2 group coordinating to the 

Au atom and the oxygen atom of its carbonyl group bridging between Cu and 

Mg. Desorption of acrolein, which costs 127 kJ/mol, generates one surface 

oxygen vacancy on the support (state vi). The Au atom can then adsorb propene 

again, while molecular oxygen adsorbs to the oxygen vacancy (state viii). The 

O-O bond distance in adsorbed O2 is elongated from its gas phase value of 1.23 

Å to 1.32 Å, suggesting formation of a peroxide O2
- species. In this case, the 

allylic C-H bond activation results in formation of a hydroperoxy (OOH*) 

species (Figure 6.6, state ix). The OOH* group reacts with one of the nearby 

OH groups and forms weakly adsorbed water (OOH* + OH*  O*...H2O + O*). 

Desorption of water is facile and only takes 21 kJ/mol. Similar to the reaction 

steps above, the resulting Au-CH2-CH-CH2 species tilts to the support and 

cleaves another of its C-H bonds to form adsorbed acrolein (Figure 6.6, state iv), 

followed by desorption of acrolein. The catalytic cycle now proceeds by 

adsorption of another oxygen molecule and propene, so that structure iv is the 

main reaction intermediate. Although initially an oxygen atom of the support is 

involved in C-H bond activation, the catalytic cycle proceeds by allylic C-H bond 

activation involving adsorbed O2 with a lower barrier of 60 kJ/mol. 

The synthesis of PO was also theoretically evaluated via the formation of the 

OOH* species in state ix (Figure 6.6), but none of the possible reaction paths 

was energetically favorable.  
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Figure 6.6: Complete reaction energy diagram (middle) with elementary reaction steps for the 

oxidation of propene to acrolein on the Au1/MgCuCr2O4 model. Source: DFT calculations carried out 

in the group of Hensen at Eindhoven University of Technology. 

The results of the computational analysis confirm the experimental 

observations of this study. The presence of gold nanoparticles is necessary for 

the adsorption of propene via the double bond. Furthermore, the fact that the 

MgCr2O4 spinel contains Cu is fundamental for the abstraction of the allylic 

hydrogen bond that will result in the formation of acrolein. In the experimental 

section it was observed that in the absence of AuNP, the selectivity to acrolein 

is lower than when they are present. This can be due to the direct adsorption of 

propene over the support, where other reactions are promoted.  
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6.4 Conclusions 

It can be concluded that gold nanoparticles deposited on a copper-containing 

MgCr2O4 spinel can selectively oxidize propene to acrolein. Propene conversions 

up to 1.6 % with selectivities to acrolein higher than 80 % were achieved at 

temperatures below 240 °C. The presence of gold nanoparticles is necessary to 

guarantee the high selectivity to acrolein, while the absence of copper in the 

support results in very limited propene conversion. PO was not observed over 

this catalyst, since AuNPs without Ti are not capable of epoxidizing propene. 

The addition of hydrogen as co-reactant produced the same results as with 

oxygen alone, suggesting that the direct oxidation of propene is faster than the 

formation of OOH* species over the AuNP. Finally, the computational analysis 

supports the experimental observations. According to the DFT calculations, 

propene is adsorbed over a gold atom and the allylic hydrogen abstraction 

takes place thanks to an oxygen atom coordinated to a Cu or Cr cation. These 

calculations also confirmed the preference of acrolein formation vs. propene 

epoxidation to PO.  

The performance of Au/MgCuCr2O4 in the oxidation of propene in comparison 

with other CuAu catalyst in literature can be seen in Table 6.1. It is noticeable 

that the conversion values obtained are lower than the ones reported by Sinfelt 

et al. [15] with CuAu/SiO2, while the selectivity to acrolein is higher. The 

conversion is, on the other hand, higher than the values obtained by Bracey et 

al. [1] with oxygen alone. It should be said that, even though both Cu and Au 

are contained in all the catalyst mentioned, the copper contained in 

Au/MgCuCr2O4 is imbedded in the structure of the support, which may 

decrease its availability or the contact with the gold nanoparticles. On the 

other hand, the reaction mechanism of the spinel is different to the one of 

copper and gold impregnated on SiO2, therefore, a direct comparison is not very 

accurate. 

 

6.5 Outlook 

Even though Au/MgCuCr2O4 proved to be very selective for the oxidation of 

propene to acrolein, the conversion values obtained are not capable of 

competing with the bismuth-molybdenum catalyst currently used in industry. 

As indicated in the introduction, propene conversions between 93 to 98 % are 

typically obtained over the commercial catalyst [2].  
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It should also be noticed that the gold and copper loadings used in the spinel of 

this study have been optimized for the oxidation of ethanol to acetaldehyde 

[22]. Further work should be done to establish the most suitable Cu/Au ratio 

for the oxidation of propene. A detailed study, like the one performed by Belin 

et al. [14] would provide more information about the Cu-Au interaction and 

their optimum ratio. Additionally, it has been observed that lower oxygen 

partial pressures result in higher acrolein selectivities over Au/SBA-15 [10]. 

Therefore, a kinetic study, analyzing the influence of reactants would help to 

determine the best operation range for this type of catalyst.  
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 7  
7.1  Conclusions 

Throughout this thesis, different methods for the production of propene oxide 

(PO) have been investigated. The first part of the thesis focused on evaluating 

the feasibility of an integrated reactor where hydrogen peroxide is produced in 

a plasma reactor and used afterwards for the epoxidation of propene. In the 

second part of the thesis, the oxidation of propene with molecular oxygen alone 

was investigated over gold-containing catalysts.  

An integrated process for the epoxidation of propene using hydrogen peroxide 

synthesized in a plasma reactor 

The two alternatives for the epoxidation of propene (the gas and the liquid 

phase reaction) were analyzed individually. Thereafter, the integration with 

the plasma reactor for the synthesis of hydrogen peroxide was considered.  

Gas phase epoxidation of propene using H2O2 vapor over TS-1 catalyst was 

achieved successfully by evaporating in situ H2O2. PO productivities of 

10.5 kgPO kgcat
-1

 h
-1 were obtained at GHSV of 450,000 ml gcat

-1 h-1, the highest 

GHSV possible in the experimental setup. The reason for this high value is 

that, at the temperatures of this study, the reaction is very fast and, even at 

Conclusions and 

outlook 
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lower GHSV, the conversion and selectivity remain the same. The conversion of 

hydrogen peroxide vapor was 100 % in all the experiments and at all the 

conditions tested. The selectivity of H2O2 to propene oxide was around 40% at 

different concentrations of peroxide used. In this case, an almost constant ratio 

between the partial pressure of peroxide and PO formed was obtained, 

implying that both the epoxidation and the decomposition of H2O2, which is the 

main side reaction, are of the same order in peroxide. The decomposition of 

H2O2 is a surface reaction and is highly dependent on the materials that will be 

in contact with the chemical. Therefore, special attention should be paid to the 

selection of the working materials for reactor and piping.  

In Chapter 3 a microreactor was developed for the epoxidation of propene with 

aqueous hydrogen peroxide. Ideally, these microreactors can be combined with 

the catalytic direct synthesis of H2O2 in a microreactor or a plasma 

microreactor. A TS-1 coated capillary microreactor (CCMR) was developed by 

an in situ hydrothermal synthesis. The results of the epoxidation of propene 

were compared with a fixed bed microreactor (FBMR) loaded with TS-1 powder. 

The coating layer was determined to be TS-1 using SEM and XPS; it reached 

productivity values of 1.8 kgPO kgcat
-1 h-1. It was found that the key parameter 

for the catalyst coating is the incorporation of tetrahedral Ti in the framework 

of the zeolite.  

In Chapter 4, the plasma reactors developed by Christopher Vasko at the 

Department of Applied Physics of Eindhoven University of Technology are 

introduced and their integration with the epoxidation of propene is evaluated. 

It was shown that hydrogen peroxide can be produced either from mixtures of 

hydrogen and oxygen or from water vapor in a plasma. The latter would 

significantly reduce the reactant costs in comparison with the anthraquinone 

and the direct synthesis processes. The H2O2 synthesized is of high purity, 

reducing the downstream separation steps. However, the energy efficiencies of 

the sources investigated here are still not high enough for making the plasma 

synthesis competitive.  

It was concluded that the integrated system is not yet economically feasible for 

its industrial implementation for PO production with the processes presented. 

The epoxidation of propene with aqueous hydrogen peroxide is a selective 

reaction in the liquid phase and has already been implemented industrially. 

The combination with the synthesis of hydrogen peroxide in a plasma reactor 

would be feasible. Yet, propene oxide is a bulk chemical with low added value, 

which makes the benefits obtained from the integrated process economically 
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not favorable. On the other hand there is considerable potential for the 

combination of the plasma reactor with the synthesis of a chemical with higher 

added value, such as pharmaceuticals or fine chemicals that could compensate 

for the price of the extra energy required.  

One step epoxidation of propene with molecular oxygen over Au-Ti catalyst 

A kinetic study was carried out for the epoxidation of propene with molecular 

oxygen in the presence of water. The purpose was to understand the reaction 

mechanism and improve the PO selectivity. Two types of alkali promoted Au-Ti 

catalysts have been tested: Au/TS-1 and Au/Ti-SiO2.  

In the case of Au/TS-1, a catalyst screening was carried out, with the aim to 

identify the optimum gold and titanium loading, as well as the most suitable 

alkali ion for the epoxidation, both with hydrogen-oxygen and with water-

oxygen. It was determined that lower Ti and Au loadings favor the selectivity 

to PO and that Cs enhances the gold incorporation in the catalyst, creating 

more active sites. The epoxidation with water and oxygen was performed 

successfully over Au/TS-1-Cs, with selectivities to PO up to 54 %, with acrolein 

as the most important by-product. A kinetic model was developed for the 

reaction, including PO and acrolein formation considering two types of active 

sites: Au sites, where water and oxygen react, and Ti sites, over which the 

epoxidation takes place. Two rate determining steps were considered. The first 

one is the formation of OOH* species from oxygen and water over the gold 

nanoparticle. The second one is the epoxidation reaction. Acrolein is formed by 

the reaction of propene with very active O* species. These species can be 

formed in the same Au-Ti sites as PO, via OOH* species, or directly from 

oxygen, in gold nanoparticles that are too big or do not contain alkali ions, so 

they cannot produce hydroperoxy species.  

Gold over Ti-SiO2 was also evaluated and proved to be active for the 

epoxidation with hydrogen and oxygen, but only produced acrolein when the 

reactants were oxygen and water. The reason for this is, mainly, the absence of 

alkali ions in the catalyst. The acrolein rate was equivalent to the one obtained 

over Au/SiO2, suggesting that Ti does not play any role in the reaction.  

It was concluded that the epoxidation of propene is possible in the presence of 

water and that the presence of alkali ions and Ti atoms in the support are 

essential. An increase in the concentration of oxygen and water favors the 

OOH* formation, thereby enhancing the PO/acrolein ratio.  
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Acrolein formation over Au/MgCuCr2O4 

Finally, the oxidation of propene with O2 over gold nanoparticles deposited on a 

copper containing MgCr2O4 spinel was evaluated. The catalyst can selectively 

oxidize propene to acrolein. Propene conversions up to 1.6 % with selectivities 

to acrolein higher than 80 % were achieved at temperatures below 240 °C. The 

presence of gold nanoparticles is necessary to guarantee the high selectivity to 

acrolein, while the absence of copper in the support results in a very limited 

propene conversion. PO was not observed over this catalyst, since gold 

nanoparticles (AuNPs) without Ti are not capable of epoxidizing propene. The 

addition of hydrogen as co-reactant produced the same results as with oxygen 

alone, suggesting that the direct oxidation of propene is faster than the 

formation of OOH* species over the AuNP. A computational analysis supports 

the experimental observations. According to DFT calculations, propene is 

adsorbed over a gold atom and the allylic hydrogen abstraction takes place 

thanks to an oxygen atom coordinated to a Cu or Cr cation. These calculations 

also confirmed the preference of acrolein formation vs. propene epoxidation to 

PO.  

 

7.2  Outlook 

The growing demand of PO requires an efficient and profitable PO-only 

process. So far, the alternative technologies studied in this thesis show 

promising results and potential for improvement. Nevertheless, certain 

limitations hinder their industrial implementation. Higher energy efficiencies 

should be obtained when using a plasma reactor for the synthesis of hydrogen 

peroxide. In the case of the direct synthesis of PO with O2 alone, a 

breakthrough is still needed in catalyst development.  
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