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Summary 

Bulk gold is known for its inertness, but when dispersed in form of small (<5 

nm) nanoparticles, it exhibits exceptional catalytic ability, as discovered by Haruta, in 

1987. Gold (Au) based catalysts offer alternate reaction pathways for many industrially 

relevant reactions, affording high selectivity to the desired product at relatively benign 

reaction conditions. To make these alternate routes commercially viable, it is important 

to gain more insight on the reaction mechanisms, which in turn facilitate rational 

catalyst design. Moreover, it is recognized that novel reactor concepts can lead to 

efficient utilization of these active catalysts. In this thesis, we study two important 

selective oxidation reactions catalyzed by Au that present direct and benign routes to 

obtain important bulk chemicals. 

 In the first part of the thesis we study the direct synthesis of propene oxide 

(PO). PO is an important bulk chemical intermediate, which is currently produced in an 

environmentally stressing manner. The direct synthesis of PO from propene, H2 and O2 

on Au-Ti catalysts is a greener alternative, but suffers from low H2 efficiency (excessive 

water formation) and requires a sacrificial co-reactant (H2). We conduct a thorough 

kinetic study and propose a mechanism for both PO and water formation, on an active 

and stable Au/Ti-SiO2 catalyst. It is established that majority of water formation takes 

place at isolated Au sites and Au-Ti synergy is crucial to obtain high PO yield and 

suppress excessive water formation. We study the role of the reducing gas and explore 

CO as an alternative to H2 on an Au/TiO2 catalyst. We explain the experimental 

observations with DFT calculations and gain insight on the respective reaction 

pathways. It is found that the mechanism involving CO as co-reactant proceeds via 

surface oxygen vacancies, whereas with H2 the well accepted pathway involving the 

OOH intermediate is favored. Finally, we focus on designing a more efficient PO catalyst 

by employing silylation, a post synthesis surface treatment. The effect of silylation on 

the overall catalyst performance is studied on a range of Au-Ti loaded catalysts. 

Improvement in performance is observed in terms of increased PO selectivity, yield and 

H2 efficiency and the extent depended on the Au and Ti contents. Factors responsible 



 

x 
 

for superior performance upon silylation included increased hydrophobicity, decrease 

in acidic sites as well as a possible redistribution of the Au particles. 

The second part of the thesis deals with the direct synthesis of hydrogen 

peroxide (H2O2) on AuPd catalysts. The direct synthesis of H2O2 from H2 and O2, is highly 

coveted as it provides a greener, one step alternative to the traditional anthraquinone 

auto-oxidation process, which is a complex, multi-step process with significant waste 

generation. In this study, the direct synthesis is carried out in a wall-coated capillary 

micro reactor, to ensure safe operation in conventionally explosive reaction mixtures. 

First, we report a facile and novel methodology to form AuPd nanoparticles in-situ on 

the reactor walls. This method ensures controlled metal deposition with well 

distributed small nanoparticles resulting in exceptional H2O2 productivity. In the next 

study, we employ these micro reactors to conduct an in-situ XAS study to gain insight 

on Au and Pd oxidation states and their co-ordination environment, during H2O2 

formation conditions. It is revealed that both Au and Pd are present in their metallic 

form during reaction while the addition of Au leads to inhibition of PdH formation. We 

conclude this part of the study by applying these micro reactors for the challenging 

reaction of methane to methanol conversion using H2 and O2, thus demonstrating that 

the peroxide generated in-situ can be successfully employed for oxidation reactions. 

In this thesis, we take an integrated approach to study and develop Au 

catalyzed oxidation reactions. We gain important fundamental insights from kinetic 

studies, in-situ/operando methods and complimentary theoretical calculations. This 

helps us in developing novel catalysts and improving existing ones. Finally we recognize 

the potential of novel reactor concepts that can significantly broaden the operational 

window of new catalytic processes.  
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Abstract 

In this chapter we provide an introduction to catalysis by gold nanoparticles. 

We briefly describe the factors governing the catalytic activty of gold and introduce the 

wide range of reactions that are catalyzed by this so-called “noble” metal. Then we focus 

on the two important reactions that form the focal point of this thesis – the direct 

synthesis of propene oxide and the direct synthesis of hydrogen peroxide. We discuss 

the state of the art for these industrially relevant reactions, elaborating on catalyst 

development, reaction mechanism and challenges that need to be addressed. Finally, 

the aim and outline of the thesis are discussed.  
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1.1 Properties of Gold  

Gold has captured the fascination of mankind since time immemorial. Known 

for its inertness, high malleability and brilliant luster, gold has been valued as a priced 

asset, mainly in the form of jewelry, coinage and artefacts. A unique set of physical and 

chemical properties makes gold interesting both in the macroscopic and microscopic 

states [1].  

Lying below copper and silver in the periodic table, its properties are not 

predictable based on the trends observed in other groups. This is a consequence of an 

electronic structure where the relativistic effect becomes highly significant [1–4]. Due 

to the large size of its nucleus (Z=79), the s and to some extent the p orbitals are 

contracted while the d and f orbitals are expanded. This results in stabilized 6s2 electron 

pair and an expanded 5d band. Consequently, the 5d band becomes a focal point of gold 

chemistry leading to many extraordinary characteristics [4,5]. The yellow color of Au, 

similar to Cu, but different from Ag is caused by the optical absorption in the visible 

region due to this relativistic lowering of the gap between the 5d band and the Fermi 

level. In the absence of this effect, Au would resemble Ag in its properties and exhibit 

facile tarnishing and corrosion [3,6,7]. Gold is also the most electronegative among all 

metals [5], has a high ionization potential (9.22 eV) [4], doesn’t form a stable oxide [8] 

and possesses a unique ability to interact with itself, through the aurophilic bond [9]. 

On the nanoscale, the unusual electronic configuration of Au combines, with other 

effects emerging from extremely small dimensions, like the high ratio of surface atoms. 

This leads to changes in the structural character that reflect in small Au nanoparticles 

having unique properties compared to bulk Au [1]. Some examples are (i) decrease in 

melting temperature (2 nm particles melt at ~500 K while bulk gold at 1337 K) and (ii) 

lowering of interatomic distance (0.288 nm in bulk to 0.245 nm) [1,10]. These changes 

also affect optical response of the particles and account for the various colors displayed 

by colloidal Au dispersions [11] and by Au nanoparticles supported on surfaces [12]. 

The various appearances of Au in its bulk and nanostructured forms are represented in 

Figure 1.1. 
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Figure 1.1 Change in appearance of Au with length scale, starting from Au/TiO2 powder (size 

~5 nm), followed by colloidal Au dispersions of different colors and higher length scales 

showing bulk Au. 

1.2 Gold as catalyst 

 The first indication that dispersed Au nanoparticles are catalytically active 

appeared in 1973, when Bond and Sermon reported the hydrogenation of alkenes over 

Au/SiO2 below 473 K [12]. A significant contribution towards gold catalysis was made 

by Hutchings who predicted (and later demonstrated) the catalytic ability of AuCl3 in 

the hydrochlorination of ethyne [13,14]. However, it was the pioneering discovery by 

Haruta in 1987 that brought Au catalysis to the forefront. He showed that supported Au 

nanoparticles (<5 nm in size) exhibited surprisingly high catalytic activity for CO 

oxidation even at 200 K [15]. Since then there has been tremendous interest in catalysis 

by gold and some of the key reactions are highlighted in Table 1.1. A common feature 

in gold catalysis is the relatively mild conditions and high selectivity, which can make 

way to more energy efficient and economic processes [16]. It is found that gold often 

succeeds where other metals fail by adsorbing reactants to the optimum extent – just 

the right strength to facilitate the desired conversion and not so strongly as to form 

undesired intermediates [1]. The high catalytic activity of gold can be broadly explained 

by particle size effects and other factors like preparation method, support interaction 

and Au oxidation states are intimately related to the particle size.  Lowering particle 

size leads an increase in low co-ordinated atoms at the corner and edges and these sites 
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are often claimed to be instrumental in catalysis [1]. Figure 1.2 (a) shows the effect of 

Au particle size for CO oxidation while Figure 1.2 (b) shows that preparation method 

can also strongly impact the particle shape/interaction with support which may have 

implications on product selectivity. 

 

Figure 1.2 Particle size effect on CO oxidation activity (left) and effect of Au deposition 

procedure on the activity towards the direct synthesis of propene oxide (images from [17]). 

Table 1.1: Reaction catalysed by gold# 

Class of reaction Reaction Catalyst  Reaction 

Temperature (K) 

Complete Oxidation CO  CO2 Au/(TiO2, SiO2, MgO, 

CeO2, Fe2O3) 

200-400 

CH4, C3H8  CO2 Au/TiO2 450-650 

Selective oxidation C3H6 + H2 + O2  C3H6O Au/(TiO2, TS-1, Ti-

SiO2) 

300-500 

C3H8 + H2 + O2 CH3COCH3 Au/TiO2 300-400 

C4H10 + H2 + O2 C4H9OH Au/TiO2 300-400 

NOx Conversion NO + CxHy  CO2 + N2 + H2O Au/Al2O3 450-800 

COx Conversion CO + H2O  CO2 + H2 Au/(TiO2, SiO2, Zr O2, 

CeO2, Fe2O3) 

400-500 

CO + H2  CH3OH Au/ZnO 400-500 

Selective 

hydrogenation 

C2H2  C2H4 Au/Al2O3 400-500 

1,3 Butadiene  1-Butene Au/(Al2O3, TiO2, SiO2) 400-500 

H2O2 direct synthesis H2 + O2  H2O2 AuPd/(Al2O3, TiO2, 

SiO2, MgO, C) 

250-300 

Photocatalysis HCHO + O2  CO2 + H2O Au/(TiO2, CeO2) 300-400 

H2O  H2 + 0.5 O2 Au/TiO2 300-400 

Hydrochlorination C2H2 + HCl  CH2CHCl AuCl3/C 370-390 

Biomass conversion Glucose to gluconic acid Au/(C, CeO2, TiO2, 

SiO2) 

300-400 

HMF + O2   FDCA Au/(CeO2, TiO2) 300-400 

# adapted from [1,17,18]  
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1.3 Direct synthesis of Propene Oxide (PO) on Au-Ti catalysts 

 One of the major successes showing the potential of Au catalysis came with the 

discovery that propene can be directly epoxidized to propene oxide (PO) on Au/TiO2 in 

presence of H2 and O2 [19]. This presents a one-step conversion at mild temperatures 

and atmospheric pressure. PO is a very important bulk chemical intermediate that is 

widely used in the production of propene glycols, polyurethane, polyether polyols, and 

other compounds [20]. It is currently produced by several processes, despite some 

shortcomings such as the production of hazardous wastes (Chlorohydrin process), the 

dependence on the economics of a co-product (SMPO and MTBE/PO processes), the 

requirement of multiple processing steps (Chlorohydrin, SMPO, HPPO, cumene 

recycling process) and the use of an expensive reactant (HPPO process) [21,22]. With 

its high annual worldwide production (7.7 million tons 2012) and growing demand 

(annual growth rate of about 5%) [23], it becomes imperative to move towards greener 

synthesis routes, thus making the gold catalyzed propene epoxidation highly desirable. 

1.3.1 Catalyst development 

The earliest catalyst that demonstrated direct propene epoxidation was 

Au/TiO2, with Au particles 2-5 nm in size [19]. It showed > 99 % selectivity to PO at 

around 50 °C, but the propene conversion was low (< 1 %) and the catalyst also suffered 

rampant deactivation on-stream. Subsequent research revealed that when Ti is 

dispersed on silicaceous supports, it led to significant improvement in catalytic activity 

and stability. Some examples of these catalysts are gold dispersed on TS-1[24], Ti-SiO2 

[25], Ti-MCM-41 [26] and Ti-SBA-15 [27]. Au dispersed on TS-1 (a zeolite where Ti can 

be highly isolated in tetrahedral co-ordination) was studied extensively by the groups 

of Haruta and Delgass [28–32]. It showed the most promising activity, with rate of PO 

formation, rPO > 160 gPO.kgcat-1.h-1 (200 ºC, GHSV = 14000 mL.gcat-1.h-1) and subsequently 

the positive role of alkali in enhancing performance was reported [31,33]. Despite its 

high activity, this catalyst system suffers from catalyst deactivation, which is being 

addressed in recent studies [29,34–36]. These studies, mainly by Feng et al, have shown 

that stability of Au/TS-1 can be improved by manipulating the gold deposition 

procedure[35], using uncalcined TS-1 [34,37] or by using nanostructured and 
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mesoporous TS-1 [36].  The most recent study presented a highly stable Au/TS-1 

catalyst with rPO ~140 gPO.kgcat-1.h-1(200 ºC, GHSV = 14000 mL.gcat-1.h-1) while 

maintaining a high selectivity of 95% [36].  

Table 1.2: Gas-phase propene epoxidation with O2 and H2 over Ag and Au catalysts 

Catalyst Reaction 

Temp. 

(K) 

GHSV 

(mL.gcat-

1.h-1)* 

C3H6 

Conv. 

(%) 

PO 

Sel. 

(%) 

Stability** PO 

STY# 

Ref, 

Year 

1wt% Au/TiO2 323 4000 1.1 >99 Low 12 [19], 

1998 

1wt% Au/Ti-SiO2 398 6600 1.5 80 Moderate 10 [38], 

1999 1wt% Au/TS-1 448 6600 1.5 95 Moderate 16 

0.3-0.4wt% 

Au/meso Ti-SiO2 

423 4000 5-9.8 90-95 Moderate 130-

150 

[39], 

2004 

0.05wt% Au/TS-1 

(Si/Ti=36) 

423 7000 8.8 81 High 110 [40], 

2005 

0.4wt% Au/Ti-

MCM-48 

423 4000 1.5 94 Not 

reported 

15 [41], 

2007 

0.25wt% Au/Ti-

SBA-15 

393 15000 1.17 90 High 41 [42], 

2011 

0.25wt%Au/TS-1 

Alkali treated 

473 8000 8.8 82 High 137 [28], 

2011 

0.14 wt% Au/TS-

1((Si/Ti=121, Cs 

promoted) 

473 14000 11.4 88 Moderate 320 [33], 

2013 

0.1wt% Au/Ti-SiO2 473 10000 4.6 85 High 120 [25], 

2013 

0.13wt% 

Au/Mesoporous 

TS-1 

473 14000 4.6 95 High 140 [36], 

2017 

* H2:O2:C3H6:Inert = 10: 10: 10: 70 **stability is defined as Low, Moderate and High where loss is initial activity 

is >50%, 10-50% and <10% respectively, in a 5 hr reaction cycle, # STY: PO space time yield in gPO.kgcat
-1.h-1 

Another attractive system is Au/Ti-SiO2, that has shown stable PO reaction 

rates in the order of 120 gPO.kgcat-1.h-1 (200 ºC, GHSV = 10000 mL.gcat-1.h-1)[25]. Here, 

Chen et al [25] showed that dispersing Au nanoparticles on Ti-grafted silica, resulted in 

more stable catalyst performance with no significant deactivation on stream. Although 

low Au and Ti loadings was crucial to obtain superior catalytic activity, it also led to 

excessive propane generation. This could be controlled to a certain extent by adjusting 

the Ti grafting procedure [25] and showed complete suppression on CO co-feeding 

(small amounts with the reactant mixture)[43]. Other attempts to enhance catalytic 

activity included the use of promoters like trimethyl amine [44], alternate Au 
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deposition techniques like solid grinding to obtain Au nanoclusters [28] and 

hydrophobization of support by silylation [45,46]. Table 1.2 highlights the performance 

of some of the important Au-Ti catalysts, as reported in the past two decades. These 

studies have led to the general consensus that the best PO producing catalysts contain 

highly isolated and tetrahedral Ti sites, located in proximity to small (1-2 nm) gold 

nanoparticles. Deposition-precipitation is the most widely used Au deposition 

technique, where low Au loadings are used to achieve highly dispersed small Au NPs. 

1.3.2 Reaction Mechanism 

The reaction mechanism that is most widely supported for PO synthesis 

involves the formation of a peroxy species, either in the form of OOH or H2O2, on small 

Au nanoparticles [47–50]. These peroxy species spill over to preferably isolated- 

tetrahedral Ti4+ species. The resulting Ti-coordinated OOH/H2O2 intermediate then 

oxidizes propene to PO and water [48,51,52]. Water is a by-product produced in larger 

quantities than the stoichiometric amount formed during epoxidation, which results 

from the direct combustion of H2[49]. A number of theoretical studies have contributed 

to this discussion by exploring different reaction pathways and reaction intermediates 

[53–57]. These studies also supported the role of OOH and Au-Ti proximity to be most 

important. Although the exact mechanism still remains debated, it is clear that ·OOH 

radicals and the Au-Ti interface play significant roles in the pathway towards PO 

formation and can be described as a concerted mechanism as shown in Figure 1.3 [51]. 

 

Figure 1.3 Reaction mechanism for PO formation [38]. 
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1.3.3 Major challenges 

The major challenges that lie in the path of commercialization of this process 

are low propene conversion (<10%), the need to use a co-reactant and catalyst 

deactivation. As shown in Figure 1.4, the target is to have > 10% propene conversion 

while maintaining high selectivity (~80 %), which has not been achieved so far [21]. 

Note that the presence of co-reactant (H2) is indispensable to obtain acceptable PO 

selectivity [58]. But this also leads to excessive water formation, by the direct oxidation 

of H2, thereby reducing the H2 efficiency of the process. An acceptable value is proposed 

to be 50%, but current catalysts exhibit H2 efficiency values of 20-30% [21]. The use of 

H2 also leads to potentially explosive mixtures thereby limiting the operational window 

of the process. Use of membrane reactors [59] and micro reactors [60] have been shown 

to be potential solutions. Finally, the longer on-stream stability of these catalysts still 

need to be accessed for their suitability in industrial application. To overcome these 

challenges an integrated approach is required. Insights from kinetic, spectroscopic and 

theoretical studies can lead to rational catalyst design. These catalysts can then be 

applied for the direct synthesis of PO using novel reactor configurations to overcome 

operational constraints.  

 

Figure 1.4 Performace of different catalysts for propene epoxidation using (i) O2 and (ii) H2 + 

O2  (adapted from [21]). 
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1.4 Direct synthesis of H2O2 on AuPd catalysts 

Hydrogen peroxide is an important chemical commodity with a global 

production of approximately 5.5 million tons per annum in 2015 and its demand is 

growing at a steady pace of around 4% per annum  [61]. The rising demand of H2O2 

comes from diversified markets: HPPO process (for PO production), textile (bleaching 

of cotton and wool fabrics), food (aseptic packaging of milk and fruit juice), aquaculture 

(antiparasite for salmon farming), mining (detoxification of cyanide tailings, enhanced 

recovery of metal), water and wastewater treatment (advanced oxidation processes), 

semiconductors (cleaning silicon wafers in the manufacture of printed circuit boards), 

chemical industry(reactant) and pulp and paper (bleaching wood pulp) [61–63].  

Currently, H2O2 is produced by the anthraquinone auto oxidation (AO) process, 

which involves the hydrogenation of a substituted anthraquinone using a Ni or Pd 

catalyst, forming the diol. The subsequent oxidation of anthraquinol in air reforms the 

original anthraquinone and produces H2O2. It is a complex process which is only 

economically viable on a large scale (>40 x 103 tons per annum) and produces highly 

concentrated H2O2 (50-80%). Therefore, special precautions are needed for safe 

transportation and handling. Moreover, the quinone solvent is expensive and needs 

periodic replacement to avoid the formation of hazardous wastes due to hydrogenation 

[61,62,64–66]. These short comings of the AO process has shifted the attention to the 

direct synthesis of H2O2 from molecular H2 and O2, as an alternate green synthesis route 

(Figure 1.5, reaction (i))[62,66,67]. This one-step process is ideal for on-demand/on-

site production of H2O2 and can lead to significant capital cost savings when integrated 

with the production of other chemicals[61,62,68]. 

 

Figure 1.5 Reactions involved in the direct synthesis of H2O2. 
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1.4.1 Catalyst and process development 

The direct synthesis of H2O2 is a three phase reaction consisting gas (H2 and 

O2), liquid (solvent/promoter to solubilize the product) and solid (catalyst) phases. 

Most of the catalysts studied for direct synthesis of H2O2 are noble metals or 

combinations of noble metals [69]. Pd has long been the metal of choice [70], and more 

recently alloying with Au or Pt, have led to catalysts with better performance than pure 

Pd [67]. In particular, AuPd catalysts have come to the forefront for their superior 

activity thanks to the extensive research by Hutchings and co-workers [67,69,71–74]. 

It was found that adding Au can significantly effect the activity and increase selectivity 

towards H2O2 and a molar ratio of 1:2 was found to be optimum [69]. Catalyst 

preparation method, type of support and calcination have significant impact on the 

average particle size, alloy composition and morphology [74] [75]. For example, on 

oxidic supports calcination led to the formation of core(Au)-shell(Pd) structure while 

AuPd/C contained homogeneous alloy particles [76](Figure 1.6). It has been reported 

that the selectivity for H2O2 and the reactivity of different supports are: C (80%) ~ SiO2 

(80%) > TiO2 (70%) > Al2O3 (14%) > Fe2O3[77]. An acid pretreatment of the support 

also led to further improvement in performance of AuPd catalysts as it led to an 

enhancement of gold dispersion in the bimetallic alloy particles, yielding smaller AuPd 

nanoparticles [78]. Based on these findings, it has been proposed by Hutchings that the 

most active and selective catalysts comprise of small (ca. 2 nm) AuPd nanoparticles that 

are homogeneous alloys [67].  

 

Figure 1.6. HAADF (high angle annular dark field) image showing the formation of 

homogeneous alloy in AuPd/C and core-shell structure on AuPd/TiO2 and Al2O3[76]. 
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The role of the liquid phase in this process is to collect and solubilize the H2O2 

formed, since it is highly unstable and decomposes to water and oxygen (Figure 1.5, 

reaction (iii)). The rate of H2O2 production in alcohols like methanol and ethanol has 

been found to be much higher than that in an aqueous medium, owing to the greater 

solubility of both reactants in alcohol [79,80]. A recent study evaluated the effect of 

using different co-solvents over an AuPd catalyst and the highest selectivity and 

conversion values were obtained for acetonitrile/water mixture. It was proposed that 

the role of this co-solvent is to block the active sites for O2 dissociation or H2O2 

decomposition [81]. In addition, the liquid phase also consists of promoters like halide 

ions and acids. Halide ions can be added to either the reaction medium as an alkali metal 

salt (Na, K or Cs salt) or as a halogen acid (HCl, HBr or HI) or directly incorporated into 

the catalyst [82]. These halides retard water production acting as a catalyst poisons and 

increase hydrogen peroxide selectivity. It has been shown that Br- when used in the 

optimized concentration is the best halide promoter owing to its strong interaction with 

Pd and its ability to inhibit Pd leaching [69,83]. By adding a mineral acid to the reaction 

medium, it is possible to inhibit the product decomposition. The role of the acid is 

related to the catalyst support, particularly to its isoelectric point, which controls the 

degree of surface charging. Supports as carbon and silica with low isoelectric point 

(around 2) provide the highest productivity for Pd and Au-Pd supported catalysts [66]. 

The effect of different mineral acids has been studied with H2SO4 and H3PO4 being the 

most suitable acid promoters. Thus, the choice of an active catalyst, an appropriate co-

solvent and the optimum promoters are essential factors in the direct synthesis. 

1.4.2 Reaction Mechanism 

The reaction mechanism has been studied widely both experimentally [84–87] 

and by theoretical calculations [88–97].  It is proposed that H2 molecules adsorb 

dissociatively on Pd sites and then reacts with molecular O2 to form OOH intermediate 

species, which react further with hydrogen atoms to form H2O2 on Pd surface [84,98]. 

Some Pd defect sites are also responsible for the O-O bond cleavage [99] of O2 and/or 

OOH intermediate, thereby leading to water formation [84,98,100,101]. Extensive 

research by Hutchings and co-workers [67,72,73,102] and Menegazzo et al [84,85,103], 

have showed that the addition of small amounts of Au to Pd, leads to significant 
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enhancement in performance, especially in terms of H2O2 selectivity. This synergistic 

effect may originate from geometric and/or electronic effects. In other words, addition 

of Au can change Pd particle structure/morphology (i.e., geometric effects), thereby 

reducing the number of sites responsible for O-O scission, thus enhancing selectivity 

[88,93,94,103]. Alternately, electron transfer between Au and Pd can alter its catalytic 

behavior (i.e., electronic effects) [17–20,22,23]. DFT calculations show that Au atoms 

on the surface of AuPd alloys can weaken the H2O2 bond with the metal surface, 

facilitating product desorption, thereby reducing rates of decomposition [91,92]. The 

oxidation state of Pd in the working catalyst is still under debate. Some reports have 

suggested that it is the metallic Pd which is the active phase [80,104], while other 

studies have claimed the importance of PdO in determining catalytic activity [105–107]. 

Spectroscopic studies in reaction conditions can shed light on this and the role of Au in 

enhancing catalytic activity, thus aiding rational catalyst design. 

1.4.3 Scope of micro reactor technology 

The use of microreactors is an innovative and recent approach to the direct 

synthesis of hydrogen peroxide [62]. The most important feature is related to safety, as 

microreactors can drastically reduce the explosion hazards with stoichiometric H2/O2 

feed stream, owing to their large surface to volume ratio and small reactor volume 

[108]. This also provides a significant enhancement in heat and mass transfer rates. 

Moreover, the dimensions of the micro channels are smaller than the quenching 

distance for hydrogen, the critical distance below which no flame can propagate [109]. 

Another advantage of these kind of reactors, is the possibility of being built at the point 

of use, which is ideal for the highly desirable small scale on-site/on-demand production 

[110]. 

The design of microreactors can be realized either as a (micro) packed bed 

column[104,107] or the catalyst can be immobilized on the walls of the microchannel 

[114,115]. Voloshin et al [108] and Inoue et al [111–113] have successfully carried out 

direct synthesis in the explosive regime using micro-packed bed type reactors and H2O2 

yield as high as  10 wt% (gas flow rate = 40 mlN/min, liquid flow rate = 0.01 ml/min) 

was reported by Inoue et al over a AuPd/TiO2 catalyst [112]. Nevertheless, these 

reactors suffer from major drawbacks like high pressure drop, poor catalyst wetting 
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and channeling [111,113]. A potential solution is to deposit the catalyst on the walls of 

the micro reactor thereby lowering pressure drop, affording effective catalyst wetting 

and also allowing better mass transfer by operating in the slug flow regime, as shown 

in Figure 1.7. This approach was used by Ng et al [115], where the Pd nanoparticles 

were deposited using the polymer-micelle incarceration (PMI) technique developed by 

Kobayashi [116]. Paunovic et al [114] demonstrated the direct synthesis of H2O2 in 

explosive (H2/O2 = 1:1) conditions using a wall-coated microchannel (320 μm ID) with 

embedded colloidal AuPd nanoparticles. Continuous and stable operation was 

observed and a high H2O2 concentration of 5.5 wt % was achieved by optimizing the 

operating conditions [110]. An eight-fold increase in peroxide productivity and 

significant increase (from 25% to 65%) in selectivity was observed due to the 

application of concentrated mixtures [114]. Performance of the state-of-the-art Pd and 

AuPd catalysts along with their performance testing conditions including reactor types 

is elaborated in Table 1.3. 

 

Figure 1.7 Schematic representation of an AuPd coated catalytic micro channel reactor 

operating in slug flow for the direct synthesis of H2O2. 

1.4.4 Major challenges  

According to the economic analysis by Garcia-Serna et al [62], the direct 

synthesis process can compete with the traditional AO process when operated for small 

scale, on-site production at a capacity below 10 kt per annum. Reactors capable of 

reaching a H2O2 concentration of at least 15% (aqueous) or 9% (alcohol) are needed to 

demonstrate the technology for subsequent scale-up. The use of micro reactors coupled 

with active catalysts have demonstrated that such targets are achievable. In contrast to 

conventional reactors, the possibility of using pure H2 and O2 mixtures eliminates the 

need for high pressure, thereby lowering the equipment cost. Therefore, the main 
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challenge lies in the economic fabrication of the micro reactors followed by successful 

scale up. The processes reported so far for metal incorporation in micro reactors are 

tedious and complex. It is required to develop easier and reproducible coating 

procedures that also show stable performance with long operation times. The other 

challenge lies in understanding how the catalyst works but given the influence of 

multiple parameters like solvents, promoter and co-metal (Au in AuPd), it becomes 

difficult to isolate their individual contributions.  Insight on the role of Au, oxidation 

state of Pd and influence of solvents will lead to rational catalyst design and facililate in 

choosing appropriate reaction conditions.  

Table 1.3: Performance of catalysts for direct synthesis of H2O2 

Catalyst Reactant 

Mixture 

  

Reactor type/ 

Temperature/ 

Pressure 

Selectivity 

(%) 

Productivity   

(mol/kgcat/h) 

Ref 

AuPd/C  

Dilute 

Batch/ 

2 °C/ 

40 bar 

 

98 175 [77] 

AuPd/SiO2 80 108 [67] 

AuPd/TiO2 70 100 [19] 

AuPd/Titanat

e-nanotubes 

H2/O2/Ar=5:10:

85 

Batch/ 

5 °C/ 

20 bar 

 

n.d. 175 [20] 

Pd/PAH-

K2621 

N2/H2/O2 

=50/3/47 

 

 

Upflow fixed bed/ 

30 °C/ 

50 bar 

73 127 [117] 

Pd/C D2/O2 = 2/3 

 

 

Micro reactor/ 

20 °C/ 

21 bar 

60 170 [113] 

AuPd/SiO2 

 

H2:O2=1:1 

 

Micro-channel/ 

30 °C/ 

        20 bar 

65 120 [118] 

 

 

1.4.5 Applications of (in-situ) produced H2O2: Methane Activation  

 H2O2 has shown to be a promising oxidant in a wide range of reactions like 

hydroxylation of aromatics, epoxidation of olefins and allyl chloride, selective oxidation 

of alcohols and partial oxidation of alkanes including methane [119,120]. Methane is 

abundantly available in nature but its conversion to more valuable chemicals is one of 
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the most intensively studied topics in catalysis [121,122]. Currently methane is 

converted to useful chemicals via syngas produced by the energy intensive steam 

reforming process [123]. This situation is undesired as methane comprises a major 

portion of the world’s hydrocarbon reserves. A very attractive strategy to utilize 

methane is selective oxidation to methanol [124,125]. Methanol is a valuable 

commodity being a fuel itself. It is a versatile liquid intermediate which can be easily 

shipped and is readily converted to liquid hydrocarbons and olefinic building blocks for 

polymers and other chemicals [122]. 

𝐶𝐻4 + 𝐻2𝑂2
𝐴𝑢𝑃𝑑/𝑇𝑖𝑂2
→       𝐶𝐻3𝑂𝐻 +𝐻2𝑂 

Selective oxidation to methanol has been successfully demonstrated using 

H2O2 as an oxidant in mild conditions [126]. Au-Pd/TiO2 catalyst has proved to be active 

for this conversion, although the overall yield of methanol was very low [127,128]. On 

the other hand, when zeolites such as Cu-Fe/ZSM-5 were used, the selectivity to 

methanol reached 90% [126]. These results are promising and encourages to focus on 

new catalytic and reactor approaches to valorize methane more efficiently. In this 

context, it will be interesting to see the application of in-situ generated H2O2 in 

activating methane. This would facilitate the conversion of methane to methanol in one-

step, eliminating the use of expensive reactant H2O2 and likely lead to a more efficient 

and selective process. 

 

1.5 Aim and outline 

The aim of this thesis is to develop alternate green catalytic processing routes 

towards two important bulk chemicals, namely propene oxide and hydrogen peroxide. 

The aim is to adopt an integrated approach to move towards making these catalytic 

processes industrially relevant. Such an approach entails studies ranging from catalyst 

development, reaction kinetics, theoretical and spectroscopic analysis to the 

application of novel reactor concepts.  
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This thesis is divided into two parts - the direct synthesis of propene oxide (PO) 

on Au-Ti catalysts (Chapters 2-4) and the direct synthesis of hydrogen peroxide (H2O2) 

and its application in methane activation on Au-Pd catalysts (Chapters 5-7). 

In Chapter 2 we carry out a comprehensive kinetic study to understand the 

both water and PO formation in the hydro-epoxidation of propene on an active and 

stable Au-Ti catalyst. A kinetic model is proposed and rate equations for both products 

are obtained. This model is found to describe well the experimental results thus giving 

insight on the different routes of water formation and the importance of Au-Ti synergy 

to obtain catalysts with higher H2 efficiency. In Chapter 3 we explore the possibility of 

using CO as an alternate co-reactant. The underlying mechanisms towards PO 

formation are revealed by DFT calculations and backed by isotopic transient 

experiments. Chapter 4 presents silylation as a promising post synthesis process to 

enhance catalyst performance. The effect of Au and Ti contents on post silylation 

behavior is studied and the underlying factors governing improvement in catalytic 

activity are explored.  

In Chapter 5 we present a novel and facile synthesis method to incorporate 

AuPd nanoparticles on the walls of a capillary micro reactor with an aim to control 

metal loading and particle size. These catalytic reactors are found to show exceptional 

activity towards the direct synthesis of H2O2. In Chapter 6 these micro reactors are used 

both as spectroscopic cell and reactors for conducting X-Ray Absorption Spectroscopy 

(XAS) in reaction conditions. We obtain insight on the oxidation states of Au and Pd and 

the beneficial role of Au, in the working AuPd catalyst. Finally, these active catalytic 

micro reactors are shown to successfully convert methane to methanol using in-situ 

generated H2O2, which is discussed in Chapter 7. 

We conclude the thesis with Chapter 8 where the main conclusions are drawn 

and an outlook for further research is discussed. 
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Abstract 

A highly stable and active, Au/TiSiO2 catalyst was used to conduct an extensive 

kinetic study for the direct epoxidation of propene using hydrogen and oxygen in the 

non-explosive regime, with an aim to study the combined formation of propene oxide 

and water. A reaction mechanism was proposed which assumes that there are two 

types of Au sites: isolated, which form only water and the ones in the vicinity of Ti which 

form propene oxide as well as water. The active intermediate on both was assumed to 

be the hydro peroxide species, as widely accepted. Based on fundamental reaction steps 

obtained from this mechanism, rate equations were derived and fitted with the 

experimental observations. The kinetic model was found to describe well the 

simultaneous formation of propene oxide and water, thus emphasizing on the 

importance of Au-Ti synergy to obtain catalysts with higher activity and H2 utilization 

ability.

Kinetic Study of Propene Oxide and Water 

Formation in the Hydro-Epoxidation of 

Propene on Au/Ti-SiO2 catalyst 

 

2
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2.1 Introduction 

Since the discovery of catalysis by gold in the pioneering work of Haruta [1], 

gold catalysis has provided alternate routes for producing many industrially important 

chemicals under environmentally benign conditions [2]. One such example is the direct 

epoxidation of propene to propene oxide (PO) using hydrogen and oxygen, which is 

catalyzed by Au on titania supports [3]. PO is a very important bulk chemical 

intermediate that is widely used in the production of propene glycols, polyurethane, 

polyether polyols, and other compounds. The annual worldwide production in 2012 

was 7.7 million tons and it is expected to grow up to 9.5 million tons in 2018 [4]. Direct 

synthesis, made possible by gold catalysis is an attractive alternative, being a one step 

process with water as the only major by-product. It can also be carried out at 

atmospheric pressure and relatively low temperatures. Some of the factors that have 

kept this process from replacing the commercial ones are the low conversion of 

propene and excessive consumption of hydrogen to form water by direct hydrogen 

oxidation. This in turn reduces the hydrogen efficiency of the process [4-5]. 

Although recent research has given us highly active catalysts with rates of PO 

formation inching towards the industrially required values [6], the challenge of 

overcoming low hydrogen efficiency is far from being solved. To approach this problem 

it becomes imperative to understand the mechanism of water formation on these 

catalysts. Indeed a lot of research has been done on understanding the mechanism of  

the formation of PO [7-9, 15, 20], but there have not been detailed studies on the 

combined formation of PO and water and so far no kinetic model has been proposed for 

this. Several kinetic studies have been carried out in the past on different catalyst 

systems for studying PO formation, the behavior mainly described by a power rate law 

(PRL). One such study was performed by the group of Delgass [10] on the Au/TS-1 

system where they found a rate expression rPO=k[H2]0.60[O2]0.31[C3H6]0.18. The same 

approach was taken by Lu et al [11] on the Au-Ba/Ti-TUD system where the rate 

expression was deduced to be rPO =k[H2]0.54[O2]0.24[C3H6]0.36. This system was studied 

again [12], this time analyzing the data with various Langmuir Hinshelwood (L-H) type 

rate expressions as well as PRL, supported by adsorption data. Most of these models 

were generic, in that they were not derived from a mechanism but had separate terms 
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representing adsorption of each reactant.  One of the models was based on a proposed 

mechanism for PO formation. Amongst these models, the best expression obtained for 

expressing the experimental data was rPO=k [H2]l[O2]m[C3H6]/[Kd/k+[C3H6]), which had 

elements of both PRL and L-H expressions.  Similarly, there have been kinetic studies 

on solely the water formation, like the study on various silica supported Au catalysts by 

Barton and Podkolzin [13] and on Au/SiO2 and Au/TiO2 by Nijhuis and Weckhuysen 

[14]. In both cases, a rate equation was derived from a proposed mechanism, which 

described well the respective experimental data. The accepted mechanism was a two 

site one, with H2O2 formed on Au sites, which decomposes to form water.  

One of the hurdles in studying the kinetics of this reaction is the relatively low 

stability and reproducibility of these catalysts. Although Au/TS-1 is highly active and 

the most widely studied catalyst for this reaction, it has a low gold uptake [17] and in 

most cases has to be used within 24 h of preparation to avoid deactivation. 

Furthermore, there is slight deactivation on stream and when cycles are repeated at 

same conditions, the rates are not reproduced due to deactivation [18]. This makes it 

difficult to perform a kinetic study, which requires several experimental observations; 

as a result much work is going on currently to improve the stability of these catalysts 

[19, 21].   

In this chapter, we report a comprehensive kinetic study on a highly active (rPO 

~ 100 gPO/kgcat/hr) and very stable Au/TiSiO2 catalyst. From our previous study on Au-

Ti synergy [16], it was clear that low gold loading (0.1-0.2 wt%) and a Ti monolayer 

(ML) coverage of 1% gave the best catalyst performance in this system, , but this 

catalyst still suffered from unwanted propane formation. Further optimization of the 

support preparation process led to catalysts with no propane formation, which in turn 

also increased the hydrogen efficiency and PO selectivity, while maintaining similar 

yields of PO. This optimized catalyst was selected for the kinetic study. The reactions 

were performed in the non-explosive regime at 473 K by varying the concentrations of 

the reactants. A detailed mechanism was proposed for the combined formation of PO 

and water and rate expressions were derived from these fundamental surface 

reactions. It is proposed that there are two types of Au sites - ones that are isolated and 

away from Ti4+ and others which are adjacent to Ti4+.  It is assumed that HOOH is the 
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active intermediate formed on all Au sites. On sites that are near Ti4+, this intermediate 

gets spilled over to form HOOH-Ti where it reacts with propene to form PO. Water is 

formed (a) at these sites as side product of PO formation, (b) due to dissociation of 

HOOH, and also at (c) isolated Au sites (not adjacent to Ti) by the reaction of H2 and O2. 

Finally, these rates were fitted to the experimental data collected and it was found that 

the model successfully describes the formation of both PO and water.  

 

2.2 Experimental 

2.2.1 Catalyst Preparation 

The support used was Ti grafted on silica, Ti-SiO2. It was prepared in a similar 

way as described by Chen et al [16]. In a typical synthesis, as received silica (15 g, Davisil 

643, 300 m2/g, pore size 150 Å, pore volume 1.15 cm3/g) was first dried overnight at 

393 K and then suspended in 250 mL anhydrous 2-propanol (Aldrich, 99%) in N2 

atmosphere in a glove box. This was kept stirring for 10 min and thereafter, measured 

amount of tetraethylorthotitanate (TEOT, Aldrich, 97%), such that the Ti coverage of 

1% monolayer on 15 g silica (which corresponds to 0.2wt %Ti) was added. After 

stirring the slurry for 30 min, the 2-propanol was evaporated slowly using a rotary 

evaporator at 328 K and 100 mbar pressure. The powder obtained was dried overnight 

at 353 K, followed by calcination first at 393 K (heating =5 K/min) for 2 h and then 

finally at 873 K (heating =10K/min) for 4h. The support was denoted as Ti(1)-SiO2, 

where 1 refers to the % monolayer coverage of grafted Ti. Gold was deposited on this 

support using the deposition –precipitation method as described by Chen et al [16]. For 

synthesizing Au(0.1)/Ti(1)-SiO2, the support (2 g) was dispersed in 100 ml water. The 

pH was adjusted to ~ 9.5 using 2.5 wt% ammonia solution. The calculated amount (7.1 

µL) of HAuCl4 (Aldrich, 30 wt% in HCl) diluted in 20 ml water was added dropwise using 

a burette in approx. 15 min. Thereafter, the slurry was kept stirring for 1 h while 

maintaining the pH at 9.4-9.5 by adding ammonia dropwise. The solid was collected by 

filtration, washed three times using water. The catalyst was dried overnight at 353 K 

and calcined first at 393 K (heating= 5 K/min) for 2 h, followed by 4 h at 673 K (heating= 
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10 K/min). The water used throughout the synthesis was ultra-pure water (18.2 MΩ.cm 

at 25 ºC). 

2.2.2 Catalyst Characterization 

The elemental composition of the catalysts was analyzed by inductively coupled 

plasma optical emission spectroscopy (ICP-OES) in a Spectro Ciros system. The samples 

were first dissolved in aqua regia and heated while stirring for 30 min. The solutions 

were cooled and then dilute HF (1:15 in water) was added and swirled till the solution 

looked completely clear. The samples were analyzed for Ti and Au content. The size 

distribution of the Au nanoparticles was calculated by measuring the size of ~ 250 

visible particles in 20 TEM images. The co-ordination state of Ti was determined by 

diffuse reflectance UV-Vis (DR-UV-Vis) spectra, using a Shimadzu UV-2401PC 

spectrometer having BaSO4 as a reference. 

2.2.3 Kinetic Measurements and Model fitting 

Catalytic tests were performed in a flow set-up equipped with a fast 

Interscience GC system (analysis time ~ 5 min), containing two analysis channels 

equipped with Porabond Q column and a Molsieve 5A column with thermal 

conductivity detectors. The catalyst was loaded in a quartz reactor tube (inner diameter 

= 6 mm) which was placed in a tubular oven. A typical catalytic cycle was 5 h long 

followed by a regeneration step at 573 K with 10 vol% O2 in He for 1 h. In a typical test, 

150 mg of catalyst was loaded into the reactor, and the total flow was adjusted to 25 

ml/min (GHSV = 10000 ml.gcat-1.h-1). Kinetic experiments were performed at varying 

gas feed concentrations ranging from 4-12% hydrogen, 2-10% oxygen and 2-40% 

propene, in He. The reaction mixture was always in the non-explosive regime. This set 

of data was collected at 473 K at 42 different conditions of reactant concentration 

combinations. The “standard cycle” was 10 vol% each of hydrogen, oxygen and 

propene, with He as balance. For getting the Arrhenius plot, experiments were 

performed at this feed condition in a temperature range of 398-543 K. The propene 

conversion (X) and selectivity to different products (Sx where x denotes the product) 

were calculated considering the reaction 𝑛𝐶3 𝐻6 → 𝑚𝐶𝑥 and expressed as: 
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𝑋 (%) =
∑
𝑛

𝑚
𝑃𝑥

𝑃𝐶3 𝐻6
𝑜𝑢𝑡 +∑

𝑛

𝑚
𝑃𝑥
× 100 =  

∑
𝑛

𝑚
𝑃𝑥

𝑃𝐶3 𝐻6
𝑖𝑛 × 100    (2.a) 

𝑆𝑥(%) =
𝑛

𝑚
𝑃𝑥

∑
𝑛

𝑚
𝑃𝑥
× 100      (2.b) 

where 𝑃𝑥  is the partial pressure of the carbon-containing products obtained 

during the epoxidation of propene (PO, acrolein, acetone, propanal, acetaldehyde and 

CO2) and the terms 𝑃𝐶3 𝐻6
𝑖𝑛  and 𝑃𝐶3 𝐻6

𝑜𝑢𝑡  denote the propene concentrations at the inlet and 

outlet of the reactor respectively. H2 efficiency is calculated as: 

𝜂𝐻2(%) =  
𝑟𝑃𝑂

𝑟𝑃𝑂+ 𝑟𝐻2𝑂
× 100     (2.c) 

where 𝑟𝑃𝑂and 𝑟𝐻2𝑂  are the rates of PO and water formed, respectively. 

 

The absence of mass transfer limitations for both products, PO and water, were 

verified using the Weisz-Prater Criterion (CWP < 1) and the Mears Criterion (CM < 0.15) 

for internal and external mass transfer limitations, respectively. CWP for both products 

was in the order of 10-6 (<< 1) and CM in the order of 10-5 - 10-6 (<< 0.15), thus satisfying 

both criteria and ensuring the system to be free of mass transfer limitations (Appendix 

A). 

The set of kinetic data was fitted to the proposed kinetic model using Athena 

Visual Studio, and the parameters were estimated using Bayesian estimation.  The 

fitting and parameter estimation was done simultaneously for both rate expressions, so 

the number of data points was effectively 84 (=42*2). This large data set ensured a 

unique set of parameters to be obtained. The robustness of the model was confirmed 

based upon the 95% confidence interval values, the independence of estimated 

parameters from initial values provided to the model for fitting and the corresponding 

residuals obtained.  

 

2.3 Results and Discussion 

2.3.1 Catalyst Characterization 

ICP-OES gave an Au loading of 0.09 wt% and a Ti loading of 0.21%, which were 

close to the targeted gold loading of 0.1 wt% and Ti loading of 0.2 wt%. TEM analysis 
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yielded an average Au particle size of 1.6 nm. The UV-Vis of the support showed that Ti 

was in tetrahedral co-ordination, with no extra framework Ti present. Low Au and Ti 

loading ensured highly dispersed Au and isolated Ti in mainly tetrahedral form. It also 

ensured very small Au particles, which are most active for this reaction.     

2.3.2 Catalytic Activity and Kinetic measurements 

Figure 2.1(a) shows the rate of production of PO and water for Au(0.1)/Ti(1)-

SiO2 at 473 K with total time on stream 300 min (5 h). It can be seen that the amount of 

water formed is much higher than PO, which means that water is not just produced as 

a side product with PO, but also from other side reactions. It can also be observed that 

both for PO and water, the rates are quite stable and there is no significant deactivation 

observed during each run. The rate of each catalytic cycle is calculated as the average 

of rates between time interval 150 min to 300 min. At this condition, rPO ~ 100 gPO.kgcat-

1.hr-1, selectivity ~ 90% and H2 efficiency ~14.5%. 

Figure 2.1 (a) Time-on-stream formation rates and (b) Arrhenius plot of PO and water over 

Au(0.1)/Ti(1)-SiO2 catalyst at 473K, H2/O2/C3H6/He=1:1:1:7, GHSV = 10,000 mL gcat-1 h-1. 

 

Figure 2.1 (b) gives the Arrhenius plot from which we get the apparent 

activation energy of PO and water. The temperature range studied was 398-543 K. It is 

observed that as the temperature is increased, the rate of water formation increases 

and we calculate an apparent activation energy of, Eaobserved = 39 kJ/mol for water.  For 

Au-Ba-/Ti-TUD this value was reported as 51 kJ/mol [11], while for direct water 

formation studied by Barton and Podkolzin [13] for Au on silica, silicalite-1 and TS-1, 
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the apparent activation energy ranged from 37-41 kJ/mol and those studied by Nijhuis 

and Weckhuysen [14] for Au on TiO2, Silicalite-1 and silica was 42-52 kJ/mol. So this 

value obtained for water formation is reasonable considering the previous studies. 

For PO, as temperature is increased from 398 K, the rate increases until 513 K, 

after which the rate decreases due to loss in selectivity to PO and higher formation of 

side products: acrolein, acetone, propanal, acetaldehyde and CO2. Hence the Arrhenius 

plot gives a straight line with a positive slope, in this regime. For PO in the other regime 

(398-513 K), Ea, observed = 35 kJ/mol, which is in agreement with previous studies where 

values of 35-43 kJ/mol were reported [10, 11]. From our study, it is clear that the 

apparent activation energy for water and PO are quite similar, which indicates that both 

these mechanisms are energetically similar and may have a common rate determining 

step (RDS). This common step can be the formation of HOOH* on all Au active sites. The 

HOOH* formed on Au sites near Ti form water and PO while those formed on other Au 

sites dissociate to form more water (hydrogen oxidation).  From this plot, it is also clear 

that the optimum temperature of operation is 473-493 K, as at this condition all 

parameters like rPO, rH2O, selectivity and H2 efficiency reach optimum values. So the 

kinetic study was carried out at 200 ºC/473 K.  

Kinetic data for water and PO formation was collected at 42 different 

conditions (Appendix A). While the conventional method of keeping two reactant 

concentrations constant while varying the other two was followed, data was also 

collected keeping one reactant concentration constant and varying the other two and 

also by varying all three reactant concentrations. Hence a data set of experiments over 

the largest possible concentration range was collected keeping the mixture always in 

the non-explosive regime. Figures 2.2(a) and (b) show the rate of PO and water 

formation with change in reactant concentration. One reactant concentration is varied 

while the other two are kept constant at 10 vol% each. It can be seen that at these 

concentrations, the rate of PO production is dependent on all three reactants. On the 

contrary, in case of water formation, propene has a negative order; as the propene 

concentration increases, there is suppression in water formation. This has been 

observed in our studies before and can be explained by the observation that propene 

strongly interacts with Au by electron donation [22, 23]. So as the concentration of 
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propene increases, this interaction becomes more prominent. On sites that are isolated 

Au, due to this interaction, the total HOOH* formed goes down and ultimately the water 

formation too. On Au sites near Ti, most of the HOOH* species formed are consumed 

steadily by propene since it is present at a higher concentration, thus producing PO and 

the formation of water from dissociation of HOOH* is suppressed.  It is apparent from 

this study that operating at a high propene concentration is ideal as it leads to higher 

PO formation and also leads to higher H2 efficiency (due to lower water formation). It 

can also be inferred that one of the rate-determining steps (RDS) contains both H2 and 

O2 and a subsequent RDS (which eventually leads to PO formation) also contains C3H6.  

Another interesting trend that emerges is that the H2 dependency of PO and 

that of water are somewhat different. In case of water formation, this dependency is 

quite linear and if one assumes a L-H type of expression to explain the kinetics, then it 

can be said that the numerator would have a PH2 term while the term, KH2.PH2 0, which 

appears in the denominator. Physically, it can be interpreted as H2 on some sites are 

very weakly adsorbed. We know that propene strongly adsorbs on gold by π back-

bonding [22-23].  It can be assumed that H2 and propene adsorb competitively on Au 

sites. On sites that are near Ti, the active intermediate Ti-HOOH takes up this propene 

to form PO; on isolated Au sites this propene remains adsorbed, which in turn lowers 

the adsorption rate of H2 on these sites. This also explains why propene has a negative 

order for water formation. Not only does it consume the Ti-HOOH more efficiently to 

form more PO on Au sites near Ti as explained earlier, but on sites that are isolated it 

competitively adsorbs with H2 thus reducing the water formation on those sites as well. 

This assumption is verified by the fact that we do not see the same linear trend for 

hydrogen in case of direct water formation using H2 and O2 because in that case there is 

no propene present in the reaction feed to adsorb competitively with H2. All these 

features are taken into account while arriving at the kinetic model, which will be 

described in the next section. 
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Figure 2.2 Dependence of the concentration of the reactants on the rate of formation 

of (a) PO and (b) water over Au(0.1)/Ti(1)-SiO2 at 473K and GHSV 10000 mL gcat-1 h-1; The 

concentration of one of the reactants is varied while the other two are maintained constant at 

10 vol% each. 

 

2.3.3 Mechanism proposed and kinetic model 

In our previous work [16], a range of Au-Ti loaded catalysts was studied and it 

was observed that as the Au loading was increased while keeping the Ti loading 

constant, it led to an increase in water formation, while PO formation was comparable. 

As the Au loading is larger, while particle size is constant in both catalysts, the number 

of isolated Au sites is more in case of the higher Au loaded catalyst and it can be assumed 

that the extra water in this catalyst was formed on these isolated sites. To verify this for 

our catalytic system, a similar study with different Au-Ti loaded catalysts was done and 

the same trends were observed, thus supporting our claim of the importance of isolated 

Au nanoparticles as sites of water formation (Appendix A). 

Based on all the above observations, we propose a mechanism for both PO and water 

formation: 

(1) There are two kinds of Au sites, those that are adjacent to Ti4+ sites and other sites 

which are away from Ti4+ and are basically Au/SiO2. 

(2) The reactive intermediate formed on both these Au sites is HOOH* as widely 

accepted and observed in previous studies [24, 25].  
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(3) On Au sites which are isolated (like Au/SiO2), this intermediate dissociates to form 

water as also reported by Barton and Podkolzin [13] and Nijhuis and Weckhuysen 

[14]. The sequence of reactions on these sites is shown in Scheme 2.1(a). It 

assumes a two-site mechanism for H2 and O2. H2 adsorbs dissociatively to form 

2H∎, which then reacts with the adsorbed O2* to form the reactive intermediate, 

HOOH∎; this is also the RDS. This HOOH∎ then decomposes to two OH∎ groups, 

one of which reacts with a dissociated H∎ to form water on the surface, H2O∎. 

This water then desorbs from the surface. The adsorption of propene on these Au 

sites is also considered. The rate expression derived from these reactions is shown 

in E2.1, which has the same form as Nijhuis and Weckhuysen [14]. To check the 

validity of this expression, a set of kinetic data was collected for hydrogen 

oxidation on the same catalyst. As propene is not present in this case, all the water 

should be formed following this mechanism. This model was able to describe 

satisfactorily the water formation; the results are given in the subsequent sections.  

𝒓𝑯𝟐𝑶,𝒊𝒔𝒐 =
𝒌𝑯𝑶𝑶𝑯𝑲𝑶𝟐𝑲𝑯𝟐𝑷𝑯𝟐𝑷𝑶𝟐

(𝟏+𝑲𝑶𝟐𝑷𝑶𝟐)(𝟏+𝑲𝑾𝑷𝑾+𝑲𝑪𝟑𝑷𝑪𝟑𝑯𝟔+√𝑲𝑯𝟐𝑷𝑯𝟐)
𝟐           (E2.1) 

 

Scheme 2.1(a): Proposed reaction mechanism for water formation at isolated Au sites  
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Scheme 2.1(b): Proposed reaction mechanism Au sites near Ti sites for PO and water 

formation 

 

(4) On the sites that are near Ti (∆), the HOOH∎ intermediate can have two fates - 

Part of it spills over to Ti site and then reacts with adsorbed C3H6 to subsequently 

form PO and water as also proposed by many studies [10, 11, 26]. The other part 

can also be dissociated to form water in the mechanism similar to water formed as 

described in point (3). Hence, total water is formed by three routes. The series of 

reactions near Ti are shown in Scheme 2.1(b). It follows the same route as Scheme 

2.1(a) till HOOH∎ is formed, with rate rHOOH. Then this HOOH∎ splits into two parts 

- Part of it spills over to nearby Ti site (HOOH∆) and reacts with adsorbed C3H6. 

This new intermediate (C3H6HOOH∆ ) then dissociates to form PO and water, 

which is another RDS, rPO. The other part decomposes to form more water, 

following the same reaction path as water formed on isolated Au sites. Here the 

dissociation of HOOH∎ is considered as another RDS, rD. Mathematically, the 

above can be expressed as E2.2. 

𝒓𝑯𝑶𝑶𝑯 = 𝒓𝑫 + 𝒓𝑷𝑶                     (E2.2) 

Writing the equilibrium relations, site balances and making some assumptions, the 

expression for rPO and rD can be expressed as: 



Chapter 2  Kinetic Study of Propene Oxide and Water on Au/Ti-SiO2 catalyst  

  

41 
 

𝒓𝑷𝑶 =
𝒌𝑯𝑶𝑶𝑯
 𝑲𝑶𝟐

 𝑲𝑯𝟐
′ 𝑷𝑯𝟐𝑷𝑶𝟐

(𝟏+𝑲𝑶𝟐
 𝑷𝑶𝟐){(𝟏+𝑲𝑾

 𝑷𝑾+𝑲𝑪𝟑𝑷𝑪𝟑𝑯𝟔+√𝑲𝑯𝟐
′ 𝑷𝑯𝟐)

𝟐

+
𝒌𝑫

𝒌𝑷𝑶𝑲𝑪𝟑𝑯𝟔𝑲𝑪𝟑𝑲𝑯𝑶𝑶𝑯𝑷𝑪𝟑𝑯𝟔
}

             (E2.3) 

𝒓𝑫 =
𝒌𝑯𝑶𝑶𝑯
 𝑲𝑶𝟐

 𝑲𝑯𝟐
′ 𝑷𝑯𝟐𝑷𝑶𝟐

(𝟏+𝑲𝑶𝟐
 𝑷𝑶𝟐)(𝟏+𝑲𝑾

 𝑷𝑾+𝑲𝑪𝟑𝑷𝑪𝟑𝑯𝟔+√𝑲𝑯𝟐
′ 𝑷𝑯𝟐)

𝟐

{𝟏+
𝑷𝑪𝟑𝑯𝟔𝒌𝑷𝑶𝑲𝑪𝟑𝑯𝟔𝑲𝑪𝟑𝑲𝑯𝑶𝑶𝑯

𝒌𝑫
(𝟏+𝑲𝑾

 𝑷𝑾+√𝑲𝑯𝟐
′ 𝑷𝑯𝟐)

𝟐

}

         (E2.4) 

To get the net rate of water formation, the stoichiometric coefficients need to 

be multiplied with the rates derived above. In case of water formation directly by HOOH 

dissociation, at both isolated Au sites as well as Au sites near Ti, it is clear from the 

reaction scheme that each HOOH molecule dissociates to form 2 molecules of water. So 

the rates E2.1 and E2.4 need to be multiplied by 2. On the other hand, where PO is 

formed, one molecule of HOOH reacts with propene to give one molecule each of PO and 

water. Hence the stoichiometric coefficient to be multiplied with E3 is 1. Considering 

this reaction stoichiometry the total amount of water formed is given by: 

𝒓𝑯𝟐𝑶,𝑻𝒐𝒕𝒂𝒍 = 𝟐. (𝑬𝟐. 𝟏) + 𝑬𝟐. 𝟑 + 𝟐. (𝑬𝟐. 𝟒)                                                                                       (E2.5) 

The list of assumptions and detailed derivation is provided in the Supplementary 

Information (Appendix A). 

2.3.4 Model fitting 

Only water formation 

For checking the validity of the mechanism, first only water formation was studied 

on the same catalyst. For this, kinetic data was collected varying the H2 and O2 

concentrations from 2-6 vol% each and always making sure the mixture was in the non-

explosive regime. The maximum concentration used was O2: H2: He = 6: 6: 88. Thus a 

range of data points was collected and fitted with the equation derived earlier (E2.1). 

The parity plot is shown in Figure 2.3, from which it is clear that the model successfully 

describes the water formation due to hydrogen oxidation and thus serves as a strong 

basis for our model for simultaneous PO and water formation. The parameters with 

95% confidence intervals are provided in Table 2.1. The mechanism predicts orders of 

0-1 in both H2 and O2 which is in agreement with the fractional orders found in 

literature [13, 14]. 
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Figure 2.3 Parity plot for experimental observations and kinetic expression for water 

formation due to hydrogen oxidation over Au(0.1)/Ti(1)-SiO2 at 473 K. GHSV = 10,000 mL gcat-1 

h-1, H2 = 2-6vol%, O2=2-6vol%. 

 

Table 2.1: Estimated parameters for hydrogen oxidation 

Parameter Description, unit Value 95% confidence 

interval 

K1 𝑘𝐻𝑂𝑂𝐻𝐾𝑂2𝐾𝐻2, mol.(gcat.sec.bar2)-1 8.27 ·10-03      ±3.65 ·10-03      

K2 𝐾𝑊 , bar-1 0.00 - 

K3 √𝐾𝐻2 , bar-1/2 1.99 ±0.898   

K4 𝐾𝑂2, bar-1 50.60      ±17.10 

From the parameter values it can be seen that the adsorption constant for 

water is zero, which means that at these conditions the water formed adsorbs so weakly 

that its adsorption coefficient is statistically insignificant according to the parameter 

estimation method employed. To verify this, multiple sets of experiments were 

conducted by passing small amounts of water vapor in the range of ~1.2 – 2.5 vol % 

along with the standard reaction mixture. It was found that this did not have significant 

effect on either the water or the PO formation. Similar observations were obtained by 

Barton and Podkolzin [13], where they did not find any influence of water (2.9-2.97 

vol%) on the activity of their catalysts for water formation at 433 K. Bravo-Suarez et al 

[12] found that propene conversion was unchanged when water vapor (3.2%) was 

introduced at 423 K. Contrary to these findings, Nijhuis and Weckhuysen [14] found a 
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strong inhibition of water (1 vol%) on the overall activity for hydrogen oxidation at 353 

K. This can be easily explained by the van’t Hoff expression, which states that the 

adsorption constant becomes lower at higher temperatures and vice versa; as their 

study was performed at a relatively low temperature (353 K) the adsorption of water 

was quite significant unlike in our current study. In our case, the relatively high 

temperature of 473 K at which the kinetic experiments were carried out, ensures that 

both products (PO and water) desorb and leave the catalyst surface quite easily. So it is 

reasonable that 𝑲𝑾 comes out to be 0. 

Simultaneous fitting for PO and water formation 

In this analysis differential conditions are assumed, that is, the concentrations 

of all species are assumed to be constant through the length of the reactor. This 

assumption is reasonable as the conversions are quite low (<10% for propene) and bed 

length is small, ~1cm. The equations derived before are written in terms of lumped 

parameters (K1, K2 … K8) and are represented as: 

𝒓𝑷𝑶 =
𝑲𝟏𝑷𝑯𝟐𝑷𝑶𝟐

(𝟏+𝑲𝟒𝑷𝑶𝟐){(𝟏+𝑲𝟐𝑷𝑾+𝑲𝟖𝑷𝑪𝟑𝑯𝟔+𝑲𝟑√𝑷𝑯𝟐)
𝟐
+

𝑲𝟓
𝑷𝑪𝟑𝑯𝟔

}
                (E2.6) 

𝒓𝑫 =
𝑲𝟏𝑷𝑯𝟐𝑷𝑶𝟐

(𝟏+𝑲𝟒𝑷𝑶𝟐)(𝟏+𝑲𝟐𝑷𝑾+𝑲𝟖𝑷𝑪𝟑𝑯𝟔+𝑲𝟑√𝑷𝑯𝟐)
𝟐
{𝟏+

𝑷𝑪𝟑𝑯𝟔
𝑲𝟓

(𝟏+𝑲𝟐𝑷𝑾+𝑲𝟑√𝑷𝑯𝟐)
𝟐
}

             (E2.7) 

𝒓𝑯𝟐𝑶,𝒊𝒔𝒐 =
𝑲𝟔𝑷𝑯𝟐𝑷𝑶𝟐

(𝟏+𝑲𝟒𝑷𝑶𝟐)(𝟏+𝑲𝟐𝑷𝑾+𝑲𝟖𝑷𝑪𝟑𝑯𝟔+𝑲𝟕√𝑷𝑯𝟐)
𝟐            (E2.8) 

Again, total water is given by: 

𝒓𝑯𝟐𝑶,𝒕𝒐𝒕𝒂𝒍= (E2.6) + 2.(E2.7) + (E2.9)                              (E2.9) 

This yields a two-equation system with eight shared parameters. Figures 2.4 (a) and (b) 

give the parity plots for PO and water, respectively. The meaning of the parameters and 

their estimated values with 95% confidence intervals are shown in Table 2.2.   
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Figure 2.4 Parity plot for experimental observations and kinetic expression for (a) PO and (b) 

water over Au(0.1)/Ti(1)-SiO2 at 473 K. GHSV= 10,000 mL gcat-1 h-1, H2 = 2-12 vol %, O2 = 2-10  

vol% and C3H6=2-40 vol%; also shown are the respective % residual plots for both PO and 

water. 

 

The parity plots of Figure 2.4 clearly show that the model was able to predict 

the experimental values well. Moreover, the plot of the residuals is well scattered and 

shows no trend in either PO or water. Figures 2.5, 2.6 and 2.7 show the comparison of 

modeled results with the experimental data, as one of the reactants is varied keeping 

the other two constant at 10 vol % each. 
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Table 2.2: Estimated parameters for simultaneous fitting of water and PO rates 

Parameter Description, unit Value 95% confidence 

interval 

K1 𝑘𝐻𝑂𝑂𝐻
 𝐾𝑂2

 𝐾𝐻2
′   , mol.(gcat.sec.bar2)-1 2.99 ·10-03      ±2.77·10-03         

K2 𝐾𝑊 , bar-1 0  

K3 √𝐾𝐻2
′ ,  bar-1/2 7.11 ±4.62 

K4 𝐾𝑂2, bar-1 27.0 ±7.03    

K5 𝑘𝐷

𝑘𝑃𝑂𝐾𝐶3𝐻6𝐾𝐶3𝐾𝐻𝑂𝑂𝐻 
, bar 0.665 ±0.592     

K6 2. 𝑘𝐻𝑂𝑂𝐻
 𝐾𝑂2𝐾𝐻2

 , mol.(gcat.sec.bar2)-1 7.62·10-04 ± 1.385·10-04 

K7 √𝐾𝐻2
 , bar-1/2 0  

K8 𝐾𝐶3, bar-1 0.396 ±0.194 

From Table 2.2, the estimated values of all parameters and their 95% 

confidence interval values show that the estimated parameters are realistic and 

significant. To test the robustness of the model, different random values were given as 

initial estimates for the parameters. Either the program converged to give similar (in 

the same order of magnitude) set of values for all parameters, or did not converge at all. 

In this way it was ensured that a unique set of values for all parameters was estimated 

and no duplicate set exists for which this model may also be valid. The correlation 

matrix revealed that parameter K5 was strongly correlated with parameter K3 

(correlation factor >0.9), and was found to be slightly more sensitive to the initial 

estimates provided. The other parameters, like adsorption terms for H2, O2 and 

propene, were found to be not strongly correlated to each other. 
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Figure 2.5 Modeled and experimental values of rate of formation of PO (a) and water (b) 

formation as the concentration of H2 is varied keeping other two reactants at 10 vol % each. 

Figure 2.6 Modeled and experimental values of rate of formation of PO (a) and water (b) 

formation as the concentration of O2 is varied keeping other two reactants at 10 vol % each. 

Figure 2.7 Modeled and experimental values of rate of formation of PO (a) and water (b) 

formation as the concentration of C3H6 is varied keeping the other two reactants at 10 vol % 

each. 
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From the values of the parameters, it can be observed that K2, which represents 

the adsorption term for water, again goes to zero as observed before. The other term 

that is predicted to be zero is K7 or the adsorption constant for H2 at isolated gold sites. 

This is not physically possible as that would make the numerator zero and hence the 

entire water formation term at isolated sites. This can be interpreted as the 

term 𝑲𝟕√𝑷𝑯𝟐 << 1, where the actual value of 𝑲𝑯𝟐√𝑷𝑯𝟐 is statistically insignificant and 

lower than the accuracy set for parameter estimation. Physically, it indicates that the 

adsorption of H2 on these Au sites is much lower compared to that of propene. To 

validate if the obtained adsorption constants are realistic, their values were compared 

with those obtained in literature for similar type of catalysts. This comparison is given 

in Table 2.3. 

Table 2.3: Free energy values for adsorption of O2 and dissociative adsorption of H2 estimated 

from this study and previous work 

Reaction  ∆𝑮𝑶𝟐,𝑨𝒅𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏 

(𝑶𝟐 +  ∗  ↔  𝑶𝟐 ∗) 

∆𝑮𝑯𝟐,𝒅𝒊𝒔𝒔𝒐𝒄𝒊𝒂𝒕𝒊𝒐𝒏  

(𝑯𝟐 +  𝟐∎ ↔  𝟐𝑯∎) 

Reference 

H2 Oxidation -15.43 -5.4 This work 

 - 12.67 -4.7 [14] 

 -40 -29 [13] 

Propylene 

epoxidation 

-12.96 -15.42 This work 

 -2.2 to – 13.33* -2.4 to -10.7 [12] 

*Different models gave different values, hence a range of values is reported in the table 

It is clear from the table that the obtained values are in the same order of 

magnitude as in literature and are in close agreement to those obtained in [12] and [14]. 

The free energies obtained in [13] are somewhat higher and a probable reason could 

be the wide distribution of the Au particle size (with some particles greater than 10 nm 

in size) of the catalysts used in this study. On the contrary, the other two studies report 

a narrow size distribution with average particle size of 0.9 nm [12] and 4 nm [14], which 

matches more closely to the observed particle size of 1.6 nm used in this study.  
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To verify if the model could describe the product formation for other Au-Ti 

catalysts, and to check the practicality of the constants obtained, the same model was 

fitted to the set of kinetic data obtained on a different catalyst, Au(0.2)/Ti(1)-SiO2 (0.2 

wt % Au content). This set of data was collected at two different temperatures, 423 K 

and 473 K, at different concentrations of reactants. The corresponding estimated 

parameters and their comparison with the previous catalyst are shown in Table 2.4. 

Table 2.4: Comparison of parameters obtained from fitting kinetic data for (a) Au(0.1)/Ti(1)-

SiO2 and (b) Au(0.2)/Ti(1)-SiO2  

Parameters Description, unit Au(0.1)/Ti(1)-

SiO2 (Values 

reported in Table 

2.2) 

Au(0.2)/Ti(1)-SiO2 

  473 K 473 K 423 K 

K1 𝑘𝐻𝑂𝑂𝐻
 𝐾𝑂2

 𝐾𝐻2
′   , 

mol.(gcat.sec.bar2)-1 

2.99·10 -03  

[kHOOH = 2.2·10 -6] 

2.48·10 -03  

[kHOOH = 2.6·10 -6] 

1.48·10  -03 

 

K2 𝐾𝑊 , bar-1 0 0 0 

K3 √𝐾𝐻2
′ ,  bar-1/2 7.11 4.87 7.03 

K4 𝐾𝑂2,  bar-1 27.0 39.26 65.1 

K5 𝑘𝐷

𝑘𝑃𝑂𝐾𝐶3𝐻6𝐾𝐶3𝐾𝐻𝑂𝑂𝐻 
, bar 0.665  0.385  

0.322 

K6 2. 𝑘𝐻𝑂𝑂𝐻
 𝐾𝑂2𝐾𝐻2

 , 

mol.(gcat.sec.bar2)-1 

7.62·10 -04 8.0·10 -04  

2.52·10 -04 

K7 √𝐾𝐻2
 , bar-1/2 0 0 0 

K8 𝐾𝐶3, bar-1 0.396 0.576 0.714 

R2 - 0.98 0.99 0.99 

It can be observed that the model was able to successfully describe the 

performance of this catalyst as well. Also the predicted adsorption and equilibrium 

constants were of the same order of magnitude as those obtained for Au(0.1)/Ti(1)-

SiO2. This data was further utilized to find the enthalpy of adsorption of the three 
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reactants and the corresponding entropy, to see if the estimated parameters fulfil the 

thermodynamic criterion. For each reactant gas, it was found that  −∆𝐻𝑎𝑑𝑠 > 0  and  0 

< −∆𝑆𝑎𝑑 < ∆𝑆𝑔 , (Appendix A) thus fulfilling the criteria to evaluate adsorption 

constants obtained as fitting parameters in an L-H type rate expression [27]. 

These observations, that is, agreement of obtained parameters with literature 

value, validity of the model on a different catalyst and agreement with thermodynamic 

expectations lay a strong basis for the reliability of the proposed model and the 

corresponding rate expressions. From the obtained parameters, the rate expression for 

PO can now be simplified as: 

𝒓𝑷𝑶~ 
𝑲𝟏𝑷𝑯𝟐𝑷𝑶𝟐𝑷𝑪𝟑𝑯𝟔

(𝟏+𝑲𝟒𝑷𝑶𝟐){𝑷𝑪𝟑𝑯𝟔∗(𝟏+𝑲𝟑√𝑷𝑯𝟐)
𝟐
+𝑲𝟓}

  (putting K2 = 0, 𝐾8𝑃𝐶3𝐻6 < 1)           (E2.10) 

The equation clearly predicts fractional orders of all three reactants, which is in 

agreement with literature [10-12]. It can be seen that the dependence of H2O formation 

on H2 is almost linear, and the order in C3H6 at all concentrations is negative, so the 

expression for water formation can be simplified to: 

𝒓𝑯𝟐𝑶,𝒕𝒐𝒕𝒂𝒍 ~ 
𝜶𝑷𝑯𝟐𝑷𝑶𝟐

(𝟏+𝑲𝑶𝟐𝑷𝑶𝟐)𝑷𝑪𝟑𝑯𝟔
𝜸 , where |𝜸| > 1         (E2.11) 

This too agrees with power law expectations of being ~1st order in H2, negative order 

in propene and 0-1 order in O2. 

The model also gives more insight on the water formation through the various 

routes described before and how the variation of each reactant influences these routes. 

This is shown in Figure 2.8 (a), (b), (c) where the water formed through the different 

routes is shown with the variation in concentration of each reactant. From Figure 2.8(a) 

it can be seen that as the hydrogen concentration increases the water formed with PO 

and that at isolated sites also increases, but the water formed from dissociation reaches 

saturation after ~ 5 vol %. This means that after a certain concentration of H2, the water 

formed from dissociation, rD becomes constant. This can be explained by the fact that 

to dissociate HOOH∎ into two OH∎ a free active site (∎) is required. But as the H2 

concentration increases, these sites are used to form more 2H∎. So the HOOH∎ finds it 



Chapter 2  Kinetic Study of Propene Oxide and Water on Au/Ti-SiO2 catalyst  

  

50 
 

easier to spill over to neighboring Ti(∆) sites to take the PO formation route than to 

form water by dissociation. 

 

Figure 2.8 Rate of water formed as described by the kinetic model showing contributions from 

all three routes and also the total water formed as concentrations of reactants (a) H2, (b) O2 and 

(c) C3H6 are varied, keeping the other two reactants constant at 10 vol% each. 

Figure 2.8(b) shows that as the O2 concentration increases, the amount of 

water formed from all three routes also increases and their relative contribution to total 

water formation remains constant. This is expected as in all the water formation terms 

the dependence on the O2 concentration is identical, ~ PO2/(1+KO2.PO2). From Figure 2.8 

(c) it is clear how propene influences the water formation through all three routes and 

how the increase in propene concentration results in suppressing the total water 

formation. The main reason for this is the staggering decrease in the dissociation of 

HOOH∎ that is the rD term, as the propene concentration is increased. It also leads to a 

decrease in water formed at isolated Au sites, but its influence on rD is the main reason 

why the H2 efficiency increases at higher concentrations of propene. 
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Lastly, the model also enables the prediction of the percentage of isolated sites 

using the following equation: 

𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝐴𝑢 𝑠𝑖𝑡𝑒𝑠 𝑜𝑛 𝑡ℎ𝑒 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (%) =
𝑟𝐻2𝑂,𝐼𝑠𝑜

𝑟𝐻2𝑂,𝑡𝑜𝑡𝑎𝑙
∗ 100                        (E2.12) 

For the catalyst studied here (Au(0.1)/Ti(1)-SiO2), the percentage of isolated Au sites 

came out to be 65%. This means that even in this highly active catalyst, only 35% of the 

Au particles are in the vicinity of Ti and are effective in producing PO. This study shows 

that more active and efficient Au-Ti catalysts for direct propene epoxidation can be 

obtained by lowering the number of isolated Au sites to ensure more Au-Ti interface, 

which will not only enable higher PO formation rates but will reduce excessive water 

formation drastically. 

 

2.4 Conclusions 

The reaction mechanism of PO and water formation in the direct epoxidation 

of propene was studied over the highly active and stable Au/TiSiO2 catalytic system. A 

kinetic analysis yielded the concentration dependences of reactants and activation 

energies for PO and water were found to be 35 kJ/mol and 39 kJ/mol respectively. 

Based on these observations, a reaction mechanism was developed that explains the 

formation of both the products: water is proposed to be formed at isolated Au sites by 

hydrogen oxidation and also at Au sites near Ti4+, while PO is formed only at Au sites 

near Ti4+. In both cases, the hydroperoxide species is an active intermediate. The 

reaction proceeds through a two-site mechanism – one site where O2 adsorbs and the 

other where H2 and propene adsorb competitively. The proposed reaction pathway 

could successfully describe the experimental observations, hence providing a reliable 

model for understanding and quantifying this complex reaction. The importance of Au-

Ti synergy for lowering excessive water formation was revealed in the study. These 

insights can be seen as a step forward towards developing better catalysts with higher 

H2 efficiencies for the direct epoxidation of propene. 

Supporting Information for this chapter can be found in Appendix A. 
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Abstract 

The role of the reducing gas in the direct epoxidation of propene to propene 

oxide (PO) using O2 over Au/TiO2 catalyst was studied by experiments and density 

functional theory calculations. It was found that PO can be obtained using both H2 and 

CO as co-reactant. The yield of PO was much lower with CO than with H2. The role of 

oxygen atoms of the titania support was investigated by quantum-chemical 

investigations, which show that the mechanism involving CO as co-reactant should 

proceed via surface oxygen vacancies, whereas with H2 the well accepted pathway 

involving OOH is favored. Steady-state isotopic transient kinetic analysis experiments 

demonstrate that support oxygen atoms are involved in PO formation when CO is used 

as the co-reactant. 

 

Epoxidation of propene using Au/TiO2: on 

the difference between H2 and CO as co-

reactant 3 
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3.1 Introduction 

Propene oxide (PO) is an important bulk chemical intermediate, which finds 

application in the production of a wide range of commercial commodities [1]. Demand 

for PO is steadily growing. Unlike its homologue ethylene oxide, PO cannot be obtained 

directly by oxidation of the olefin with oxygen. Accordingly, alternative approaches 

have been developed for producing this valuable compound. Several of these processes 

are carried out at industrial scale, despite some shortcomings such as the production of 

hazardous wastes (Chlorohydrin process), the dependence on the economics of a co-

product (SMPO and MTBE/PO processes), the requirement of multiple processing steps 

(Chlorohydrin, SMPO, HPPO, cumene recycling process) and the use of an expensive 

reactant (HPPO process). Therefore, the one-step synthesis of  PO directly from 

propene and O2, remains the most coveted route [2]. 

Despite the development of several catalysts for direct epoxidation of propene, 

reported conversions and selectivities are poor [3]. One of the most promising 

approaches is to use gold nanoparticle catalysts in combination with Ti, either in the 

form of titania or as isolated Ti species dispersed on silica, in combination with a 

sacrificial reducing gas such as H2 [4]. The use of a reducing co-reactant has been found 

to be indispensable for obtaining reasonable conversion of propene (5-10%), while 

maintaining high PO selectivity (>85%). Since this discovery by Haruta et al [4], 

significant research efforts have been made to improve the catalyst systems. Some 

examples of active catalysts are gold dispersed on TS-1, Ti-SiO2, Ti-MCM-41 and Ti-SBA-

15 [5-10]. An inherent drawback of this approach is the formation of excessive amount 

of water by oxidation of hydrogen. Overall, the low H2 efficiency constitutes a major 

economic hurdle. It has been reported that water can replace hydrogen, although 

propene conversion and PO selectivity then become very low [11-12]. 

It is generally assumed that propene oxidation takes place at the interface 

between Au nanoparticles and Ti sites. Radical ·OOH (hydroperoxo) species formed on 

gold by the interaction of O2 and H species are thought to be the oxidizing species that 

convert propene to PO [13] . Theoretical studies have contributed to this discussion by 

exploring different reaction pathways and reaction intermediates. Quantum-chemical 

calculations performed by Molina et al [14] used a one-dimensional gold rod on an 
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anatase-TiO2 (101) slab to model Au/TiO2. This study indicated that propene can be 

adsorbed with one end at the titania surface and with the other on Au. Reactive ·OOH 

radicals were argued to be essential in converting propene to a metallacycle C3H6O 

intermediate. A theoretical study of Delgass and co-workers on Au/TS-1 emphasized 

the role of gold clusters in forming H2O2 and role of Ti defect sites to react with propene 

and H2O2 to form the desired product [15]. In a later work, the influence of Au-Ti 

proximity on the reaction mechanism was studied. Based on the finding that formation 

of Ti-OOH on a Au3/Ti-defect site model was unfavorable, a concerted mechanism was 

proposed in which propene is adsorbed on the Au-Ti interface rather than on a Ti site 

[16]. Haruta et al [17] proposed that electron transfer from Au to TiO2 may lead to the 

formation of Ti3+-O-Au+ species. These Ti3+ surface sites can activate molecular oxygen 

with subsequent formation of a hydroperoxo species, which reacts with propene 

adsorbed on Au to obtain PO. Summarizing, although the exact mechanism remains 

debated, it is clear that ·OOH radicals and the Au-Ti interface play significant roles in 

the pathway towards PO formation. 

A recent study by Sobolev and co-workers demonstrated that PO can also be 

formed when H2 is replaced by CO, using an Au/TiO2 catalyst[18]. Replacing H2 with CO, 

also has the advantage of switching off propane formation [19], which is an undesirable 

side reaction observed in several studies of hydro-epoxidation [8][19-20]. These 

authors proposed that the reaction propagates via an oxygen vacancy formation on the 

titania support. They also argued that this mechanism may also be operative in the 

propene/oxygen/hydrogen case, which is in discord with the well-accepted mechanism 

involving surface hydrogen peroxide/hydroperoxo (HOOH/·OOH) species 

[18][21].This discrepancy gives rise to a number of important research questions that 

have not been addressed yet, namely: (a) what is the role of support oxygen atoms in 

the epoxidation of propene, (b) can one indeed replace H2 with other reducing gases 

such as CO, and if so (c) what is the underlying mechanism and what role does the 

support play in such a mechanism. Earlier investigations on the role of the support 

oxygen atoms in propene epoxidation were inconclusive [22]. 

In this chapter, we compare the direct epoxidation of propene using Au/TiO2 

catalyst in the presence of H2 or CO as co-reactants. Steady state isotopic transient 
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kinetic analysis (SSITKA) was employed to determine the role of support oxygen atoms. 

The experimental part of this study was complemented by density functional theory 

(DFT) calculations of the reaction mechanism using a model consisting of a small Au 

cluster supported on titania. The catalytic activity measurements show that the PO yield 

with CO as co-reactant is much lower than that obtained using H2 as co-reactant. Similar 

observations were made for other catalyst compositions and at different reaction 

conditions. The DFT calculations explain this difference by identifying different 

favorable routes for the formation of PO with CO and H2. Significantly, these data show 

that O atoms of titania are involved in the catalytic cycle, a prediction corroborated by 

SSITKA experiments. The combined experimental and theoretical data provide new 

insight about the role of the co-reactant in the selective oxidation of propene to PO.  

 

3.2 Experimental 

3.2.1 Catalyst Preparation 

Au/TiO2 was prepared by two different preparation methods. A catalyst 

denoted as Au/TiO2-NM was prepared by deposition-precipitation of Au on titania, as 

outlined in Chapter-2. In this work, TiO2 (Degussa P-25) was employed as the support 

and a target Au loading of 1 wt% was used. Another catalyst, denoted as Au/TiO2-SM, 

was made as outlined by Sobolev and Koltunov [18,21]. In this synthesis, a gold 

precursor solution was made by dissolving 71 µl of HAuCl4 (Aldrich, 17 wt % Au) in 100 

ml of demineralized water and heated to 343 K. Then, 1 g TiO2 (Degussa P-25) was 

added to the solution and stirring was continued for 1 h. After collecting the solid by 

centrifugation, it was suspended in 50 ml of NH4OH (4M) and stirred at 343 K for 1 h. 

The suspension was then filtered and washed with 100 ml demineralized water. 

Calcination was carried out in static air at 353 K for 10 h, followed by 573 K for 4 h. The 

catalyst had a similar appearance as Au/TiO2-NM, but was slightly lighter in color 

suggestive of a lower Au uptake. The catalyst Au/Ti-SiO2 was made in the same way as 

outlined in Chapter 2. 
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3.2.2 Catalyst Characterization 

Transmission Electron Microscopy (TEM) was used to determine the size 

distribution of the Au particles in both catalysts. TEM images were recorded by using a 

FEI Tecnai G2 Sphera transmission electron microscope at an acceleration voltage of 

200 kV. Sample preparation involved sonication of the finely ground catalyst in ethanol 

and applying a few drops of the suspension onto a TEM grid. The size distribution was 

determined by counting all visible gold particles from approximately 20 images (at least 

150 gold particles in total). The gold loading in the catalysts was analyzed by inductively 

coupled plasma optical emission spectroscopy (ICP-OES) in a SpectroCiros CCD 

spectrometer. First, aqua regia was added to the samples and then this mixture was 

heated under stirring for 30 min. The solutions were cooled and then dilute HF (1:15 

by volume in water) was added, followed by filtration. 

3.2.3 Kinetic Measurements and Model fitting 

Catalytic activity measurements were performed in a flow set-up as described 

in Chapetr 2. A typical reaction cycle was 2 h long with a regeneration step in between 

at 573 K with 10 vol% O2 in He for 1 h. In a typical test, 150 mg of catalyst was loaded 

into the reactor, and the total flow was adjusted to 25 ml/min (GHSV = 10000 ml.gcat-

1.h-1). Catalysts were tested at two conditions, namely at X/O2/C3H6/He = 1:1:1:7 and 

X/O2/C3H6/He = 5:10:5:80, where X is H2 or CO. The propylene conversion and 

selectivity to PO are expressed as: 

 

Conversion (%) =
moles of (products)

moles of propene in feed
× 100   (3.a) 

 

Selectivity(%) =
moles of PO

moles of (products) 
× 100    (3.b) 

 

where “products” represent the sum of stoichiometric amounts of oxygenates, 

which in case of H2 also includes CO2. In case of CO as co-reactant, CO2 is not included, 

as it is assumed that all CO2 is formed as a side reaction of CO oxidation. This assumption 

was based on the observation that CO2 formation is hardly observed on Au/TiO2 in 

hydro-epoxidation in the condition tested here [22], so it is highly unlikely that 
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switching the H2 with CO, will lead to CO2 formation through over-oxidation of PO. 

Further justification based on our catalytic data, is provided in the Supporting 

Information (Appendix B).  The absence of mass transfer limitations was verified using 

the Weisz-Prater Criterion (CWP < 1) and the Mears Criterion (CM < 0.15) for internal 

and external mass transfer limitations, respectively. CWP for both products was in the 

order of 10-6 (<< 1) and CM in the order of 10-6 (<< 0.15), thus satisfying both criteria 

and ensuring the system to be free of mass transfer limitations. 

3.2.4 Steady-state isotopic transient kinetic analysis (SSITKA) 

SSITKA experiments were performed in a similar way as described in literature 

[22]. In brief, 300 mg of catalyst was loaded in the reactor after dilution with SiC to 

maintain uniform reaction temperature. The reactor feed was then switched to a 

mixture of 30 ml/min Ar, 5 ml/min propene, 5 ml/min 16O2 and an additional 5 ml/min 

Ar. After reaching steady state, the latter two flows (5 ml/min 16O2 and 5 ml/min Ar) 

were replaced by 5 ml/min 18O2 and 5 ml/min Ne. The reaction was then continued for 

20 min using 18O2. Product analysis was performed using a mass spectrometer (MS) and 

a gas chromatograph–mass spectrometry (GC–MS) system.  

  

3.3 Computational Methods 

 The mechanism of propene oxidation was investigated by periodic DFT 

calculations using the Vienna Ab Initio Simulation Package (VASP).[23] The 

ion−electron interactions were represented by the projector-augmented wave (PAW) 

method[24] and the electron exchange-correlation by the generalized gradient 

approximation (GGA) with the Perdew−Burke−Ernzerhof (PBE) exchange-correlation 

functional.[25] A plane-wave basis set with a cut-off energy of 400 eV was used. The 

Brillouin zone integration was carried out in the G-point) for a Au6 cluster placed on a 

5×2 supercell of rutile-TiO2(110) surface containing three O-Ti-O layers, with a vacuum 

space of 20 Å to avoid spurious self-interactions.[26] The (110) termination is the most 

stable among the rutile low index surfaces. The small 6-atom gold cluster was chosen 

as a model for gold nanoparticles which is ideal to reproduce possible catalytic sites at 

the interface between gold nanoparitcles and titania support. The convergence criteria 
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for the force and the energy were set at 50 meV/Å and 0.1 meV, respectively. During 

geometry optimization, the bottom layer was frozen, while the upper two layers were 

fully relaxed. All adsorbates were fully relaxed during all calculations. The DFT+U 

methodology (U is a Hubbard-like term describing the on-site Coulomb interactions) 

was used. Ueff was set to 4.0 eV for the Ti 3d orbital.[27] The climbing image nudged-

elastic band (CI-NEB) algorithm was used to search the minimum energy pathways 

[28,29]. 

 

3.4 Results and Discussion 

3.4.1 Catalyst Characterization 

Figure 3.1 shows representative TEM images of Au/TiO2-NM and Au/TiO2-SM. 

These images clearly show the presence of gold nanoparticles homogeneously 

distributed over the support. A statistical analysis shows that the average particle size 

and the distribution are comparable between the two catalysts. The average gold 

particle size is 3.4 nm for Au/TiO2-NM, in close agreement with values reported for gold 

catalysts synthesized using this method [22]. The average particle size is 3.1 nm for 

Au/TiO2-SM, slightly higher than the Au particle size reported by Sobolev and Koltunov 

[21]. Table 3.1 lists the targeted and analyzed Au content as determined by ICP-OES. 

For the TiO2-NM support, the Au loading is close to the targeted loading. The Au loading 

is lower than targeted in Au/TiO2-SM. 

Table 3.1: ICP-OES and TEM of Au/TiO2 catalysts 

Catalyst Au loading, wt% 
(target) 

Au loading, 
wt% (real)* 

Particle Size# (nm)  

Au/TiO2-NM 1 0.94 3.4 ± 0.9 
Au/TiO2-SM 2 0.60 3.1 ± 0.8 

* determined by ICP-OES  
# determined by TEM 
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Figure 3.1 TEM image of (a) Au/TiO2-NM and (b) Au/TiO2-SM along with the 

corresponding particle size distribution, showing average particle size with standard deviation 

and total number of particles counted. 

 

3.4.2 Catalytic Activity and Kinetic measurements 

The performance of Au/TiO2-NM and Au/TiO2-SM, in propene epoxidation was 

evaluated using a gas feed composed of either H2/O2/C3H6 or CO/O2/C3H6. The reaction 

conditions were a temperature of 323 K, a GHSV of 10000 mL gcat-1 h-1 and a volumetric 

feed composition  of H2 (or CO)/O2/C3H6/He = 1/1/1/7. The catalyst prepared as 

outlined by Sobolev and Kultinov [21] was also tested at 343 K, a GHSV of 6000 mL gcat-

1 h-1, and a volumetric feed composition of H2 (or CO)/O2/C3H6/He = 5: 10: 5: 80 for 

reasons of comparison to literature data [18, 21]. 

Figures 3.2 and 3.3 show the performance in terms of rate of formation of PO 

with time on stream for Au/TiO2-NM and Au/TiO2-SM, respectively. For both catalysts, 

the rate of PO formation is higher when H2 is used as the reducing gas in comparison 

with CO. With time on stream, the catalysts display initially increasing activity followed 
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by a sharp decline, which is typical for titania-supported gold catalysts used in propene 

oxidation [30]. The maximum PO yield using H2 for Au/TiO2-NM is 1.6 % (~20 gPOkgcat-

1h-1)  and the selectivity to PO is higher than 99 %, in good accord with literature [4]. 

When CO is used in place of H2, the maximum yield obtained is 0.6 % (~14 gPOkgcat-1h-1) 

at similarly high PO selectivity. It should be mentioned here that CO2 was excluded from 

the conversion and selectivity data when CO was the co-reactant. This is based on the 

assumption that CO2 is the product of CO oxidation rather than a full combustion 

product from propene. Water is the undesired by-product of combustion of H2 co-

reactant. The rate of H2O and CO2 formation for both co-reactants is shown in Figure 

3.4. These data trend with time on stream in the same way as the PO formation rate, 

suggesting that the active sites for PO formation and co-reactant combustion are 

similar. Water is primarily formed by undesired oxidation of hydrogen on Au sites 

[2,4,8]. Au/TiO2 is a known catalyst for CO oxidation to CO2, so that it is reasonable to 

argue that the majority of CO2 product is stemming from oxidation of CO at Au sites 

[26,31,32]. There are strong indications that the Au-TiO2 interface plays an important 

role in catalyzing CO oxidation [26,33]. In both cases, the co-reactant efficiency, defined 

as the ratio of PO to that of CO2 or H2O formation is around 20-25 %. 

The strong deactivation observed for both catalysts has been extensively 

studied in the past and is attributed to strong adsorption of reaction products on the 

catalyst surface, possibly involving subsequent oligomerization [30,34]. The activity 

can be fully recovered by treating the catalysts in 10 vol % O2/He at 573 K for 1 h. This 

regeneration is effective for catalysts having operated with either H2 or CO as co-

reactant. This may indicate that the deactivation mechanism for both cases are the 

same. 

The present results are at odds with those of Sobolev and Koltunov [18,21] who 

reported higher PO yields when CO was the co-reactant. The present data show that PO 

is formed when CO is the co-reactant, but the activity is substantially lower in 

comparison with H2 as co-reactant. To ensure that the slightly different reaction 

conditions do not cause this difference, we evaluated catalyst performance of Au/TiO2-

SM, the same catalyst as explored by Sobolev and Koltunov, under the same conditions. 

The results shown in Figure 3.5 confirm that PO formation rates are lower with CO than 
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with H2. Deactivation is more pronounced in this case and the PO formation rate drops 

to negligible values after about 1 h.  

 

Figure 3.2 Time-on-stream formation rate of  PO during a 2 h catalytic test over Au/TiO2-NM at 

X/O2/C3H6/He = 1:1:1:7, where X = CO (black box) & X = H2 (red circles) at 323 K, GHSV = 10000 

mL gcat-1 h-1;  (N.B: 1X10-7 molPO  gcat-1 h-1 = 20.9 gPOkgcat-1h-1;  solid lines are drawn to guide the 

eye). 

 

Figure 3.3 Time-on-stream formation rate of PO during a 2 h catalytic test over Au/TiO2-SM at 

X/O2/C3H6/He = 1:1:1:7, where X = CO (black box) & X = H2 (red circles) at 323 K, GHSV = 10000 

mL gcat-1 h-1. 
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Figure 3.4 Time-on-stream formation rate of CO2 and water during a 2 h catalytic test over 

Au/TiO2-NM at X/O2/C3H6/He = 1:1:1:7, where X=CO (black box) and X=H2 (red circles) at 323 

K, GHSV = 10000 mL gcat-1 h-1. 

 
Figure 3.5 Time-on-stream formation rate of PO during a 2 h catalytic test over Au/TiO2-SM at 

X/O2/C3H6/He = 5:10:5:80, where X=CO (black box) & X=H2 (red circles) at 343 K, GHSV = 6000 

mL gcat-1 h-1. 

 

Figure 3.6 Time-on-stream formation rate of PO during a 2 h catalytic test over Au(0.1)/Ti(1)-

SiO2 at X/O2/C3H6/He = 1:1:1:7, where X=CO (black box) & X=H2 (red circles) at 473 K, GHSV = 

10000 mL gcat-1 h-1. 
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We noted that the Au loading in our case was lower than reported in literature 

[21]. Therefore, we prepared a 2 wt% Au loaded catalyst (Au/TiO2-NM) by deposition-

precipitation as this methods ensures complete uptake of the gold in the solution. The 

resulting performance of this catalyst with CO and H2 also confirmed that H2 is the 

preferred co-reactant. Finally, as it is also known that catalysts based on dispersed Ti 

sites on silica as the support for gold result in more stable and active catalytic 

performance, we compared performance of Au(0.1)/Ti(1)-SiO2 in both reactions 

(Figure 3.6). We found that the PO formation rates were stable and significantly higher 

with H2 as co-reactant. 

 

3.4.3 Computational Modeling 

Adsorption of C3H6 and O2 

Figure 3.7a shows the surface model consisting of an Au6 cluster placed on the 

(110) surface of rutile TiO2. Two Ti4+ ions are reduced to Ti3+ due to electron transfer 

from the Au6 cluster to TiO2(110) [35]. The two reduced Ti ions are in the second Ti 

layer of the support [36].  We verified the number of Ti3+ by calculation of the spin 

magnetic moment of all Ti atoms, and found that two Ti atoms both possess the 3d spin 

magnetic moment of 0.83 μB. It indicates these two Ti atoms both have one unpaired 

localized electron in the 3d orbital, and accordingly, are assigned to Ti3+. Figure 3.8a 

depicts the iso-surface of the spin density, highlighting the presence of two Ti3+ ions. 

We first examined candidate adsorption sites of propylene and oxygen at the Au6/TiO2 

(110) interface. Adsorption of C3H6 via the double bond to a single Au atom is much 

stronger (-176 kJ/mol) than bridged adsorption via two neighbouring Au atoms (-94 

kJ/mol) (Figure 3.7b). Metiu et al reported that C3H6 adsorption is much stronger on a 

single Au atom of a positively charged Au5+ cluster (-170 kJ/mol) than on a single Au 

atom of a neutral Au5 (-122 kJ/mol) cluster [37]. The former binding energy is close to 

our result and the development of a positive charge on the gold cluster due to the 

reduction of the support. O2 prefers to adsorb on a Ti Lewis acid sites with an 

adsorption energy of -118 kJ/mol. The adsorption energy of O2 on Au is only -44 kJ/mol 

(Figure 3.7c). After O2 adsorption on Ti Lewis acid sites, the spin magnetic moment of 
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all atoms is 0.00 μB. The disappearance of the two Ti3+ ions and the elongation of the O-

O bond of Ti-adsorbed O2 to 1.41 Å show that O2 has superoxide O22- character [38, 39].  

 

Figure 3.7 C3H6 and O2 adsorbed on Au6@TiO2(110) interface. Color code: red, titania surface 

oxygen; pink, oxygen of adsorbed O2; grey, carbon; yellow, Au; blue, Ti; white, hydrogen. 

 

Oxygen vacancy formation  

To explore the role of the co-reactant, we investigated the reaction of surface 

oxygen atoms of the titania support with H2 and CO at the interface between the Au6 

cluster and the TiO2(110) surface. Molecular hydrogen is strongly adsorbed on the 

interfacial Au atom with an energy of -117 kJ/mol. Its dissociation is almost barrierless 

(Appendix B), suggesting that adsorption of hydrogen will be dissociative. Water 

formation involves a relatively high activation barrier of 69 kJ/mol and is endothermic 

(ΔE = 61 kJ/mol) via reaction of the initially formed OH groups on titania by Au-H 

(Supporting Information). Water desorption, which results in an oxygen vacancy, costs 

123 kJ/mol. Such vacancy can also be obtained by oxidation with CO. In this case, 

adsorption of CO takes place on a surface Ti site with an energy of -55 kJ/mol, which is 

consistent with reported values on TiO2 [40,41]. CO can also adsorb on coordinately 

unsaturated Au sites, and the adsorption energy is weaker than -1.00 Ev [42]. We argue 

that these sites should be covered by propene because of its much stronger binding to 

these Au sites. The Ti-adsorbed CO can react with a surface oxygen at the Au6/TiO2(110) 

interface, resulting in an oxygen vacancy. The barrier to form CO2 is only 55 kJ/mol, and 
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this process is exothermic by 36 kJ/mol. As the CO2 molecule binds only weakly to the 

surface, the recombinative desorption step is softly endothermic (ΔE = 42 kJ/mol). We 

found that this reaction can also proceed without the Au cluster with a lower barrier of 

22 kJ/mol. These values show that surface oxygen vacancy formation is much easier 

with CO than with H2. Accordingly, we explored mechanisms for PO formation for two 

cases, i.e., (i) through the formation of surface oxygen vacancy with CO as the co-

reactant and (ii) without such surface vacancy with H2 as co-reactant. 

 

Figure 3.8 The spin-density iso-surface (in light blue) of Ti3+ cations in (a) intact 

Au6@TiO2(110) and (b) defective Au6@TiO2(110) with one oxygen vacancy. 
 

 

 

Propene epoxidation over Au6/TiO2(110) without co-reactant 

We first explored reaction pathways without the presence of co-reactant 

(Figure 3.9). The adsorption energies of propene on the Au6 cluster and of O2 between 

two adjacent Ti sites are -176 kJ/mol and -118 kJ/mol, respectively. The excess 

electrons of titania transfer to adsorbed O2, resulting in an O22- species in which the O-

O bond is pre-activated. Formation of PO overcomes an energy barrier of 107 kJ/mol, 

being exothermic by 76 kJ/mol. In the transition state for PO formation, the O-O and C1-

O bond lengths are 1.74 Å and 1.83 Å, respectively; those between Au and C1 and C2 are 

2.67 Å and 2.18 Å, respectively. Following PO desorption which costs 122 kJ/mol, one 

oxygen atom is left behind. In the next step, another propene adsorbs on the Au cluster 

(Eads = -147 kJ/mol) and reacts with this left O to form another PO; this process 

overcomes an energy barrier of 87 kJ/mol. Desorption of the second PO molecule costs 

137 kJ/mol.   
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Figure 3.9 The reaction energy diagram with elementary reaction steps for the epoxidation of 

propylene to propylene oxide (PO) using O2 molecule with or without H2 assistance. 

 

Propene epoxidation over Au6/TiO2(110) with H2   

In the pathway involving H2 (Figure 3.10), we explored H2 dissociation on Au 

and O2 adsorbed between two Lewis acid Ti sites. We start from the surface model with 

propene adsorbed on the interfacial Au site. Formation of ·OOH and a bridging ·OH 

species in this way involves an energy barrier of 69 kJ/mol. This reaction is strongly 

exothermic (ΔE = -198 kJ/mol). The O atom of the OOH species then reacts with the C-

C double bond of adsorbed propene, involving a barrier of 63 kJ/mol (TS2), resulting in 

an OH group on the surface. Desorption of PO costs 137 kJ/mol and the adsorbed OH 

intermediate reacts with the acidic OH group to form water (barrier of 14 kJ/mol). The 

reaction cycle closes by desorption of water (ΔE = 112 kJ/mol).  

It is interesting to compare the transition states for PO formation involving 

OOH and O2 (see Appendix B). In the former case, the C1-O bond is substantially longer 

and the C1-Au bond is shorter than in the O2-assisted pathway. In the transition state 

TS2, the O-O and C1-O bond lengths are 1.74 and 2.00 Å, and the Au-C1 and Au-C2 bond 

lengths are 2.47 and 2.20 Å. In the transition state TS1’ for PO formation, the O-O and 
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C1-O bond lengths are 1.74 Å and 1.83 Å, respectively; those between Au and C1 and C2 

are 2.67 Å and 2.18 Å, respectively. The O-O bond of ·OOH is 1.46 Å, longer than that of 

adsorbed O2 (1.41 Å), and it demonstrates that the O-O bond gets weakened after 

hydrogenation. Moreover, one OH· species is left after ·OOH reaction with propene, 

while one isolated oxygen left on the surface without H2. The presence of hydrogen 

stabilizes the isolated oxygen atom. 

As mentioned earlier, two Ti3+ ions are present in the Au6/ TiO2(110) model 

(Figure 3.8a). When O2 is adsorbed, the Ti3+ ions are reoxidized to Ti4+ and the adsorbed 

O2 molecule becomes negatively charged, obtaining superoxide character. H2 

adsorption and dissociation will reduce two Ti4+ into Ti3+ ions again, and generate the 

OOH- anion involved in propylene epoxidation. Obviously, the Ti3+ cation plays an 

important role in the overall reaction, which increases the reducibility of the support 

surface and catalyzes the O22-/OOH- anion formation for subsequent propene 

epoxidation.  

Propene epoxidation over Au6/TiO2(110) with CO  

For the reaction involving CO, we explored a reaction cycle with an oxygen 

vacancy in the titania surface (Figure 3.10). Molecular oxygen adsorbs strongly on the 

oxygen vacancy. Adsorption of propene on the interfacial Au atom is slightly less 

favorable (Eads = -122 kJ/mol) than adsorption on the model without surface vacancy. 

The PO precursor is formed by disscoiation of the O2 molecule, resulting in its 

coordination to Au and the C2 atom of propene. The barrier for this concerted process 

is 83 kJ/mol and the reaction is strongly exothermic (ΔE = -145 kJ/mol). The PO 

precursor is an oxometallacycle intermediate. Formation of PO occurs by coordination 

of the O atom to a Lewis acid Ti site, which is 79 kJ/mol more stable than the precursor. 

Desorption of PO costs 145 kJ/mol and the surface returns to the initial state.  

It is useful to compare the energy barriers to alternative mechanisms involving 

only titania or gold. Molina et al reported a barrier of ~150 kJ/mol for PO formation on 

titania [14]. Another study focusing on gold itself showed that adsorption of molecular 

oxygen is weak (Eads > -20 kJ/mol) and the barrier for PO formation via the ·OOH radical 

is ~95 kJ/mol [43]. Both these mechanisms are more difficult than the reaction 
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explored by us at the Au-TiO2 interface. Accordingly, the present results emphasize the 

important role of the Au-Ti interface, in line with experimental data.  

 

 

Figure 3.10 The reaction energy diagram with elementary reaction steps for the epoxidation of 

propylene to propylene oxide (PO) using CO molecule. 
 

 

 

In summary we employ DFT calculations to compare the different pathways to 

PO, without and with co-reactants. In the absence of a co-reactant, the activation barrier 

for PO formation is 107 kJ/mol, while the involvement of OOH* due to the presence of 

H2 lowers this activation energy to 63 kJ/mol. When CO is used as the co-reactant, the 

mechanism proceeds via a surface oxygen vacancy and the corresponding activation 

energy is found to be 83 kJ/mol. We observe that these trends are well in agreement 

with experimental findings, where PO is not reported to be formed in the absence of a 

sacrificial agent on Au-Ti catalysts [1-3] and PO yield in CO-assisted epoxidation of 

propene is much lower than in its hydro-epoxidation, as also revealed by the catalytic 

performance data in the present study. 

 

3.4.5 SSITKA 

From catalytic experiments we established that CO can be used as an alternate 

co-reactant in the direct epoxidation of propene, while DFT calculations for this 

reaction revealed that support oxygen plays a crucial role in the reaction mechanism 
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towards PO formation. To explore the role of support oxygen experimentally, SSITKA 

studies were carried out by switching 16O2 with 18O2 at steady state reaction conditions.  

Scheme 3.1 shows the mechanism of PO formation with CO as co-reactant, as 

proposed by DFT calculations and the most likely surface species present in the SSITKA 

experiment. The product stream is expected to predominantly consist of C3H618O (PO18), 

C16O18O and C16O2. C18O2 is expected as a combustion product of PO18 and to be present 

only in small amounts given the low PO yield.  

 

Scheme 3.1: Surface species expected before and after isotopic switch, in the direct 

epoxidation of propene with CO. 

 

Figure 3.11 shows the transients for CO2 isotopomers during epoxidation with 

CO, after switching from 16O2 to 18O2. All three CO2 isotopomers are observed and their 

relative concentrations at the (pseudo) steady state are C16O2: C16O 18O: C18O2 ~ 9:6:1. 

That is to say that the predominant product is C16O2 and it is still seen 15 min after the 

isotopic switch, indicating the contribution of support surface oxygen atoms in the 

reaction mechanism. If O atoms of the support would not be involved, we would expect 

the predominant product to be C16O18O, with the C16O2 concentration dropping to 

negligible levels within a very short time after the switch. Nevertheless, it can be argued 

that part of the formed C16O18O exchanges with surface oxygen to give C16O2. This was 
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for instance observed in a SSITKA study of CO oxidation on Au/TiO2, but the relative 

amount of C16O2 was much lower with a C16O2: C16O 18O: C18O2 ratio of ~1:2:1 [31,32]. 

Hence, even considering some exchange with support oxygen, it is highly unlikely that 

C16O2 would be the predominant product. Based on these observations, we infer that 

the steady release of C16O2 is due to the reaction of C16O with support oxygen, ( 𝑂 
16 ) 𝑆 as 

described in Eq. 3.2 (Scheme 3.1). It must be noted that the amount of PO was too low 

to be quantified accurately in the SSITKA experiments and therefore is not shown here. 

Qualitatively, however, it can be said that PO18 was observed as soon as the switch was 

made, which is in agreement with Scheme 3.1. 

 

Figure 3.11 SSITKA transients for switch from 16O2 to 18O2 (at t = 0) after performing propene 

epoxidation over of Au/TiO2-NM catalyst at 333 K for 10 min (GHSV = 10000 mL gcat-1 h-1, 10 

vol% of CO, O2 and propene in Ar/Ne). Isotopic fractions for the products are given normalized 

to the amount of all isotopic varieties of the product produced at that moment. 

 

3.5 Conclusions 

This chapter explores the role of co-reactant in the direct epoxidation of 

propene to PO on Au/TiO2 catalysts, by experimental and theoretical tools. When H2 

was substituted by CO as a co-reactant, PO formation was observed but with lower PO 

yields. PO selectivity, on the other hand, was >99% in both cases and catalyst 

deactivation, which is a common feature on Au/TiO2, was also observed in case of CO, 

with time on stream.  
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DFT calculations were employed to explore the probable reaction mechanism 

for CO-assisted epoxidation and to get further insight on the role of support oxygen en 

route to PO formation. These calculations revealed that formation of oxygen vacancy on 

the support is energetically more feasible using CO, as compared to H2. Hence PO 

formation with CO as co-reactant, was calculated via this route and the resulting 

activation energy was 83 kJ/mol. It was also found that epoxidation without the use of 

any sacrificial agent on Au/TiO2 is highly demanding energetically (107 kJ/mol) and 

hence improbable. The use of H2 was found to redirect the mechanism through OOH 

radical formation, which subsequently lowered the activation energy to 63 kJ/mol - the 

lowest among the three pathways explored. Accordingly, the theoretical findings are in 

agreement with experimental observations where PO yield was observed to be highest 

in hydro-epoxidation, followed by CO-assisted epoxidation and negligible in absence of 

any reducing gas. Furthermore, isotopic (SSITKA) measurements revealed 

experimentally the role support oxygen in case of CO-epoxidation. This study provides 

valuable fundamental insight on the important role of co-reactant in the direct 

epoxidation of propene and the corresponding mechanisms leading to PO formation on 

Au-Ti catalysts. 

Supporting Information for this chapter can be found in Appendix B. 
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Abstract 

The effect of silylation was studied on a series of Au/Ti-SiO2 catalysts for the 

direct epoxidation of propylene in the presence of H2 and O2. It was found that silylation 

significantly improved catalyst performance: propylene conversion, propylene oxide 

(PO) selectivity and H2 efficiency increased. The extent of improvement depended on 

the Au and Ti content of the catalysts. The catalyst showing the best activity 

(Au(0.1)/Ti(1)-SiO2) exhibited an average PO formation rate of 121 gPO.kgcat-1.h-1 and 

PO selectivity of 92 % at 473 K, while the catalyst having the maximum Au and Ti 

loading (Au(1)/Ti(5)-SiO2) showed the most significant improvement in performance 

with a 78% increase in the rate of PO formation upon silylation. The catalysts were 

characterized by contact angle measurements, FTIR, TGA, TEM, ICP-OES and these 

observations were used to elucidate the key factors governing the enhanced catalytic 

performance upon silylation. It was found that the silylated catalyst exhibited superior 

performance due to increased hydrophobicity which aids product desorption, a 

decrease in acidic sites that are responsible for side-product formation as well as a 

possible redistribution of the Au particles.

Silylation enhances performance of Au/Ti-

SiO2 catalysts in direct epoxidation of 

propene using H2 and O2 

 

4 
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4.1 Introduction 

The development of green catalytic processes will contribute greatly to the 

transition to a sustainable future. Particularly promising in this context are nanoscale 

catalysts, the compositions of which may be tailored to acquire desirable chemical 

properties. A coveted green catalytic process is the direct epoxidation of propene to 

propene oxide (PO) [1]. The development of this one-step green synthesis is important 

as traditional methods of PO production are either environmentally stressing 

(chlorohydrin method) or have economic limitations (SM/PO, MTBE/PO both produce 

equal amounts of co-products) [2]. The more recent processes of PO production consist 

of multiple steps (Cumene hydroperoxide process by Sumitomo Chemicals) and use 

expensive oxidant (HPPO process by Dow/BASF) [3], hence making the direct synthesis 

route highly relevant.  

In an attempt to identify suitable catalysts for this desirable oxidation reaction, 

gold has taken the center of attention since the discovery by Haruta et al [4] that gold 

on titania can produce PO in the presence of O2 and H2. Several groups have 

demonstrated the possibility of propene epoxidation over catalysts comprising Au 

nanoparticles dispersed on Ti-containing supports such as TiO2, TiO2-SiO2, TS-1, Ti-

MCM-41, Ti-MCM-48, Ti-SBA-15, and Ti-containing hydrophobic silsequioxane [3,5]. 

The highest initial PO rates (~300 gPO.kgcat-1.h-1, 200 ºC, GHSV = 14000 mL.gcat-1.h-1) have 

been reported by the group of Delgass on a Cs-promoted Au/TS-1 catalyst.  But the 

major drawback of this system is rapid catalyst deactivation [6]. Several attempts have 

been made to improve the stability of Au/TS-1 like using uncalcined TS-1 to ensure Au 

is deposited only on the external surface of the zeolite [7, 8]. Chen et al [9] have reported 

about another active catalyst system, Au/Ti-SiO2, displaying stable PO reaction rates in 

the order of 120 gPO.kgcat-1.h-1 (200 ºC, GHSV = 10000 mL.gcat-1.h-1). Dispersing Au 

nanoparticles on Ti-grafted silica, resulted in more stable catalyst performance with no 

significant deactivation on stream. Another benefit of this catalytic system is that in the 

gold deposition step, ~100% gold is deposited on the support, which is not the case in 

the preparation of Au/TS-1 [8, 10, 11]. In the same work [9], it was also found that 

although low Au and Ti loadings led to highly active and stable Au/TiSiO2 catalysts, they 

also formed relatively large amounts of propane, the formation of which could be 
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suppressed to some extent by optimizing the Ti grafting procedure. Another report of 

the same authors described the addition of CO to the feed to suppress propene 

hydrogenation [12, 13].  

The reaction mechanism that is most widely supported for PO formation 

involves formation of a peroxy species, either in the form of OOH or H2O2, on small Au 

nanoparticles. These peroxy species spill over to preferably isolated tetrahedral Ti4+ 

species. The resulting Ti-coordinated OOH/H2O2 intermediate then oxidizes propene to 

PO and water [2, 14, 15]. Water is a by-product produced in larger quantities than the 

stoichiometric amount formed during epoxidation, which results from the direct 

combustion of H2. This side-reaction lowers the hydrogen efficiency of the process, 

which along with low propene conversion and poor catalyst stability have hindered 

commercialization of this process so far [1, 2, 16].   

An attractive approach to improve the catalytic performance is to increase the 

hydrophobicity of the catalyst surface by silylation, a strategy that has been well 

explored for various titania-silica catalysts for different reactions. In the silylation 

process, a silanol group of the support reacts with the alkylsilyl group of the silylating 

agent, thus rendering the material more hydrophobic. This in turn facilitates rapid 

desorption of polar products. Silylation can be carried out both in gas and in liquid 

phase using different silylating agents [17-28]. Hydrophobization of Au-Ti catalysts for 

propene epoxidation was reported in patents by Weisbeck et al [22], where 

hexamethyldisilazane was used as silylating agent and by Hayashi et al [23], where 

trimethylmethoxysilane was found to be an effective silylating agent. Following this, 

Uphade et al. [24] reported that silylation using trimethylmethoxysilane (in gas phase) 

led to increased PO selectivity, H2 efficiency and stability of the Au/Ti-MCM-48 catalyst. 

In another study [25], silylation was carried out in the liquid phase using N-methyl-N-

(trimethylsilyl)trifluoroacetamide (MSTFA) on Ti-MCM and the resulting catalyst was 

found to have high PO selectivity even at higher operating temperatures, although there 

was no significant increase in the overall PO yield. There was also no improvement in 

terms of stability. Although there have been a few more studies [26-28], the effect of 

silylation has not yet been investigated for the most recent and more active generation 

of Au-Ti catalysts for direct propene epoxidation. Furthermore, the influence of 
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silylation on factors other than surface hydrophobicity have not been elucidated yet. A 

final aspect, which warrants further investigation, is the effect of silylation on the Au-Ti 

synergy.  

In this chapter, we investigate in more detail the influence of silylation on the 

catalytic performance of Au/Ti-SiO2 in direct propene epoxidation using H2 and O2. 

Au/Ti-SiO2 was chosen because of the excellent stability it exhibits, good shelf life and 

high gold uptake in homogeneous deposition-precipitation. It is also one of the most 

active Au-Ti catalysts reported till date with stable rate of PO formation > 100 gPO.kgcat-

1.h-1 at 473 K [9, 16]. Earlier, it was found that prolonged grafting of Ti resulted in 

decreased propane side-product formation. Here, we show that longer grafting can 

completely suppress propene hydrogenation. We use this grafting procedure to 

synthesize supports with different Ti-coverage of the silica surface (0.5%, 1% and 5% 

monolayer Ti), followed by Au deposition (0.05 wt%, 0.1 wt%, 1 wt%). Thereafter, all 

the catalysts were subjected to the silylation treatment in order to study its effect on 

the propene epoxidation performance. The Ti coordination in the Ti-SiO2 was 

investigated by DR-UV-Vis spectroscopy. Characterization of optimum catalysts further 

included contact-angle measurements, TGA, FTIR, and TEM techniques. 

 

4.2 Experimental 

4.2.1 Catalyst Preparation 

As support, we employed silica to which Ti was grafted according to a known 

procedure as described in Chapter 2. In a typical synthesis, as-received silica (15 g, 

Davisil-643, 300 m2/g, average pore size 150 Å, pore volume 1.15 cm3/g) was dried and 

suspended in 250 mL anhydrous 2-propanol (Aldrich, 99%) in N2 atmosphere in a glove 

box. The resulting suspension was stirred for 10 min after which 

tetraethylorthotitanate (TEOT, Aldrich, 97%) was added in such amount that the Ti 

coverage was 0.5%, 1% or 5% of the monolayer coverage of the silica. Based on the 

hydroxyl content of the silica, a loading of 1 wt% Ti corresponds to 5% monolayer 

coverage. After stirring the slurry for 30 min, 2-propanol was slowly evaporated using 
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a rotary evaporator at 328 K and 100 mbar. Evaporation of the solvent took around 4 

h. The powder obtained was dried overnight at 353 K, followed by calcination at 393 K  

(heating rate 5 K/min, isothermal period 2 h) and 873 K (heating rate 10 K/min; 

isothermal period 4 h). Gold was deposited on Ti-SiO2 followed the procedure described 

in Chapter 2. The support (2 g) was dispersed in 100 ml ultra-pure water (18.2 MΩ.cm 

at 25 ºC). The pH was adjusted to ~9.5 using a 2.5 wt% ammonia solution. The desired 

amount of HAuCl4 (Aldrich, 30 wt% in HCl) was diluted in 20 ml water, which was then 

added dropwise using a burette in ca. 15 min. Thereafter, the slurry was kept stirring 

for 1 h, while maintaining the pH at 9.4-9.5 by adding ammonia dropwise. The solid was 

collected by filtration, washed three times using deionized water. The catalyst was 

dried overnight at 353 K and calcined at 393 K (heating rate 5 K/min, isothermal period 

2 h) and 673 K (heating 10 K/min, isothermal period 4 h) in static air. The catalysts are 

denoted as Au(x)/Ti(y)-SiO2, where x is the nominal Au loading (in wt %) and y is the 

percentile monolayer coverage.  

For silylation, vapors of methoxytrimethylsilane were passed through the 

catalyst bed maintained at 423 K for 15-30 min. This was done by bubbling Ar through 

a saturator containing methoxytrimethylsilane, which was kept at 298 K. This was 

followed by flushing with Ar at 473 K for 5 h [28]. The silylated catalysts are denoted 

by the suffix “Sil”. 

4.2.2 Catalyst Characterization 

The co-ordination state of Ti was determined by diffuse reflectance UV-Vis (DR-UV-

Vis) spectra using a Shimadzu UV-2401PC spectrometer with BaSO4 serving as the 

reference. The Ti and Au contents of the catalysts were analyzed by inductively coupled 

plasma optical emission spectroscopy (ICP-OES) in a SpectroCiros CCD spectrometer. 

First, aqua regia was added to the samples and then this mixture was heated under 

stirring for 30 min. The solutions were cooled and then dilute HF (1:15 by volume in 

water) was added and the solution was swirled until clear. Transmission electron 

microscopy (TEM) was used to determine the size of the Au nanoparticles. Sample 

preparation involved sonication of the samples in pure ethanol and applying a few 

droplets of the suspension to a 200 mesh Cu TEM grid with a holey carbon support film. 

TEM micrographs were acquired on a FEI Tecnai 20 transmission electron microscope 
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at an acceleration voltage of 200 kV with a LaB6 filament. TEM images were recorded at 

different magnifications using a Gatan 1k x 1k CCD camera. Particle size and 

distribution were obtained by measuring at least 250 nanoparticles for each sample. 

The hydrophobicity of the silylated catalyst was measured using a goniometer 

(Dataphysics OCA 30). The catalyst sample was pressed into a wafer and a drop of water 

(~8 µL) was placed on its surface using a needle. Images clearly showing the liquid-

solid interface were collected and left and right contact angles were measured using the 

Dataphysics software. The TG-DTG data profiles were measured using Mettler Toledo 

TGA/DSC. 

Infrared spectra were recorded on a Bruker Vertex 70v apparatus. The samples 

were pressed into self-supporting discs (~10 mg weight) and placed in the IR cell. The 

samples were degassed at 423 K for 1 h and spectra were recorded at 323 K. For 

pyridine FTIR measurements, the same set-up was used and pyridine vapors were 

passed over the catalyst wafer at 423 K for 1 h. Spectra were recorded at 423 K 

following desorption for 1 h at 473 K and 623 K.  

4.2.3 Catalytic activity measurements 

Catalytic activity measurements were performed in a flow set-up as described 

in Chapter 2. A typical reaction cycle was 5 h followed by a regeneration step at 573 K 

with 10 vol % O2 in He for 1 h. In a typical test, 150 mg of catalyst was loaded into the 

reactor, and the total flow was adjusted to 25 ml/min (GHSV = 10000 ml.gcat-1.h-1). 

Reaction cycles were carried out typically in the temperature range 423-493 K. The rate 

of each catalytic cycle was calculated as the average of the rates between 150 min to 

300 min on stream. Definitions of conversion, selectivity and H2 efficiency can be found 

in Chapter 2. 

The absence of mass transfer limitations was verified using the Weisz-Prater 

Criterion (CWP < 1) and the Mears Criterion (CM < 0.15) for internal and external mass 

transfer limitations, respectively. CWP was found to be in the order of 10-6 (<< 1) and CM 

in the order of 10-6 (<< 0.15), thus ensuring the system to be free of mass transfer 

limitations.  
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4.3 Results and Discussion 

4.3.1 Support Characterization 

Grafting of the silica surface by TEOT resulted in three different Ti-SiO2 supports. 

Elemental analysis showed that the Ti loadings (percentile monolayer coverage 

between brackets) were 0.1 wt% (0.5 % ML), 0.21 wt% (1 % ML) and 0.88 wt% (5 % 

ML) Ti for Ti(0.5)-SiO2, Ti(1)-SiO2, and Ti(5)-SiO2, respectively. Figure 4.1 shows the 

diffuse reflectance UV-Vis spectra of the three supports used in this study. The relatively 

narrow band around 210 nm for Ti(0.5)-SiO2-0.5 and Ti(1)-SiO2 points to the high 

dispersion of Ti on the silica surface as isolated tetrahedral species. Ti(5)-SiO2, on the 

other hand, also contains Ti species in higher coordination, in isolated form and as 

agglomerated species [9, 29].  

 

Figure 4.1 DR-UV-Vis spectra of the three different supports having Ti monolayer coverage of 

0.5% (solid line), 1% (dash dot line) and 5% (dashed line). 

 

4.3.2 Effect of silylation on activity 

Gold was deposited at different loadings on these Ti-modified supports by 

homogeneous deposition-precipitation. After calcination, an aliquot of each sample was 
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silylated. Before discussing in more detail the effect of silylation on the various Au-Ti 

catalysts, we first report its influence on the catalytic performance for Au(0.1)/Ti(1)-

SiO2. Figure 4.2 shows the reaction rates of PO and water of the parent and the silylated 

sample at 473 K. The absence of deactivation with time on stream is in line with earlier 

reported data for propene oxidation on similar Au-Ti catalysts [5, 9, 16]. The silylated 

catalyst displays stable performance with time on stream and shows higher PO reaction 

rate compared to the unsilylated one, as evident from Fig. 4.2 (a). Lower amount of 

water produced after silylation, as shown in Figure 4.2(b), results in higher H2 efficiency 

of the silylated catalyst. 

 

Figure 4.2. Time-on-stream formation rate of (a) PO and (b) water during a 5 h catalytic test 

over Au(0.1)/Ti(1)-SiO2 (black squares) and Au(0.1)/Ti(1)-SiO2-Sil (red circles)  catalysts at 

473 K, H2/O2/C3H6/He = 1:1:1:7, GHSV = 10000 mL.gcat-1.h-1. 

We observe that the silylated sample shows activation behavior during 

subsequent activity – regeneration cycles. This feature was not observed for the parent 

(non-silylated) sample. This is highlighted in Figure 4.3 for Au(0.1)/Ti(1)-SiO2-Sil, in 

which reaction rates for a period of 5 h are presented at temperatures of 473 K – 453 K 

– 493 K – 473 K, with intermittent oxidative regeneration at 573 K. In the first cycle 

(473 K), the amount of PO formed increases with time. In the fourth cycle (473 K), the 

PO formation is higher and nearly stable. Subsequent cycles at similar conditions leads 

to nearly similar stable activity (not shown). The initial low activity of a silylated 

catalyst has also been reported in a previous study [24]. To gain insight into the cause 

of this activation behavior, we studied various catalysts with CO-FTIR. It is found that 
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calcination of the silylated sample leads to an increase of a CO band due to interaction 

with Ti4+. We speculate that silylation of Lewis acid Ti sites, essential in the mechanism 

for PO oxidation involving OOH/H2O2 intermediates, are blocked during silylation. 

Calcination slowly removes the species that block these active sites, explaining the 

increased activity as a function of reaction-regeneration (Appendix C). 

 

Figure 4.3 Rate of formation of PO on Au(0.1)/Ti(1)-SiO2-Sil at different reaction temperatures 

at conditions H2/O2/C3H6/He=1:1:1:7 and GHSV = 10000 mL.gcat-1.h-1. 

 

4.3.3 Characterization of silylated catalyst 

We then investigated the influence of the silylation treatment on the catalytic 

surface. It is expected that silylation will render the surface more hydrophobic. It should 

be noted that silylation was carried out on the Au-containing samples, as previous work 

[24] showed that this was more beneficial than loading gold on a silylated sample. This 

is reasonable as the absence of hydroxyl groups would otherwise lower the gold 

dispersion. The high hydrophilicity of the surface of Au(0.1)/Ti(1)-SiO2 follows from 
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the contact angle of ~5°. After silylation, the contact angle increased to ~31°, showing 

that silylation strongly increased the hydrophobicity of the surface.  

Figure 4.4 shows TGA curves for the parent and silylated, Au(0.1)/Ti(1)-SiO2. 

Before heating, the samples were kept in saturated water vapor for 1 h at room 

temperature. The weight loss up to 430 K is mainly due to associated water [41], which 

is observed to be lower in the silylated sample. Hence, the TGA curves demonstrate that 

silylation increases the hydrophobicity of the sample, which is in agreement with the 

contact angle measurements reported above. Another significant difference, indicated 

by TGA, is the absence of the feature due to dehydroxylation (condensation of silanol 

groups) around 623 K in the silylated sample, which shows that silanol groups have 

been converted. This will be confirmed by FTIR spectroscopy below.  

 
Figure 4.4 TG profiles of Au(0.1)/Ti(1)-SiO2 (solid line) and Au(0.1)/Ti(1)-SiO2-Sil (dash dot 

line) from 323 K to 1023 K. 

 

We also investigated by IR spectroscopy the changes brought about by 

silylation and activation of the catalyst in oxygen at 523 K and 573 K. For this purpose, 

the parent and silylated Au(0.1)/Ti(1)-SiO2 samples were evacuated in the 

environmental cell at 423 K for 1 h. IR spectra were recorded at 323 K. Figure 4.5 (a) 

shows that these spectra contain bands at 3743 cm-1 due to isolated silanol groups and 

a broad band centered around 3555 cm-1 corresponding to hydrogen-bonded silanols 

and associated water [20, 25]. The difference spectra before and after silylation (Figure 
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4.5(b)) clearly show the decreased intensity of isolated silanol groups. Comparatively, 

the changes in hydrogen-bonded silanol groups and associated water are less 

pronounced. The peaks at 2964 cm-1 and 2905 cm-1 (see inset of Figure 4.5(a)) are due 

to trimethylsilyl groups on the silica surface [21, 41-42]. All samples including the non-

silylated one contain additional C-H vibrations, which, in case of the unsilylated sample 

(peak at 2928 cm-1) can be attributed to residual ethoxy groups from the TEOT 

precursor used during Ti grafting. On the other hand, the additional peak at 2857 cm-1 

observed in the silylated sample can be assigned to methoxy groups, which may be 

formed due to the reaction of the methanol (the by-product of silylation) with silanols 

or siloxane bridges. A similar observation was made when trimethylethoxysilane was 

used as silylating agent on Ti-MCM-41 and additional bands due to ethoxy groups were 

observed [42]. The reaction of the silylating agent trimethylmethoxysilane (TMMS) 

with silanols and siloxane bridges is shown in Scheme 4.1, along with possible side-

reactions of methanol from surface silylation. 

Calcination of the silylated samples at 523 K and 573 K in oxygen did not 

profoundly affect the C-H bands in the silylated samples, as seen in the difference 

spectra, Figure 4.5 (c), except for the erosion of the 2928 cm-1 band and the decrease in 

the 2857 cm-1 band. This suggests that the oxidation treatment results in further 

conversion of residual alkoxy groups. Figure 4.5 (c) also shows that this treatment led 

to significant decrease of the broad band around 3555 cm-1, with a simultaneous 

increase in the number of isolated silanols (3743 cm-1). These changes can be attributed 

to the dehydroxylation of the hydrogen-bonded silanols, yielding siloxane bridges and 

silanols as shown in Scheme 4.2. 
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Figure 4.5 (a) IR Spectra of Au(0.1)/Ti(1)–SiO2 (i) unsilylated, (ii) silylated, (iii) silylated and 

treated in O2 for 30 min at 523 K followed by (iv) treatment at 573 K in O2 for 30 min; inset: 

features between 3000 and 2800 cm−1, (b) difference spectrum (ii – i) showing the changes 

after silylation (c) difference spectrum (iv – ii) showing the changes of silylated sample before 

and after treatment at 573 K in O2. 
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Scheme 4.1: Reaction of silylating agent, trimethylmethoxysilane (TMMS) with (i) silanols, (ii) 

siloxane bridges, and probable reactions of methanol side product with (iii) silanols and (iv) 

siloxane bridges. 

 

Scheme 4.2: Dehydroxylation of hydrogen bonded silanols to form siloxane bridges and 

silanols. 
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4.3.4 Catalytic performance: influence of Au and Ti loading  

We then investigated the influence of Au and Ti loading on catalytic 

performance before and after silylation. The resulting performance data are provided 

in Table 1 for comparison. The variation in Au and Ti loading has a considerable effect 

on the performance of the parent (non-silylated) catalysts. First we observe that these 

samples do not produce propane, which was the case in a previous study [9]. This could 

be achieved by prolonging the Ti grafting time, which resulted in a decrease of propene 

hydrogenation to propane (Appendix C). The data also reveals that the samples with 

predominantly isolated tetrahedral Ti atoms (Au(0.05)/Ti(0.5)-SiO2 and 

Au(0.05)/Ti(1)-SiO2) show much higher activity than the sample containing 

agglomerated Ti (Au(0.05)/Ti(5)-SiO2. The lower activity of Au(1)/Ti(5)-SiO2 is likely 

due to the decreased number of isolated tetrahedral Ti atoms, which lowers the 

selectivity towards PO and hence total PO formation [9, 34, 36]. The highest PO 

formation rate is observed for the catalyst Au(0.1)/Ti(1)-SiO2 with rPO ~ 107 gPO.kgcat-1 

.h-1, a PO selectivity of 90% and a H2 efficiency 12 %. The overall trends observed are in 

keeping with insights from literature [9]. 

Comparing these performances with data for the silylated catalysts, we 

observe that the propene conversion increases and the CO2 selectivity decreases in all 

cases. This is reasonable, as the more hydrophobic reaction environment should 

decrease the residence time of PO on the surface and, accordingly, its propensity 

towards decomposition. For most of the catalysts, we also observe an increase in the 

PO selectivity except for Au(1)/Ti(0.5)-SiO2. In this case, silylation leads to decreased 

PO selectivity (from 80% to 72%) and increased acrolein selectivity (from 7% to 11%). 

The best performance upon silylation is obtained for Au(0.1)/Ti(1)-SiO2-Sil with rPO = 

121 gPO.h-1.kgcat-1at a PO selectivity of 92 % and a H2 efficiency of 14 %. The greatest 

improvement in activity upon silylation is observed for Au(1)/Ti(5)-SiO2, where the 

rate of PO production increases from 41 gPO.h-1.kgcat-1to 73 gPO.h-1.kgcat-1, the selectivity 

to PO increases from 74 % to 82 %, while the conversion increases from 3.4 % to 5.3 %. 

From Table 1, it is also observed that the performance enhancement upon silylation is 

not the same at all Ti and Au loadings. 
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Table 4.1: Performance of silylated and unsilylated catalysts# 

 Catalyst  Au 

loading, 

wt% 

Nominal 

(Real*) 

Ti 

loading, 

wt % 

Nominal 

(Real*) 

Conve

rsion 

(%) 

Selectivity (%) H2 

Efficiency,  

𝜼𝑯𝟐 (%)** 

r PO 

(gPO.kg -1cat.h-1) PO Acetalde

hyde 

Acetone Propanal Acrolein CO2 

Au(0.05)/Ti(0.5)-SiO2 0.05 

(0.07) 

 

 

 

0.1 (0.1) 

1.8 87.6 1.1 4.0 2.3 4.9 0.08 8 43 

Au(0.05)/Ti(0.5)-SiO2-Sil 2.6 92.5 1.2 2.4 1.7 2.2 0.06 12 66 

Au(1)/Ti(0.5)-SiO2
a 1.0 

(0.76) 

1.7 79.9 2.8 5.7 2.5 6.7 2.4 3 38 

Au(1)/Ti(0.5)-SiO2-Sila 1.9 71.9 4.2 5.8 3.2 10.6 1.1 3 38 

Au(0.05)/Ti(1)-SiO2 0.05 

(0.07) 

 

 

 

0.2 (0.21) 

2.3 84.6 0.2 6.2 5.6 2.9 0.3 11 49 

Au(0.05)/Ti(1)-SiO2-Sil 3.2 90.3 0 2.8 3.6 3.0 0.2 17 71 

Au(0.1)/Ti(1)-SiO2 0.1 

(0.11) 

4.5 89.5 1.3 3.4 2.2 2.2 1.4 12 107 

Au(0.1)/Ti(1)-SiO2-Sil 4.8 91.9 1.3 2.4 2.4 1.3 0.8 14 121 

Au(1)/Ti(1)-SiO2
a 1.0 

(0.75) 

4.4 82 0.2 5.3 0.1 7.0 5.4 4 82 

Au(1)/Ti(1)-SiO2-Sila 4.6 81.4 0.2 5.6 0.1 7.5 5.2 4 84 

Au(0.05)/Ti(5)-SiO2 0.05 

(0.07) 

 

 

1.0 (0.88) 

0.9 65.9 1.7 12.0 13.6 6.8 0 9 16 

Au(0.05)/Ti(5)-SiO2- Sil 1.0 86.3 1.2 2.0 6.3 4.2 0 17 25 

Au(1)/Ti(5)-SiO2b 1.0 (0.5) 3.4 74.0 1.8 6.8 8.4 3.9 5.0 7 41 

Au(1)/Ti(5)-SiO2-Silb 5.3 82.2 2.0 3.4 5.2 3.6 3.7 10 73 

 
# Reaction conditions: H2/O2/C3H6/He = 1:1:1:7, GHSV = 10000 mL.gcat

-1.h-1 at 473 K unless mentioned otherwise 

*As found by ICP-OES 

** H2 Efficiency (%) =
rPO

rPO+ rH2O
× 100 

a Reaction performed at 423 K 
b Reaction performed at 453 K 

 

 

 

a 
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4.3.5 Effect of silylation on particle size and acidity 

To explain the activity trends observed upon silylation, we characterized in 

more detail selected silylated and unsilylated catalysts. Figure 4.6 shows representative 

TEM images of the parent Au(0.1)/Ti(1)-SiO2 catalyst and its silylated counterpart 

along with the corresponding gold particle size distributions. The parent sample 

contains a range of gold nanoparticles ranging from just below 1 nm to about 3-5 nm. 

The average particle size is 1.6 ± 0.9 nm. Upon silylation, the particle size distribution 

changed, in the sense that particles larger than 2.5 nm were nearly absent. The average 

particle size of the silylated catalyst is 1.1 nm ± 0.4 nm, slightly lower than that in the 

fresh catalyst. This may indicate that silylation of the Au/Ti-SiO2 sample results in 

redistribution of gold over the surface. We also analyzed in the same way the spent 

catalyst. Typically, it is seen that the average particle size increased only slightly and, in 

particular, no particles larger than 3 nm were observed in the silylated catalysts, which 

contrasted the particles seen for the fresh catalysts. 

The particle redistribution argument was further investigated for Au(1)/Ti(5)-

SiO2, as this sample showed the greatest improvement upon silylation. The results are 

shown in Figure 4.7 and further support the finding that gold particles appear to 

redisperse during the silylation treatment. The non-silylated catalyst contains particles 

larger than 6 nm, while these are absent in the silylated catalyst. Moreover, the particle 

size distribution is narrower after silylation. This, in turn, also leads to a decrease in the 

average particle size as indicated in Figure 4.7. 

To investigate whether silylation led to any change in the acidic properties of 

the catalyst, pyridine-FTIR was carried out on parent and silylated Au(1)/Ti(5)-SiO2 

samples. We investigated this sample because silylation affected its performance the 

most among all catalysts.  Figure 4.8 shows that silylation results in a decrease of the 

amount of Brønsted acid sites as followed from the lower intensity of the 1637 cm-1, 

1545 cm-1 and 1490 cm-1 bands [32, 33]. Brønsted acidity in these samples is assumed 

to originate from Ti-O-Si bridges, with Ti being in penta- or hexa-coordination as in TiOx 

aggregates rather than in tetrahedral coordination [31, 34]. These sites are likely 

responsible for the formation of bidentate propoxy species from PO which gives rise to 

such undesired side-products like propanal and acetone [34-37]. Silylation converts 
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these acidic groups into (inactive) Si-O-Ti (CH3)3 moieties, explaining the decreased 

Brønsted acidity. This leads to an increase in the selectivity to PO, as shown above. 

 

Figure 4.6 TEM image of (a) Au(0.1)/Ti(1)-SiO2 and (b) Au(0.1)/Ti(1)-SiO2 -Sil along with the 

corresponding particle size distribution; also shown is the distribution for the corresponding 

spent sample. 

 
Figure 4.7 TEM image of (a) Au(1)/Ti(5)-SiO2 and (b) Au(1)/Ti(5)-SiO2-Sil along with the 

corresponding particle size distribution. 
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Figure 4.8 Pyridine FTIR of Au(1)/Ti(5)-SiO2 (black line) and Au(1)/Ti(5)-SiO2–Sil (red line); L: 

peak assigned to Lewis acid sites, B: peak assigned to Brønsted acid sites. 
 

 

4.3.6 General discussion 

Au/Ti-SiO2 is reported to be an efficient catalyst for the hydro-epoxidation of 

propene [9, 12, 13, 16]. Its ease of preparation, high activity and stability on stream 

along with facile regeneration make this a promising catalyst for future application in 

industry. A major drawback is undesired propane formation, low propene conversion 

and low H2 efficiency [9]. In this study, an attempt was made to address these 

shortcomings. While support preparation was optimized to suppress propene 

hydrogenation, silylation was employed to further enhance catalyst performance. 

It has been proposed that certain TiOx species contribute to propane formation 

in Ti-SiO2 supported gold catalysts [9]. The time of Ti grafting affected the dispersion 

and coordination state of Ti. Careful optimization of the Ti grafting procedure led to 

highly dispersed Ti on silica and complete suppression of propane formation. Further 

optimization of Au and Ti content was carried out and Au(0.1)/Ti(1)-SiO2 was identified 

to be the best performing catalyst with a rate of PO formation of 107 gPO.kgcat-1.h-1, PO 

selectivity of 90 % and  𝜂𝐻2 = 12 % at 473 K (GHSV = 10000 mL.gcat-1.h-1). The effect of 
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gas phase silylation using TMMS was then studied on this catalyst and a further 

enhancement of performance was observed (Table 4.1). This encouraged us to study 

the effect of silylation on a series of Au-Ti catalysts with an aim to gain insight into the 

main effect of silylation on the catalyst.  

First, we verified the effectiveness of silylation by contact angle and TGA 

measurements. Contact angle measurements showed that silylation increased the 

hydrophobicity of the catalyst. This was also evident from TGA where the weight loss 

due to water was found to be lower for the silylated sample. Further characterization 

included IR spectroscopy where it was found that there were less isolated silanols in 

the silylated sample along with the presence of signature peaks of trimethylsilyl groups 

indicating successful silylation. The retention of these peaks, when subjected to high 

temperatures and O2 flow, indicated that the silyl group were not lost in reaction and 

regeneration conditions.  

Further characterization revealed that silylation also led to a decrease in the 

number of Brønsted acid sites of the catalyst (pyridine FTIR) and also hinted at possible 

redistribution of large Au particles into smaller ones (TEM), the mechanism of which 

needs further systematic investigation. So in summary, the effect of silylation on the 

catalyst was found to be three-fold: an increase of surface hydrophobicity, a decrease 

in the number of Brønsted acid sites and an increase in the Au dispersion. These three 

factors will be used next to explain the catalytic activity trends observed for the 

silylated catalysts at different Au and Ti content. 

1. From the catalytic activity results, we observed that most of the catalysts showed 

activation behavior during the reaction before reaching their optimum 

performance. CO FTIR measurements show that this is due to blocking of active 

Au-Ti sites by the silylating agent, which was slowly removed in-situ during the 

reaction. After several reaction-regeneration cycles, the catalysts attained their 

final and stable activitiy.  

2. Performance results showed that the influence of silylation was highly dependent 

on Au and Ti loading. The maximum rate of PO production was obtained for 

Au(0.1)/Ti(1)-SiO2-Sil, while the maximum improvement due to silylation was 

observed for Au(1)/Ti(5)-SiO2. It was observed that there was a significant 
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improvement in performance at lower Au loading for all the supports. This was 

reflected by increases in propene conversion, PO selectivity, rate of formation of 

PO and H2 efficiency. On the other hand, at higher Au loadings, the trend was 

somewhat different. For the catalyst with lowest Ti loading (Au(1)/Ti(0.5)-SiO2-

Sil), there was, in fact, a decrease in PO rate and selectivity; at intermediate Ti 

loading (Au(1)/Ti(1)-SiO2-Sil) there was only slight improvement in performance 

while for the highest Ti containing catalyst (Au(1)/Ti(5)-SiO2-Sil), the 

improvement is most significant as mentioned earlier. We explain these trends as 

follows:  

 At low Ti content and sufficiently high Au loading (Au(1)/Ti(0.5)-SiO2), the 

catalyst contains significant amounts of Au nanoparticles in contact with pure 

silica. Au/SiO2 exhibits negligible PO formation as opposed to Au in contact 

with Ti sites duriung propene epoxidation. Instead, it has been found that 

Au/SiO2 produces mainly acrolein and acetaldehyde during propene 

oxidation [38,39]. In this particular catalyst, the redispersion of Au has a 

negative effect as it will lead to an increasing fraction of Au nanoparticles in 

contact with silica rather than with the few isolated Ti sites. This seems to be 

in line with the increased selectivity towards acrolein and acetaldehyde, as 

observed in the performance data. 

 At high Ti content (5% ML), the surface is characterized by the presence of 

agglomerated forms of titania as well as Brønsted acid sites, as evident from 

pyridine-FTIR measurements. Earlier studies have shown that PO adsorbs 

strongly on both Si-OH and Ti-OH sites [34-37]. The resulting bidentate 

propoxy groups can react further to propanol and acetone, which are side-

products of propene epoxidation [34]. The main effect of silylation is to 

deactivate these acidic sites. Although observed for most of the catalysts in 

terms of selectivity, increased PO selectivity is most pronounced for the 

catalysts with the highest Ti loading (Au(0.05)/Ti(5)-SiO2-Sil and 

Au(1)/Ti(5)-SiO2-Sil). This is likely because this catalyst contains the highest 

amount of penta/hexa co-ordinated Ti sites, which were successfully 

deactivated by silylation. 
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Scheme 4.3: Schematic diagram showing epoxidation on (a) unsilylated catalyst and (b) 

silylated catalyst; Au: gold nanoparticles, Tiep: Ti sites active for epoxidation, Tia: acidic Ti sites; 

PO forms at Au-Tiep interface; the water formation along with PO is not shown for simplicity. 

 

Accordingly, the present data show that along with increased hydrophobicity, 

other factors like change in acidity and redistribution of Au particles play a key role in 

determining the catalyst activity after silylation. Scheme 4.3 schematically depicts how 

silylation improves catalytic performance of Au/Ti-SiO2 in the direct epoxidation of 

propene. In case of the unsilylated catalyst (Scheme 4.3a), once PO is formed, it is 

strongly adsorbed on neighboring silanol and titanol acidic sites. While the PO adsorbed 

on the silanol is subsequently removed, the one adsorbed on the acidic Ti site forms 

bidentate species and subsequently contributes to side-products that lower PO 

selectivity. On the other hand, in case of the silylated catalyst (Scheme 4.3b), the PO 

formed is readily desorbed from the catalyst surface, as the silanols and the acidic Ti 

sites are unreactive due to silylation. This in turn facilitates in increasing propene 

conversion as well as PO selectivity. 
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4.4 Conclusions 

The present study shows that silylation can lead to significant improvement in 

performance of Au/Ti-SiO2 for the direct epoxidation of propene using H2 and O2.  A 

series of Au/Ti-SiO2 catalysts having different Au-Ti contents were studied before and 

after silylation. In all cases, silylation was successfully carried out in the gas phase using 

trimethylmethoxysilane after Au deposition and calcination. It was found that the 

extent of improvement of catalytic activity upon silylation is largely governed by the Au 

and Ti content. It is proposed that silylation leads to the formation of Si-O-Si (CH3)3 and 

Ti-O-Si (CH3)3 moieties, which not only increase the hydrophobicity but also decrease 

the acidity of the catalyst. This study further revealed that the redistribution of Au 

nanoparticles may play an additional role in determining the catalytic activity after 

silylation. The most active silylated catalyst showed stable rate of PO formation ~ 121 

gPO.kgcat-1.h-1 with PO selectivity 92 % at 473 K which could be further enhanced to 155 

gPO.kgcat-1.h-1 at 493 K, still maintaining a high selectivity of 88 % (GHSV = 10000 mL.gcat-

1.h-1). This performance is comparable to the best activities reported till date for 

catalysts without promoters.  

Supporting Information for this chapter can be found in Appendix C. 
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Abstract 

Micro reactors present innovative solutions for problems pertaining to 

conventional reactors and have therefore seen successful application in several 

industrial processes. Yet, its application in heterogeneously catalyzed gas-liquid 

reactions has been challenging, mainly due to the lack of an easy and flexible 

methodology for catalyst incorporation inside these reactors. Herein, we report a facile 

technique for obtaining small and well distributed catalytic nanoparticles on the walls 

of silica coated capillaries, that act as micro(channel) reactors. These particles are 

formed in-situ on the reactor walls using polyelectrolyte multilayers (PEMs), built by 

layer-by-layer self-assembly. Manipulating the PEMs synthesis condition gives easy 

control over metal loading, without compromising on particle size. Both monometallic 

(Au and Pd) and bimetallic (AuPd) nanoparticles were successfully obtained using this 

technique. Finally, these catalytic micro reactors were found to exhibit exceptional 

activity for the direct synthesis of hydrogen peroxide from H2 and O2.

5 
Facile synthesis of catalytic AuPd 

nanoparticles within capillary micro 

reactors using polyelectrolyte multilayers 

for the direct synthesis of H2O2  

 



Chapter 5  Facile synthesis of catalytic AuPd NPs within capillary micro reactors  

106 

 

5.1 Introduction 

Bimetallic nanoparticles, composed typically of metals like Au, Pd, Pt, Ag, Ni, Cu 

etc. have attracted significant research interest due to their superior properties, 

compared to their monometallic counterparts [1–3]. As a result, these materials have 

found extensive applications in numerous fields, particularly in catalysis [4–7]. Alloying 

of the two constituent metals in a bimetallic system leads to changes in their electronic 

and geometric properties, giving rise to synergistic effects which are often reflected in 

terms of enhanced activity and selectivity in catalytic reactions [8–10]. The direct 

synthesis of hydrogen peroxide (H2O2) from hydrogen and oxygen is one of the various 

catalytic reactions where bimetallic nanoparticles have shown tremendous potential 

[11,12]. This synthesis is highly coveted as it provides a greener, one step alternative to 

the traditional anthraquinone auto-oxidation process, which is a complex, multi-step 

process with significant waste generation [13-15]. Extensive research has shown that 

the most active catalysts for this reaction are Pd based [16] and more recently 

bimetallic catalysts like Au-Pd, Pt-Pd, Sn-Pd have come to the forefront for their 

superior performance [17–20]. 

An inherent drawback encountered in the direct synthesis route is the 

explosive nature of the reactant mixture, the flammability limit of H2 in O2 being 4-94%. 

Use of such dilute mixtures required for safe operation, limits the maximum attainable 

H2O2 yields. A potential solution to this constraint is the use of novel reactor concepts 

like membrane reactors [21] and micro reactors [22]. In micro reactors, extensively 

reduced dimensions, not only ensure safe operation even for explosive H2/O2 mixtures, 

but also lead to enhanced heat and mass transfer, which is extremely beneficial for this 

multi-phase (gas-liquid-solid) reaction [22]. Here, micro reactors can be realized as 

micro packed beds [23–26] and microchannel reactors [27,28] with the catalysts used 

as powder and as wash coat layer, respectively. In our previous studies, we 

demonstrated successfully the direct synthesis of H2O2 in explosive (H2, O2, 50 vol% 

each) conditions using a wall-coated micro channel/capillary (320 µm ID), with 

embedded colloidal AuPd nanoparticles [27,29]. Continuous and stable operation was 

observed and peroxide concentration as high as 5.5 wt% was achieved by optimizing 

the operating conditions [29]. Nevertheless, one of the major bottlenecks of the process 
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was recognized to be the deposition of the AuPd nanoparticles on the reactor walls. The 

colloidal particles were prepared ex-situ by an elaborate two-phase synthesis process 

and the long solvent evaporation time from the capillary, made the entire procedure 

overly delicate and time-consuming. 

This chapter reports a facile and fast technique for the deposition of the active 

phase, where the metal nanoparticles (Au, Pd and AuPd) are formed in-situ on the 

reactor walls, previously coated with polyelectrolyte multilayers (PEMs). PEMs are 

formed by a layer by layer (LbL) self-assembly technique, first introduced by Decher 

[30, 31]. It is the alternating deposition of oppositely charged polyelectrolytes on a 

substrate, thus giving rise to multilayers of thin films. PEMs can be fabricated on 

surfaces having different shapes, sizes and geometries [32, 33], where the film 

properties can be easily controlled by changing the assembly conditions [34, 35] (like 

pH, electrolyte type and concentration). This technique has found application in various 

fields including anti-reflective coatings, biological applications, drug delivery and 

formation of nanoparticles for membrane and catalytic applications [36–40]. In 

particular, the synthesis and in situ formation of nanoparticles using PEMs has been 

studied extensively by the groups of Stroeve and Rubner, among others [41–46]. It has 

been shown that the porous and supramolecular structure of PEMs provide highly 

distributed charged surfaces ideal for binding the metal ions from their aqueous 

precursor solution.  Moreover, the surrounding polymer chains inhibit particle 

aggregation, thus yield highly distributed, uniform and small nanoparticles [44]. 

Although highly versatile, the application of this method in catalyst synthesis has been 

limited, with only a few studies reported in literature [38–40, 47-48]. Moreover, the use 

of PEMs for the in-situ synthesis of nanoparticles to form wall coated catalytic micro-

reactors has not been demonstrated before. Since PEMs can be easily fabricated on 

surfaces having different shapes and sizes, it is an ideal technique to be applied in micro 

reactors. In this study, PEMs were first assembled on the micro reactor walls, which 

provide ideal charged surfaces for the controlled deposition of the metal precursors, 

which subsequently form highly dispersed nanoparticles. The catalytic micro reactors, 

thus synthesized were then tested for their performance in the direct synthesis of H2O2. 
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5.2 Experimental 

5.2.1 PEMs synthesis   

Fused silica, 320 µm ID capillaries of 1-1.5m length with a silica pre-coat layer 

(CP-silicaPLOT, Agilent), were first pretreated by flushing with ammonium nitrate 

solution (1 M), followed by drying at 120 °C for 12 h and calcination at 300 °C for 2 h in 

a static air oven. The LbL-method was implemented for obtaining PEMs, by flushing 

solutions of polyacrylic acid (PAA) and polyethylene imine (PEI) alternatively through 

these micro channels by means of a syringe pump. PAA (35 wt% in H2O, Sigma-Aldrich) 

was prepared as a 10 mg/ml solution and PEI (50 wt% in H2O, Sigma-Aldrich) as a 2 

mg/ml solution with DI water.  Both solutions were treated by hydrochloric acid (0.1 

M) and sodium hydroxide (0.1 M) to adjust the pH to 4 and 9 for PAA and PEI, 

respectively. Each fluid was fed through the capillary at 4 ml/hr for 20 min, with an 

intermittent rinse with DI water. Consecutive repetition of the same procedure resulted 

in the formation of multiple layers, such that one flushing with PAA followed by PEI led 

to formation of 1 (bi)-layer of polyelectrolyte. Thus, capillaries with one, two and three 

layers each were prepared and were denoted as 1LbL, 2LbL and 3LbL, respectively.  

5.2.2 Metal deposition  

After formation of PEMs, metal deposition was carried out by passing solutions of 

HAuCl4 (Aldrich, 30 wt% in HCl) and K2PdCl4 (Sigma, 99.99%) as precursors. For AuPd 

deposition, a solution was prepared using these precursors in DI water, according to 

the desired loading of 5 wt% total metal (Au:Pd=1:2 molar ratio) [4, 19], based on the 

amount of silica pre-coat in the capillary and the empty volume. For example, in case of 

the AuPd capillary, a 10 ml solution having concentration of 5.7 mgmetal/ml (Au:Pd =1:2, 

molar ratio) was prepared. For the metal deposition, the capillary was completely filled 

with this solution using a syringe pump at 15 ml/hr and kept undisturbed for about 10 

min. After this time, the excess solution was removed by flushing the capillaries with 

N2. Next, reduction of the metal(s) was carried out by flushing ~1 mg/ml NaBH4 

solution through the capillaries at 15 ml/hr. As soon, as this solution was passed, the 

capillary appeared dark, indicating successful reduction and hence metal incorporation. 

The reduction was carried out until no more visible colour change in the capillary was 
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observed (~ 10 min). For the monometallic capillaries, the target loading was also 5 

wt%, and they were prepared in a similar manner as mentioned above. Finally, the 

capillaries were at dried at 120 °C for 12 h and calcined at 380 °C for 4 h. The capillaries 

thus obtained, were named x/yLbL, where x denotes the metal(s) deposited and y 

stands for the number of PEMs. The following capillaries were synthesized in this 

manner – AuPd/1LbL, AuPd/2LbL, AuPd/3LbL, Au/2LbL and Pd/2LbL. In addition, a 

powder sample named AuPd/SiO2-2LbL was prepared in the same manner, using 

Davisil 643 as support.   

5.2.3 Catalyst Characterization 

The thickness of the PEMs deposited on the reactor wall was determined by XL30-

ESEM-FEG scanning electron microscope (SEM) operated at 5 kV with a working 

distance of 10 mm from the sample.   

Metal particle size was examined using a FEI Tecnai G2 Sphera transmission 

electron microscope (TEM). The capillaries for TEM analyses were crushed and 

suspended in drops of ethanol. The particle size distribution was determined using 

ImageJ program. 

To determine the real amount of Au and Pd present in the catalyst, inductively 

coupled plasma (ICP) was performed using a Spectra CirosCCD system. Sample 

preparation involved crushing and dissolving capillaries (or powder) in aqua regia 

(HCl: HNO3 = 3: 1) and stirring at 353 K for about 1 hr. After cooling, diluted HF (1:19) 

was added to each sample and finally, diluted with ultra-pure water to the required 

amount. The calibration line was obtained using standard gold (Sigma-Aldrich, 999 

mg/L ± 2 mg/L Au) and palladium (Sigma-Aldrich, 999 mg/L ± 2 mg/L Au) solutions. 

 UV-visible spectroscopy of the powder catalyst was performed on Shimadzu UV-

2401PC spectrometer, having BaSO4 as a reference. Thermogravimetric analysis of the 

powder catalyst was done using Mettler Toledo TGA/DSC. These two analyses were 

carried out on the powder catalyst. 

5.2.4 Catalytic activity measurement  

The experiments were performed in a flow setup as shown in Scheme 5.1. The 

capillary was placed in a thermostatic oven to maintain isothermal conditions. The 
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liquid phase consisting of H2SO4 (0.05 M), 9 ppm NaBr and 20 vol% acetonitrile in DI 

water, was supplied to the system by a syringe pump (Teledyne ISCO 500D). Because 

pure H2/O2 mixtures were fed, the gas flow was diluted with N2 gas at the capillary 

outlet to ensure non-explosive gas mixture downstream. To maintain a constant 

pressure in the system, a back-pressure regulator was put downstream after the gas-

liquid separation unit. The gas flows were regulated by mass flows controllers before 

the capillary inlet. The pressure was measured and monitored before and after the 

capillary. Typical reaction conditions used were 5 mlN/min total gas flow rate 

(H2:O2=1:1), liquid flow rate of 0.1 ml/min, 42 °C reaction temperature and a total 

pressure of 20 bar. 

 

Scheme 5.1 Scheme of the setup used in direct synthesis of hydrogen peroxide. 

 

Gas samples were analyzed with an online compact GC (column: Molsieve plot 

5m 0.32 mm) equipped with a TCD detector. Liquid samples were collected every 30 

minutes and immediately titrated by using a standard solution of cerium (IV) sulfate 

(Sigma Aldrich) and ferroine (VWR Chemicals) as an indicator, to determine the 

hydrogen peroxide concentration. Selectivity to H2O2 and productivity of H2O2 were 

calculated using expressions for a continuously operated reactor: 
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𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦(%) =
𝑚𝑜𝑙 𝐻2𝑂2 𝑓𝑜𝑟𝑚𝑒𝑑

𝑚𝑜𝑙 𝐻2 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
∗ 100     (5.1) 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑚𝑜𝑙 𝐻2𝑂2

𝑘𝑔𝑐𝑎𝑡·ℎ𝑟
)  =

Liquid flow rate (
m𝑙

ℎ𝑟
)·𝐶𝐻2𝑂2(

𝑚𝑜𝑙

𝑚𝑙
)·𝑀𝑊(𝑔

𝐻2𝑂2
𝑚𝑜𝑙

)

𝑚𝑐𝑎𝑡
  (5.2) 

Hydrogen conversion is reported after about 2 hrs of reaction time since that was 

approximately the time required for the whole system to reach the equilibrium gas 

concentration. This is due to the large volume before the GC, coupled with low gas flow 

rates. 

 

5.3 Results and Discussion 

5.3.1 PEMs formation and metal incorporation 

Figure 5.1 shows the overall scheme of the PEMs formation technique, followed by 

metal deposition and characterization.  The formation of PEMs on the silica layer is 

clearly evidenced in the SEM image of Figure 5.1b. Moreover, the layer thickness was 

observed to increase with the number of cycles (not shown).   

The formation of metal nanoparticles was confirmed by Transmission Electron 

Microscopy (TEM), as shown in Figure 5.2. It can be seen that the metal nanoparticles 

are well distributed throughout the support surface with a uniform particle size 

distribution. The density of particles is clearly more in the 3LbL sample, compared to 

the 2LbL, indicating a higher metal loading in the former, which follows from an 

increased number of sites for ion exchange. It can also be observed that the method is 

successful in yielding very small particles ~ 1 nm, in size. Increase in the number of 

PEMs and hence the metal loading, did not lead to particle agglomeration. This was also 

observed in case of the monometallic (Au/2LbL and Pd/2LbL) capillaries, where ~1-2 

nm sized particles were observed (Table 5.1). Such precise control over particle size is 

relevant as it plays an important role in determining activity and selectivity in most 

catalytic reactions, making the control of particle size an on-going challenge in catalysis 

research[49–51]. Moreover, recent studies have shown that single sites and 

nanoclusters (NPs with size <2 nm) are the most active sites in catalytic processes[52–

56]. Along with the TEM images we also see the Selected Area Electron Diffraction 

(SAED) patterns as insets in Figure 5.2 (a) and  (b) which show well-defined diffraction 
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rings and fcc diffraction features (the diffraction rings represent the (111), (200), (220) 

and (311) planes respectively). The existence of a single set of rings indicates successful 

alloying of Au and Pd and excludes phase segregation. A further confirmation that the 

particles are bimetallic and do not constitute a mixture of separate Au and Pd 

nanoparticles, was done by carrying out UV-Vis spectroscopy. More in depth 

characterization to reveal the nanoparticle structure will be described in the next 

chapter. 

 

Figure 5.1: Schematic diagram showing polyelectrolyte multilayer (PEM) formation by LbL 

technique, followed by metal deposition, also shown (a) SEM of empty capillary with silica 

precoat layer (b) SEM showing formation of PEMs and (c) TEM image of calcined AuPd 

capillary. 
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Figure 5.2: Representative TEM images and the respective particle size distribution for 

capillaries (a) AuPd/2LbL and (b) AuPd/3LbL. 

 

Table 5.1. Average nanoparticle size in all the capillaries as determined by TEM 

Catalyst Dp average (nm) 

AuPd/1 LbL 0.8 ± 0.2 

AuPd/2 LbL 0.8 ± 0.2 

AuPd/3 LbL 1.1 ± 0.3 

Au/2 LbL 0.6 ± 0.2 

Pd/2 LbL 1 ± 0.3 
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5.3.2 Effect of number of PEMs 

To draw a more quantitative picture about the control of metal loading with 

different number of PEMs, Inductively Coupled Plasma-Optical Emission Spectroscopy 

(ICP-OES) was employed to determine the exact metal loading in all the capillaries. As 

observed in Table 5.2, as the number of PEMs increased, the total weight loading of 

metal also increased. Introduction of each layer increased the loading by approximately 

2.6 times and 3 layers of PEMs (3LbL) proved sufficient to approach the target loading 

of 5 wt%. This exponential increase in metal deposition is most likely due to an 

exponential growth of the PEMs, which is one of the growth modes (the other being 

linear) of PEMs and depends on the assembly conditions [42]. Along with the metal 

content and nanoparticle size (as discussed in previous section), it is also important to 

obtain the targeted Au:Pd ratio, as this can further effect the Au-Pd interaction and 

finally the catalytic activity. As observed, the real Au:Pd ratio ranges from 0.7-0.9, which 

is not far from the target of 0.92 and is not affected with change in the number of PEMs 

(and hence metal loading). Hence, we see that this method of metal deposition allows 

easy tuning of the amount of metal incorporation. The scope of attaining high metal 

loadings is desired, as it increases the operational window of micro reactor technology.  

Table 5.2 Metal loadings determined by ICP-OES 

Sample Au 

 (wt. %) 

Pd  

(wt. %) 

Total metal 

(wt. %) 

Au/Pd 

w/w 

(real) 

Au/Pd 

w/w 

(target) 

AuPd/1LbL 0.30 0.37 0.68 0.81 0.92 

0.92 

0.92 

AuPd/2LbL  0.73 1.01 1.84 0.70 

AuPd/3LbL 2.22 2.48 4.88 0.96 

Au/2LbL 0.96 - 2.99 NA NA 

Pd/2LbL - 1.56 4.83 NA NA 

AuPd/2LbL 

powder 

2.35 2.61 4.96 0.90 0.92 
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5.3.3 Catalytic activity measurement 

Figure 5.3 shows the peroxide formed with time on stream for AuPd/2LbL, 

along with H2 conversion and H2O2 selectivity. A steady peroxide yield of ~1 wt% is 

reached after 2 h of reaction, where the average selectivity and H2 conversion are 67% 

and 42%, respectively. The average is calculated between 180 and 300 min of reaction. 

To compare the performance of different capillaries, we use the term productivity, 

defined by molH2O2/kgcat/h, as this allows comparison of capillaries with different 

lengths. This is shown in Figure 5.4, where we see that the 2LbL capillary is more active 

in peroxide formation, than the 1LbL, while the latter has higher peroxide selectivity. 

The higher activity can be correlated to the higher metal loading in the 2LbL capillary, 

while the loss in selectivity can be attributed to an increase in the total sites (due to 

increase in loading) for hydrogenation and decomposition of the formed peroxide [12]. 

Surprisingly, the Au/2LbL capillary also produced substantial amount of peroxide with 

productivity slightly higher than 1LbL and selectivity similar to 2LbL. This is rather 

contrary to values reported in literature where activity of Au catalysts for peroxide was 

substantially lower than the bimetallic counterpart [57]. A probable explanation for this 

behaviour may be attributed to the very small Au nanoparticles achieved using this 

synthesis technique, compared to the ones used in literature for this reaction. The 

catalytic behaviour of Au is strongly dependent on particle size, with small changes 

leading to significant effect on the catalytic activity [58–60]. The Pd/2LbL capillary was 

also found to be active for peroxide formation, but its yield decreased drastically with 

time on stream (from 0.9 wt% to 0.07 wt% in 3 hrs). This can be attributed to Pd 

leaching from this capillary, as verified by ICP-OES of liquid samples collected during 

reaction. This is a common occurrence in Pd catalysts and is another reason for alloying 

with Au, as it inhibits Pd leaching [61,62]. Accordingly, it was found that the Au and 

AuPd capillaries did not exhibit metal leaching (within limits of detection), during 

reaction. In summary, the performance of the AuPd capillary was most superior, 

followed by Au and finally Pd. 
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Figure 5.3: Time-on-stream formation of hydrogen peroxide in a AuPd/2LbL capillary 

(1.1 m in length); reaction conditions: Total gas flow rate = 5 mlN/min (H2:O2=1:1), liquid flow 

rate = 0.1 ml/min, reaction temperature = 42 °C and total pressure = 20 bar. 

 

Figure 5.4: Conversion, Selectivity and H2O2 productivity of different capillaries at total gas 

flow rate =    5 mlN/min (H2:O2=1:1), liquid flow rate = 0.1 ml/min, reaction temperature = 42 

°C and total pressure = 20 bar. 

Finally, we compare the performance of the capillary micro reactors developed 

in this study with values in literature, as enumerated in Table 5.3. It must be noted that 

apart from using catalysts prepared by different synthesis methods, the reaction 

conditions (including promoters added in the liquid phase) and reactor types were 

quite different from each other and hence a direct comparison is not encouraged. 

Extensive studies have been performed by the group of Hutchings [11,12,18] in the 
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development of AuPd catalysts for direct synthesis of H2O2, and three of the most active 

ones are enlisted as the first three entries (Table 5.3). Although they are tested at dilute 

conditions, the total pressure is higher (40 bar) and reaction temperature is 

substantially lower, compared to our study. Entry 4 shows a Pd catalyst on titanate 

nanotubes that showed exceptional activity in relatively mild conditions. Another Pd 

catalyst is shown is entry 5, this time synthesized using the polyelectrolyte PAH, that 

exhibits high productivity, although quite high O2 partial pressures were used. The only 

catalyst tested at nearly similar conditions as ours, is shown in entry 6, where micro 

packed bed made it possible to conduct the reaction with concentrated H2/O2 mixtures. 

We see that our microchannel catalyst shows much higher productivity, especially if 

expressed per kgmetal. Overall, we see that the application of micro-reactor (that ensured 

safe use of concentrated mixture and better heat and mass transfer) coupled with an 

active catalyst, resulted in highly superior performance, as compared to literature.  

Table 5.3: Catalytic performance of various catalysts in the direct synthesis of H2O2 

Catalyst Reactant 

Mixture 

  

Reactor type/ 

Temperature/ 

Pressure 

Productivity   

(mol/kgcat/h) 

Productivity 

(mol/kgmetal/h) 

Ref 

1. AuPd/C  

Dilute 

 

Batch/ 

2 °C/ 

40 bar 

 

175 3500 [17] 

2. AuPd/SiO2 108 2160 [12] 

3. AuPd/TiO2 100 10000 [19] 

4. AuPd/Tita

nate-

nanotubes 

H2/O2/Ar=5:1

0:85 

Batch/ 

5 °C/ 

20 bar 

 

175 11670 [20] 

  

5. Pd/PAH-

K2621 

N2/H2/O2 

=50/3/47 

 

 

Upflow fixed 

bed/ 

30 °C/ 

50 bar 

127 5294 [48] 

6. Pd/C D2/O2 = 2/3 

 

 

Micro reactor/ 

20 °C/ 

21 bar 

170 3400 [25] 

7. AuPd/ 

2LbL 

 

H2:O2=1:1 

 

Micro-channel/ 

42 °C / 

20 bar 

210 14300 This 

work 
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5.4 Conclusions 

In summary, metal nanoparticles – Au, Pd and AuPd were successfully 

synthesized inside the walls of micro-channel capillaries using PEMs. PEMs that were 

incorporated inside the capillary prior to metal deposition by a layer-by-layer 

technique, formed a charged surface that was ideal for metal ion adsorption. The metals 

were reduced using NaBH4 and calcination in the final step ensured removal of the 

PEMs, yielding metal nanoparticles that were <2 nm in size with homogeneous 

distribution. The metal loading could be easily controlled by varying the number of 

multilayers. The capillaries synthesized using this technique showed exceptional 

catalytic performance for the direct synthesis of H2O2. Given the flexibility and facility 

of the synthesis technique described in this study, it can be easily extended to a variety 

of substrates, where controlled metal nanoparticle incorporation is desired, for 

catalytic or other applications. 
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Abstract 

For the first time, we perform in-situ X-Ray Absorption Spectroscopy on both 

Au L3 and Pd K edges during the direct synthesis of hydrogen peroxide in a high 

pressure gas-liquid-solid microreactor using SiO2 supported Au, Pd and AuPd catalysts 

under relevant reaction conditions. The catalysts were coated on the walls of 320 µm 

ID micro capillaries, used in this work both as micro reactors and as spectroscopic cells, 

ensuring safety of operation, ease of portability and absence of reactor effects during 

the measurements. XANES analysis revealed that the fresh Pd and AuPd capillaries 

contained a mix of Pd/PdO phases which was readily reduced in H2 atmosphere. The 

presence of only metallic Pd under reaction conditions for both capillaries proved that 

metallic Pd is the active phase for this reaction. Au was present in its metallic form in 

both Au and AuPd under all conditions tested. EXAFS and HR-TEM analysis suggested 

that the AuPd particles had a core-shell structure (Au rich-core, Pd rich-shell). Unlike 

the AuPd, monometallic Pd showed an increase in the Pd-Pd distance under reaction 

conditions, attributed to the formation of Pd-hydride. We propose that that the absence 

of Pd-hydride in the AuPd catalysts reduces further hydrogenation of H2O2 to water, 

thereby explaining the increased selectivity to H2O2 observed with AuPd catalysts.

Direct synthesis of H2O2 in AuPd coated 

micro channels: An in-situ X-Ray Absorption 

Spectroscopic (XAS) study 
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6.1 Introduction 

Hydrogen peroxide (H2O2) is an important commodity chemical with 

applications in paper and pulp industry as a bleaching agent, in wastewater treatment 

and in the synthesis of fine and bulk chemicals [1–4]. In addition, it is also a green 

oxidant releasing only water as the oxidation product [5]. The commercial production 

of H2O2, on the other hand, cannot be classified as a green technology. H2O2 is currently 

produced by the anthraquinone auto reduction (AO) process, which involves complex 

processing steps, leads to excessive waste generation and is only economically viable 

when produced at a large scale. In this context, the direct synthesis of H2O2 from H2 and 

O2 at small scale is an attractive alternative [6] and has proved to be successful on Pd-

based catalysts [6–8]. Nevertheless, the process still suffers from low selectivity as 

undesired Pd catalyzed pathways lead to water formation, as shown in Scheme 1. 

Moreover, H2O2 is highly unstable and requires the use of liquid solvents like methanol 

to easily desorb it from the catalyst surface, as well as stabilizing agents like acids and 

halide promoters[7,9,10]. Finally, an important challenge in the direct synthesis of H2O2 

lies in the use of H2/O2 mixtures, which are potentially explosive in the concentration 

range of 4−94% of H2 in O2, thus limiting the maximum H2O2 yield that can be achieved 

even on highly active catalysts.  

 

Scheme 6.1 Reactions involved in the direct synthesis of H2O2 

 

There have been numerous studies on catalyst development and novel reactor 

approaches to overcome the challenges faced in the direct synthesis of H2O2. Hutchings 

et al [7,11-13] was the first to show that the addition of small amounts of Au to Pd, leads 

to significant enhancement in performance, especially in terms of H2O2 selectivity. 

Other groups have also reported similar observations [14–16]. This Au-Pd synergism 
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may originate from geometric and/or electronic effects. Addition of Au to Pd may 

“dilute” the surface (i.e., geometric effects), thereby reducing the number of sites 

responsible for O-O scission, thus enhancing selectivity [14,17-19]. Alternately, 

electron transfer between Au and Pd can alter its catalytic behavior (i.e., electronic 

effects) [17-20,22,23]. DFT calculations show that Au atoms on the surface of Au-Pd 

alloys can weaken the H2O2 bond with the metal surface, facilitating product desorption, 

thereby reducing rates of decomposition [21,22]. Besides the role of Au in enhancing 

catalytic activity, the oxidation state of Pd is also under debate. Some reports have 

suggested that it is the metallic Pd which is the active phase [25,26], while other studies 

have claimed the importance of PdO in determining catalytic activity [27–29]. It has also 

been shown that the use of different co-solvents can also tune catalytic activity and 

selectivity [25]. Aprotic solvents (e.g., acetone, acetonitrile, DMSO) at optimized 

concentrations may interact with the catalyst, as evidenced by FTIR studies, and lead to 

enhancement H2O2 selectivity [30]. These strategies have led to better performing 

reaction systems but the underlying reasons are yet to be explored in reaction 

conditions. To our knowledge, the only in-situ study (XAS) reported so far, was 

conducted on the monometallic Pd catalyst, where it was found that Br  ions played a 

role in Pd leaching and reduction [31]. 

Another approach to enhance catalytic performance is by using concentrated 

reactant mixtures. It has been shown that the direct synthesis of H2O2 can be carried out 

safely using conventionally explosive reactant mixtures in wall-coated micro(channel) 

reactors [32]. The intrinsic safety of these microreactor systems is attributed to  their 

distinctively small dimensions (i.e., 320 µm ID) and to their excellence in terms of flow 

distribution (i.e., Taylor flow), catalyst wetting and heat management [32–35].  

Interestingly, not only the production of H2O2 was remarkably increased due to the use 

of concentrated H2/O2 mixtures (i.e., an eight-fold increase) compared to dilute 

mixtures, but also a marked increase in selectivity was observed (i.e., from 25% in 

dilute systems to 65% using concentrated mixture). It was proposed that a higher 

surface coverage, which results from the increase in reactant partial pressure, leads to 

the blocking of the sites which would otherwise catalyze water formation reactions 

[32,36]. In Chapter 5 we have used this concept and a novel synthesis technique to 
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obtain exceptionally active Au, Pd and AuPd catalysts for the direct synthesis of H2O2 

[37]. The bimetallic AuPd catalyst was superior in performance to the monometallic 

ones, in agreement with studies referred to above.  

 Structure-activity correlations can be explored using time resolved studies in 

reaction conditions to obtain insight on the pertinent questions in direct synthesis like 

the role of Au, the oxidation state of Pd (and Au) and the role of co-solvent. These 

studies generally require that the structure of the catalyst be probed simultaneously 

and at the same location to draw correlation between the catalytic performance and 

structural changes taking place in the catalyst [38]. To meet these requirements 

specially designed spectroscopic cells are used to facilitate high quality data acquisition 

while working in reaction/in-situ conditions [38,39]. Although ideal for obtaining clean 

spectroscopic data, these cells may be dominated by mass transfer effects leading to 

misinterpretation of the measured data. These mass transfer effects become more 

dominant when using solid/fluid reaction system like the direct synthesis of H2O2. The 

influence of mass transfer effects due to cell design was shown by Grundwaldt et al [39]. 

It was found that the reduction of a PdO/ZrO2 catalyst by benzyl alcohol took 45 min in 

a cell with pressed pellet while the same catalyst was reduced in only 2 min when used 

as a powder. A potential solution for avoiding these effects is by employing micro 

reactors and in particular wall coated micro-channel, as spectroscopic cells. 

 In this chapter, we report an in-situ XAS study at the AuL3 and Pd K edges 

during the direct synthesis of H2O2 on silica supported Au, Pd and AuPd wall-coated 

capillary microreactors operated in the Taylor flow regime. This flow pattern provides 

excellent heat and mass transport properties, ensures efficient catalyst wetting and 

presents ideal flow distribution (i.e., no back mixing), contributing to the inherent 

safety of this microreactor system. In this study, the microreactor acts both as the 

reactor as well as the spectroscopic cell, thus allowing the XAS measurements to be 

exempt of reactor effects, and importantly, they are recorded in the exact same 

configuration and conditions as our reference lab experiments. Therefore, the XAS data 

presented in this study fully represent our working catalysts under realistic reaction 

conditions.  
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6.2 Experimental 

6.2.1 Catalyst synthesis 

Synthesis of the micro channel reactors was carried out based on the method 

developed in Chapter 5. Three wall coated capillaries, 0.5-1 m in length were 

synthesized following this procedure – Au, Pd and AuPd (1:2) with a target loading 5 

wt%. In addition, a powder sample named AuPd/SiO2 was prepared following similar 

steps, using Davisil 643 as support, in order to carry out XPS. For detailed synthesis 

procedure of capillary and powder catalysts refer to the Experimental Section in 

Chapter 5. 

6.2.2 Ex-situ characterization 

Metal particle size was examined using a FEI Tecnai G2 Sphera transmission 

electron microscope (TEM). For this analysis, the wall-coated capillaries were entirely 

crushed and suspended in drops of ethanol. To determine the real loadings of Au and 

Pd present in the coated catalysts, inductively coupled plasma (ICP) was performed 

using a Spectra CirosCCD system. The samples were prepared by crushing the capillaries 

and dissolving them in aqua regia (HCl: HNO3 = 3: 1). The solutions were stirred at 80 

°C for about 1 hr. After cooling, diluted HF (1:19) was added to each sample and finally, 

diluted with ultra-pure water to the required amount. The calibration line was obtained 

using standard gold (Sigma-Aldrich, 999 mg/L ± 2 mg/L Au) and palladium (Sigma-

Aldrich, 999 mg/L ± 2 mg/L Au) solutions. The X-ray photoelectron spectroscopy (XPS) 

measurements were carried out with a Kratos AXIS Ultra spectrometer, equipped with 

a monochromatic X-ray source and a delay-line detector (DLD). Spectra were obtained 

using the aluminum anode (Al Kα = 1486.6 eV) operating at 150W. 

6.2.3 In-situ XAS measurements 

 X-Ray absorption spectroscopy measurements were carried out at SAMBA 

Beamline in Soleil Synchrotron, Paris. A schematic representation of the experimental 

setup is shown in Scheme 6.2. The gases were supplied using mass flow controllers. The 

liquid phase consisting of H2SO4 (0.05 M) and 20 vol% methanol in DI water, was 

supplied to the system by a syringe pump. To maintain a constant pressure in the 

system, a back-pressure regulator was put downstream after the gas-liquid separation 
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unit. All experiments were carried out at 20 bar pressure and at room temperature. 

Liquid samples were collected after the experiment in reaction condition (run 6) and 

titration with standard cerium sulphate (0.1 N) showed the presence of H2O2, thus 

ensuring that measurements were made on a working catalyst. Table 6.1 shows the 

different experimental conditions in which XAS data were recorded for three different 

catalysts – Au, Pd and AuPd. 

 

Scheme 6.2 Schematic diagram of in-situ XAS set-up with magnified view showing gas-liquid 

Taylor flow along with reaction inside the capillary. 

 

Table 6.1: Conditions at which XAS data were collected 

Run No. Gas 

composition 

H2/O2/He 

Gas flow rate 

(mlN/min)* 

Liquid phase 

composition 

Liquid flow 

rate (ml/min) 

1 0/0/10 5 - - 

2 10/0/90 5 - - 

3 0/10/90 5 - - 

4 5/5/90 5 - - 

5 5/5/90 5 H2SO4 (0.05 M), 20 

vol% MeOH in water 

0.1 

6 0/0/100 5 2 wt% H2O2 0.1 

* Between each condition, He was flushed at 100 Nml/min of He for 20 min 
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For the monometallic Au and Pd capillaries, experiments were performed at 

the AuL3 edge and Pd K edge respectively, while for the AuPd capillary spectra were 

recorded on both these edges in separate set of experiments. All measurements were 

made in the fluorescence mode for 30-40 min in each condition. The acquisition time 

for each spectra was ca. 2 min. Reference spectra were collected in the transmission 

mode using Au and Pd foils and PdO powder. 

EXAFS data were processed with the Athena/Artemis software package [40]. 

Data processing included normalization of the absorption edge and background 

subtraction, linear combination fitting (XANES) and fitting of the structural parameters 

(EXAFS). Scattering paths were calculated with FEFF6 from relevant crystal structures 

obtained from the ICSD database. Fitted parameters were the energy shift (ΔE0), 

coordination number (CN), change in bond distance (ΔR), and the relative mean square 

displacement (σ2).  Amplitude reduction factors were determined from metal foils to be 

0.85 and 0.89 for the Au L3 edge and Pd K edge fits, respectively. The Au L3 edge spectra 

were fitted in the range Δk = 2 – 9 Å–1 and ΔR = 1.5 – 3.5 Å and the Pd K edge spectra 

were fitted in the range Δk = 2 – 11 Å–1  and ΔR = 1 – 3 Å (1 – 4  in case spectra were 

fitted with Pd oxide scattering paths). Plotted spectra have a k-weight of 2 and are not 

phase corrected. 

6.3 Results  

6.3.1 Ex-situ characterization 

Figure 6.1(a) shows a representative image of the AuPd particles formed in the 

capillary micro reactor. The particles are well distributed throughout the support and 

particle size analysis revealed an average particle size of 4.6±1.5 nm. The higher particle 

size compared to that reported in the previous chapter could be due to on-shelf 

sintering. Figure 6.1(b) shows an HR-TEM image of the AuPd/SiO2 powder, which gives 

further insight on the nanoparticle structure. The dark “core” surrounded by a lighter 

“shell” in most of the particles suggest a core-shell type of structure. ICP-OES revealed 

the metal content of the Au, Pd and AuPd catalysts as 3.0 wt%, 4.3 wt% and 2.1 wt% 

respectively. 
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Figure 6.1 (a) Representative TEM image of nanoparticles from the AuPd coated capillary (b) 

HR-TEM of nanoparticles from AuPd/SiO2 powder. 

XPS was employed to evaluate the elemental composition and the oxidation 

state of Au and Pd at the surface of an AuPd/SiO2 powder catalyst prepared in a similar 

way as the AuPd wall-coated capillary (Figure 6.2). The Au 4f7/2 and Pd 3d5/2 binding 

energies (BE) along with XPS-derived atomic ratios are shown in Table 6.2. The Pd 3d 

spectra characterized by two spin-orbit components of 3d5/2 and 3d3/2 exhibit three 

doublets attributed to three different Pd species- PdO2, PdO and Pd0 [41,42]. The 

reduced sample predominantly consists of metallic Pd, with small amount of PdO2, most 

likely formed due to oxidation in air during sample handling [42]. The Au 4f spectra is 

typical of metallic Au. The BE of Au (4f7/2) is found to be 82.8 eV, exhibiting a prominent 

negative shift when compared to bulk Au (84 eV) or small Au nanoparticles (83.5-84 

eV) [43]. This is proposed to be due to charge transfer from Pd to Au and is evident of 

Au-Pd alloying [43,44]. Interestingly, the Au/Pd ratio at the catalyst surface determined 

by XPS is higher than the bulk Au/Pd ratio measured by ICP-OES, hinting at surface 

enrichment by Au.  
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Figure 6.2 Experimental and fitted (a) Au 4f and (b) Pd 3d XPS for reduced and calcined 

AuPd/SiO2 powder catalysts. 

 

Table 6.2: XPS Binding energies for Au 4f7/2 and Pd 3d5/2, relative amount of each Pd species and 

surface Au/Pd ratios of AuPd/SiO2 powder catalyst before and after calcination 

Sample Binding 

energy, Au 4f7/2 

(eV) 

                                    Pd 3d5/2  

Binding energy                     Peak designation        

(eV)                                               (Relative %) 

Au/Pd* 

Reduced  82.8 

 

338.1  

334.8  

PdO2 (19%) 

Pd0 (81%) 

0.74 

Calcined 83.3 338.2  

336.4  

334.8  

PdO2 (10%) 

PdO (65%) 

Pd0 (25%) 

0.41 

* Au/Pd from ICP-OES is 0.49 

Upon calcination, the PdO phase dominates but 25% of the Pd is still present in 

its metallic form. The positive shift of Au 4f7/2 BE together with a simultaneous decrease 

of the Au/Pd surface ratio (slightly less than the bulk ratio) lead us to speculate that 

calcination may lead to lowering of Au-Pd interaction and migration of Au away from 

the surface [45,46]. This is in agreement with past reports where HR-TEM/XEDS 

studies revealed that, on oxidic supports, calcination led to formation of core-shell 

particles and the final morphology was highly dependent on the type of support and 
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synthesis technique [47,48]. Finally, XPS revealed no contamination from Cl, ensuring 

effectiveness of the washing step during synthesis. 

6.3.2 In-situ XANES 

Figure 6.2 shows the XANES spectra recorded on the Pd-K edge for the Pd and 

AuPd catalysts at different conditions. The spectra for standard samples of PdO and Pd 

foil are also shown for comparison. The Pd catalyst (measured in He flow) consist of a 

mixture of metallic Pd and PdO as shown in Figure 6.3(a). As soon as H2 is introduced, 

the XANES spectra resembled that of Pd foil, indicating reduction of the PdO phase to 

Pd0. Interestingly, further exposure to O2 and H2/O2 mixtures did not result in re-

oxidation of Pd, which remains as Pd0.  When the catalyst was introduced to reaction 

conditions, the Pd remains metallic. The oxidation state remains unchanged even when 

the catalyst is exposed to a flow of 2 wt%, H2O2, in the final experiment. Similar trends 

in Pd oxidation state is also exhibited by the AuPd catalyst (Figure 6.3 (b)). We also 

observe that the oscillations shift to lower energies in certain conditions and this is 

more pronounced for the Pd catalyst. This is due to the increase in Pd-Pd interatomic 

distance and will be discussed in more detail in the EXAFS section. 

 

Figure 6.3 Pd K edge XANES spectra measured on (a) Pd and (b) AuPd catalyts recorded at 

indicated gas and/or liquid flow conditions starting with He. Pd foil and PdO spectra are also 

shown for reference. 
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The XANES spectra recorded on the Au L3 edge for the Au and AuPd catalysts 

at different conditions are shown in Figure 6.4. Both the fresh catalysts contain purely 

metallic Au which does not change when subjected to reaction (or other) conditions. 

 

Figure 6.4 Au L3 edge XANES spectra measured on (a) Au and (b) AuPd catalyts recorded at 

indicated gas and/or liquid flow conditions. The spectra for Au foil is shown for reference. 

 

6.3.3 In-situ EXAFS 

Figure 6.5 shows the Fourier transform of the EXAFS spectra of the Pd catalyst 

on Pd K edge, along with Pd foil reference sample. The fitting parameters are 

summarized in Table 6.3. The fitting parameters are obtained by considering three 

paths of PdO -- Pd-O, and two Pd-Pd paths, named as Pd-Pd1 and Pd-Pd2, in Table 6.3, in 

addition to a Pd-Pd path for metallic Pd. The fitted values obtained for these parameters 

are well in agreement with those reported for Pd0 and PdO [49]. On passing H2, the 

EXAFS Fourier transform resembles that of Pd foil, indicating the conversion of the PdO 

phase to metallic Pd. Furthermore, the Pd-Pd distance is found to be 2.766 Å, which is 

slightly higher than the Pd-Pd distance of metallic Pd (~ 2.74 Å). We speculate that this 

is due to the presence of PdH that was formed after the reduction of Pd, as shown in 

Figure 6.5 (b). The formation of PdH has been widely reported on Pd catalysts when 

subjected to H2 atmosphere [50-54]. The increase in Pd-Pd distance is also 

accompanied by an increase in the Debye-Waller factor (σ2), which is indicative of 

disordering in the Pd structure induced by H2 adsorption [53]. The hydride formation 

was found to be completely reversible –on passing O2 the Pd-Pd distance reduced to 

2.742 Å, with a simultaneous decrease in σ2. Introduction of the reactant gases 
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(H2+O2/He) again led to an increase in Pd-Pd distance and finally in reaction condition 

this distance increased furthermore to 2.822 Å, which is associated with βPdH 

formation [55]. Finally, it was found that the presence of H2O2 did not re-oxidize the Pd, 

suggesting that the product formed most likely does not change the co-ordination 

environment of Pd. 

 

Figure 6.5 Magnitude of Fourier transform of Pd-K edge EXAFS spectra for the Pd foil and Pd 

capillary at (a) different conditions (b) in H2 at different measurement times. 

 

Table 6.3: EXAFS fitting parameters for the Pd catalyst at different conditions collected 

at Pd K edge. Uncertainties are reported in parenthesis. 

Condition Shell R (Å) CN σ2*103, Å2 R2 (%) 

He Oxidic phase: 

Pd-O 

Pd-Pd1 

Pd-Pd2 

 

2.021 (0.006) 

3.058 (0.005) 

3.447 (0.005) 

 

1.9 (0.2) 

2.5 (0.6) 

2.7 (0.6) 

0.8 (0.8) 

 

 

 

7.0 (0.7) 

1.3 

 

 

 

  Metallic phase: 

Pd-Pd 

 

2.746 (0.007) 

 

3.8 (0.4) 

H2/He Pd-Pd 2.766 (0.003) 9.5 (0.5) 9.2 (0.4) 0.5 

O2/He Pd-Pd 2.742 (0.004) 9.0 (0.6) 6.3 (0.5) 0.6 

H2+O2/He Pd-Pd 2.796 (0.004) 9.9 (0.7) 9.2 (0.6) 0.7 

Reaction Pd-Pd 2.822 (0.003) 10.1 (0.6) 8.1 (0.5) 0.6 

 

H2O2 Pd-Pd 2.742 (0.003) 9.0 (0.5) 6.4 (0.4) 0.6 
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Figure 6.6 shows the Fourier transform of the EXAFS spectra of the AuPd 

catalyst on Pd K edge and the fitting parameters are summarized in Table 6.4. The fresh 

catalyst, measured in He flow consists of a mixture of metallic Pd and PdO, in agreement 

with the XPS analysis. EXAFS fitting was performed for both the metallic phase fraction 

and the PdO phase and the values obtained for scattering lengths are similar to the 

monometallic Pd catalyst. In addition, a low Pd-Pd co-ordination number (CN) of 2 for 

metallic Pd, suggests that only a small part of the Pd is present in the metallic phase in 

the fresh sample. Higher Au-Au and Pd-Pd coordination compared to Au-Pd and Pd-Au 

coordination indicates segregation of metals in the particles (core-shell or cluster on 

cluster) [38,56]. A strong indication of an Au-rich core, and Pd-rich shell structure 

comes from comparison of the total Au-metal and Pd- metal CNs. This is further 

confirmed by the higher Au−Au coordination than the Au−Pd coordination [49,57]. 

common for AuPd bimetallic systems [58,59].  Since the Au-Pd CN is also significant, a 

sizable proportion of Au also interacts with Pd which means that there is presence of 

Au atoms in the Pd shell [49].  

As H2 is introduced, the contributions from the oxidic Pd phase disappeared 

and Pd-Pd distance increased to 2.82 Å, indicative of βPdH formation [55]. This is 

accompanied by an increase in the Pd-Au distance as well, further confirming the 

presence of hydride like species in the vicinity of Pd atoms. When O2 is introduced, the 

PdH phase completely disappeared (decrease in both Pd-Pd and Pd-Au distances), but 

Pd remains in the metallic form. On co-feeding H2, the catalyst behaves similar to the H2 

treatment step, where expansion of Pd-Pd and Au-Pd distances take place. On 

introducing the liquid phase, that is, under reaction conditions, the Pd-Pd distance is 

close to the value of metallic Pd (from 2.82 Å to 2.75 Å), while the Pd-Au remains ~2.79 

Å. This behavior is different from the Pd catalyst, where reaction conditions also led to 

PdH formation. This suggests that the PdH formed on the AuPd catalyst is less stable 

and thus not likely to be formed when a liquid film hinders the direct contact between 

H2 and the catalyst surface. At the same time, a higher Pd-Au distance hints at the 

presence of some intermediate at Pd-Au site that maybe a precursor to H2O2 formation, 

like OOH. This is further supported by the observation that a similar Pd-Au distance, 

2.82 Å is obtained when H2O2 was co-fed in the final experiment. 
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Figure 6.6 Magnitude of Fourier transform of Pd-K edge EXAFS spectra for the Pd foil and AuPd 

capillary at different conditions. 

Table 6.4: EXAFS fitting parameters for the AuPd catalyst at different conditions collected at Pd 

K and Au L3 edges. Uncertainties are reported in parenthesis. 

Condition Shell R (Å) CN σ2*103, Å2 R2 (%) 

He Oxidic Pd: 

Pd-O 

Pd-Pd1 

Pd-Pd2 

 

2.021 (0.006) 

3.058 (0.005) 

3.447 (0.005) 

 

1.9 (0.2) 

3.3 (0.7) 

4.1 (0.8) 

 

0.8 (0.8) 

 

 

2.1 

 

 

 

Metallic Pd: 

Pd-Pd 

Pd-Au 

Au-Pd 

Au-Au 

 

2.746# (0.007) 

 

 

2.832 (0.016) 

 

2.0 (0.4) 

3.1 (0.7) 

3.0 (0.9) 

8.9 (1.7) 

 

7.0 (0.7) 

 

11.9 (2.1) 
 

 

 

 

3.4 

H2/He Pd-Pd 

Pd-Au 

Au-Pd 

Au-Au 

2.820 (0.006) 

2.804 (0.017) 

 

n.d. 

7.1 (0.7) 

3.6 (0.6) 

n.d. 

n.d. 

7.4 (1.0) 0.5 

O2/He Pd-Pd 

Pd-Au 

Au-Pd 

Au-Au 

2.726 (0.006) 

2.732 (0.011) 

 

n.d. 

6.3 (0.6) 

4.5 (0.4) 

n.d. 

n.d. 

5.6 (0.9) 0.4 

H2+O2/He Pd-Pd 

Pd-Au 

Au-Pd 

Au-Au 

2.820 (0.009) 

2.795 (0.025) 

 

2.833 (0.013) 

7.5 (1.1) 

3.6 (0.9) 

4.2 (0.9) 

9.0 (1.4) 

7.3 (1.5) 

 

12.3 (1.7) 

1.0 

 

2.0 

Reaction Pd-Pd 

Pd-Au 

Au-Pd 

Au-Au 

2.748 (0.005) 

2.788 (0.013) 

 

2.823 (0.015) 

7.5 (0.5) 

3.7 (0.4) 

4.8 (1.0) 

9.0 

6.0 (0.6) 

 

13.0 (1.9) 

0.3 

 

2.5 
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H2O2 Pd-Pd 

Pd-Au 

Au-Pd 

Au-Au 

2.759 (0.008) 

2.817 (0.026) 

 

n.d. 

7.3 (0.9) 

3.3 (0.6) 

n.d. 

n.d. 

5.0 (1.1) 0.7 

 

   n.d.: Not determined; #shared parameter for Pd-Pd, Au-Pd and Pd-Au 

The fitting parameters from the Au catalyst measured at the Au L3 edge is 

reported in Table 6.5. We see that Au is in metallic state in all conditions and no 

significant change in Au-Au distance and CN takes place with change in conditions. 

These properties also did not alter when a 2 wt% H2O2 was co-fed with He, but 

interestingly the catalyst showed much lower peroxide decomposition when compared 

to the AuPd and Pd catalysts. This is in line with the results of Chapter 5, where we 

observed that monometallic Au produced significant amount of H2O2 [37]. 

 

Table 6.5: EXAFS fitting parameters for the Au catalyst at different conditions collected at Au L3 

edge. Uncertainties are reported in parenthesis. 

Condition R (Au-Au), (Å) CN (Au-Au) σ2 (Au-Au) *103, Å2 R2 (%) 

He flow 2.871 (0.006) 11.0 (1.1) 7.8 (1.0) 1.2 

H2 + O2 2.862 (0.005) 11.0 (1.0) 7.5 (0.9) 1.0 

Reaction 2.871 (0.008) 10.9 (1.4) 7.7 (1.4) 2.4 

 

6.4 Discussions 

In this study, XAS was performed for the first time on both Au and Pd edges 

during the direct synthesis of H2O2 from H2 and O2 on Au, Pd and AuPd catalysts. XANES 

was used to reveal the oxidation state of both metals in a range of gas flow conditions 

as well as during reaction using a biphasic (gas-liquid) environment, while EXAFS gave 

further insight about the co-ordination environment of Au and Pd under these 

conditions. In addition, comparison among AuPd catalyst with the monometallic 

counterparts is used herein to elucidate on the role of Au in the AuPd catalyst, often 

correlated with an increase in product selectivity. 
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6.4.1 Metal oxidation state  

 The XANES on Pd K edge revealed that both Pd and AuPd catalysts initially 

consisted of Pd/PdO phases and were reduced to Pd0 in reaction conditions. This clearly 

shows that it is the metallic Pd which is the active phase in peroxide formation, a topic 

that has been highly debated in past studies. Past studies performed at different H2:O2 

ratios showed that optimum ratio in terms of productivity is 1:1, which decreased at 

H2/O2<1. It was also showed that this change was reversible, as catalyst activity could 

be restored after flowing pure H2 [36]. This observation indicates that in high O2 

environment, part of the Pd0 is converted to PdO, which leads to a lower catalytic 

performance. As soon as H2 is used, PdO is converted to Pd0 and the initial activity is 

regained. This is suggestive of Pd0 being the active species which is consistent with the 

in-situ XANES findings of this study. Au, on the other hand, was present in its metallic 

form in the working state of all three catalysts studied. We also evaluated the possibility 

of the product in re-oxidizing Pd to PdO and hence effecting catalyst performance, but 

we can firmly conclude that the Pd (and Au) oxidation states remained unchanged in 

presence of H2O2 for AuPd and Pd catalysts. Though it has been shown in some studies 

that the role of Au in enhancing activity is to inhibit oxidation of Pd [43], our results 

show that Au is not essential for this to happen. The governing factor most likely is the 

reaction conditions (in particular the H2:O2 ratio) which can change the oxidation state 

of Pd and consequently the activity. 

6.4.2 AuPd nanoparticle structure 

 EXAFS analysis on the AuPd capillary gave evidence of Au-Pd alloying and 

supported by HR-TEM indicated that the particles have a core-shell structure. The 

structure in the fresh catalyst consists of an Au rich core surrounded by a shell of PdO 

and metallic Pd domains. Upon reduction in H2, this structure is retained with a 

completely metallic Pd shell. PdH formation is seen in both AuPd and Pd catalysts, in 

presence of H2 and H2+O2 characterized by an increase in Pd-Pd distance. When 

subjected to reaction conditions (addition of a liquid phase), this increase disappears in 

case of the AuPd capillary, indicating loss of PdH phase. Simplified structures showing 

these transformations for the AuPd catalyst are depicted in Scheme 6.3. It must be noted 

here that since structural inhomogeneties may exist in the sample the presence of other 
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structures like random alloys cannot be completely discounted [60]. This can be 

elucidated using advanced microscopic techniques with elemental mapping [13,61] but 

lies beyond the scope of the present work. 

 

Scheme 6.3 Structure of AuPd catalyst in different conditions (a) fresh calcined (b) on H2 

introduction (c) prolonged H2 flow/mixture of H2+O2 and (d) during reaction; Yellow: Au atoms, 

brown: Pd atoms, red: PdO, blue: interstitial hydrogen. 

 

6.4.3 Role of Au in inhibiting hydride formation 

Pd nanoparticles in H2 can form PdH phases which may have an impact on the 

catalytic activity as shown in recent literature [62-64]. For example, in the 

hydrogenation of acetylene to ethene, PdH formation leads to excessive ethane 

formation by over-hydrogenation, thereby reducing selectivity [65]. The selectivity has 

been shown to be improved on AuPd nanoparticles where Pd being highly dispersed is 

unable to from PdH which is reflected in much lower ethane formation and hence 

enhanced ethene selectivity [62]. Similarly, in glycerol oxidation, AuPd nanoparticles 

provide a balance between hydride formation (beneficial for this reaction) and PdO 

formation, leading to superior activity compared to monometallic catalysts. In our 

study, we see that both Pd and AuPd catalysts form PdH in the reactant gas mixture, but 

for AuPd the PdH phase is lost in reaction conditions which indicates that the PdH 

formed in the bimetallic system is less stable. Hydride formation in Pd is greatly affected 

with particle size, with decreased H content in smaller particles[55,66,67],[68]. Alloying 

with Au has a similar effect as it leads to higher Pd dispersion and hence a lower H 

content. In fact, temperature-programmed desorption with H2 (TPD-H2/TPR) has been 

used extensively to determine AuPd alloying and Pd dispersion in AuPd 

catalysts[15,16,69]. Neutron scattering and deuterium (D2) desorption study on Au-Pd-

D system showed that the nature of hydrides formed and site occupancy of D2(H2) was 
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different for AuPd and Pd. D2 was easily desorbed around 325 K for Au0.25Pd0.75, while 

pure Pd showed a shoulder at 325 K and a sharp peak at 380 K [70]. Hence, it can be 

inferred that, although PdH formation in AuPd catalysts is possible, it is less stable than 

in Pd-only catalysts. As a result, these species were not observed in reaction conditions 

in our XAS measurements. Therefore, we propose that the absence of PdH in AuPd 

catalysts can help to decrease the hydrogenation of the formed H2O2, thereby increasing 

product selectivity. 

 

6.5 Conclusions 

 In-situ XAS using highly active Pd and AuPd catalytic microchannel reactors 

was performed for probing the chemical environment of the metals during the direct 

synthesis of hydrogen peroxide. We successfully carried out these measurements in a 

complex gas-solid-liquid reaction system, operating at high pressures and using 

potentially flammable reactant mixtures. This demonstrates the prospect of using 

microreactors as an attractive spectroscopic tool for conducting in-situ studies where 

“true reaction conditions” can be achieved during measurements. From the XANES 

analysis, it was found that during reaction both metals are present in their metallic 

state. The addition of Au did not affect Pd reducibility. EXAFS analysis gave further 

insight on the Au and Pd co-ordination environment and particle morphology. The fresh 

catalyst consisted of an Au core and a Pd/PdO shell. During reaction, the Pd was 

completely reduced and the corresponding structure exhibited a core (Au)-shell (Pd) 

geometry. No significant restructuring was observed in the conditions studied. Finally, 

the Pd catalyst showed PdH formation during reaction indicated by an increase in the 

Pd-Pd distance, unlike the AuPd catalyst. PdH as observed in Pd catalysts may facilitate 

further hydrogenation of the product to water, thereby lowering selectivity. Thus, we 

propose that one of the major reasons for enhanced performance observed in AuPd 

catalyst is the role of Au in inhibiting PdH formation, thereby increasing the selectivity 

to H2O2. The insights from this study can aid in smarter catalyst design and form a step 

towards understanding the factors that determine the true reaction mechanism.  
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Abstract 

 In this chapter we explore the conversion of methane to methanol in one step 

using H2 and O2, in a wall coated capillary micro (channel) reactor. The active phase is 

AuPd nanoparticles embedded on the walls of the capillary, which acts as a catalyst for 

both H2O2 formation and methane oxidation. Using a micro reactor facilitates safe 

operation at various H2:O2:CH4 ratios including conventionally explosive mixtures. 

Methane activation experiments were carried out at non-explosive (H2:O2:CH4 = 5:5:90) 

and conventionally explosive regimes (H2:O2:CH4 = 30:30:40) at 20 bar pressure. It was 

found that methane can be successfully converted to methanol using in-situ generated 

H2O2. Furthermore, higher methanol yields were obtained with a dilute mixtures of H2 

and O2 compared to concentrated conditions, indicating that a small amount of H2O2 and 

high methane partial pressure are instrumental for obtaining superior catalytic 

performance.  Methanol formation rates were comparable to recently reported rates on 

AuPd catalysts using H2O2. 

 

Direct oxidation of methane to methanol 

using in-situ generated H2O2 in a wall 

coated microreactor 

 

7 
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7.1 Introduction 

Methane is abundantly available in nature as a major constituent of natural gas, 

but its conversion to more valuable chemicals has been an ongoing challenge in 

catalysis [1]. Methane is a very stable and symmetrical molecule that does not possess 

a dipole moment or functionality that would allow for directing chemical reactions [2]. 

As a result, methane is currently converted to value added chemicals via indirect 

processes based on the cost and energy intensive production of synthesis gas [3]. Direct 

processes for methane conversion have also been reported like the oxidative and non-

oxidative coupling of methane and methane dehydroaromatization but these require 

high temperature and lead to excessive coke formation which has hindered 

commercialization [4–7]. In this context, valorizing methane at mild conditions is highly 

desirable. 

An attractive strategy would be the selective conversion of methane to 

methanol. Methanol is a fuel itself and a versatile liquid intermediate that can be easily 

shipped and is readily converted to liquid hydrocarbons and olefinic building blocks for 

polymers and other chemicals [1,8]. Therefore, an efficient and direct method of 

catalytic conversion of methane to liquid methanol in mild conditions will be a practical 

solution. Several studies have reported this conversion in the past years but certain 

shortcomings need to be addressed for them to become economically relevant. These 

include the use of harsh reaction media like H2SO4 and Pt complexes as reported by 

Periana [9] and expensive oxidants like H2O2 [10,11] and N2O [12,13]. Gas phase 

oxidation of methane has also been reported, which is achieved over metal-exchanged 

zeolite catalysts with O2, N2O or H2O and require comparatively high temperatures 

(200° to 500°C) to activate the oxidant and desorb product [14,15]. They may require a 

water extraction step and generally show low yields [16,17]. Recently, it was shown 

that methanol and acetic acid can be obtained using O2 and CO on Rh/ZSM-5 catalysts 

and 4% methane conversion was achieved at 150 °C. The selectivity to both products 

could be tuned by changing the catalyst composition [18]. 

Hutchings and co-workers used H2O2 as an oxidant and showed methane 

oxidation over Fe-ZSM-5 and Cu modified ZSM-5 in aqueous media at 50°C. The 

products were methylhydroperoxide (CH3OOH), CH3OH, and formic acid (HCOOH) 
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[11,19–21]. AuPd nanoparticles were also found to be active for this reaction at similar 

conditions. The major products were CH3OOH, CH3OH and CO2 and no HCOOH was 

observed in any of the catalysts or conditions [10]. It was proposed that the reaction 

proceeds through a radical mechanism as both methyl (•CH3) and hydroxyl (•OH) 

radicals were observed by electron paramagnetic resonance (EPR) spectroscopy [22]. 

In their most recent study AuPd colloidal nanoparticles (not supported) were employed 

that led to substantial improvement in performance. Co-feeding molecular O2 also had 

a positive effect. A productivity of 53.6 mol/kgmetal/h was reported using H2O2 (1000 

µmol) and 5 bar O2. Oxygenate selectivity was recorded as 88 % and 27 % of the H2O2 

fed was utilized. It was suggested that the controlled breakdown of H2O2 activates 

methane which subsequently incorporates molecular O2 through a radical process. It 

was proposed that if a source of •CH3 can be established, then the selective oxidation of 

methane to methanol using molecular O2 is possible [23]. 

 

Scheme 7.1 Direct conversion of methane to methanol using AuPd coated capillary micro 

reactor operated under Taylor flow regime 

In this study we perform the one-step oxidation of methane to methanol using 

H2 and O2 using a wall coated capillary micro reactor. The highly active catalytic reactor 

system discussed in Chapter 5 is used in this study. Use of expensive oxidant H2O2 is 

avoided by synthesizing it in-situ from the constituent gases on the AuPd particles. 

These particles also serve as catalytic sites for the subsequent oxidation of methane to 

methanol using this in-situ generated H2O2 or OOH intermediate. The concept is 

illustrated in Scheme 7.1. The reactor is operated in the Taylor flow regime where gas 

slugs consist of the three reacting gases. Both reactions take place at the catalyst surface 

and the products (methanol and unreacted H2O2) are collected by the liquid phase. 

Experiments are conducted using dilute and concentrated H2/O2, with CH4 as the 
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balance. Herein, we present the proof of concept and get insight on the conditions likely 

to be favorable for high methanol yields. 

 

7.2 Experimental 

7.2.1 Catalyst synthesis  

 Wall coated capillary micro reactors were fabricated using the technique 

discussed in Chapter 5. Fused silica, 320 µm ID capillaries of 1-1.5m length with a silica 

pre-coat layer (CP-silicaPLOT, Agilent) were used and AuPd particles were formed in-

situ on the walls using 2 layers of PEMs. Au:Pd ratio and target loading were 1:2 and 5 

wt% respectively. The detailed synthesis procedure can be found in Section 5.2. 

7.2.2 Catalytic activity measurement  

The experiments were performed in a flow setup as shown in 7.2. The capillary 

was placed in a thermostatic oven to maintain isothermal conditions. The liquid phase 

consisting of H2SO4 (0.05 M), 9 ppm NaBr and 20 vol% acetonitrile in DI water, was 

supplied to the system by a syringe pump (Nexus 6000, Chemyx). Because concentrated 

H2/O2 mixtures were used in some experiments, the gas flow was diluted with N2 gas at 

the capillary outlet to ensure non-explosive gas mixture downstream. To maintain a 

constant pressure in the system, a back-pressure regulator was put downstream after 

the gas-liquid separation unit. The gas flows were regulated by mass flows controllers 

before the capillary inlet. The pressure was measured and monitored before and after 

the capillary. The reaction was studied at two different reaction conditions with gas 

volumetric ratios, H2:O2:CH4 = 5:5:90 and H2:O2:CH4 = 30:30:40, at a temperature of 42 

°C and 20 bar pressure. The gas and liquid flow rates were 5 mlN/min and 0.1 ml/min, 

respectively. 

Liquid samples were collected every 30-45 min of reaction time. Part of the 

sample was used for the determination of H2O2 by titration using standard solution of 

cerium (IV) sulfate (Sigma Aldrich) and ferroine (VWR Chemicals) as an indicator. The 

amount of methanol in the sample was quantified using an offline GC (Varian CP-3800). 

Some of the samples were also quantified for HCOOH formation using an HPLC 
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(Shimadzu Sil-20AC). Productivity of methanol was calculated using expression for a 

continuously operated reactor: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑚𝑜𝑙 𝑀𝑒𝑂𝐻

𝑘𝑔𝑚𝑒𝑡𝑎𝑙·ℎ𝑟
)  =

Liquid flow rate (
m𝑙

ℎ𝑟
)·𝐶𝑀𝑒𝑂𝐻(

𝑚𝑜𝑙

𝑚𝑙
)·𝑀𝑊(𝑔

𝑀𝑒𝑂𝐻

𝑚𝑜𝑙
)

𝑚𝑚𝑒𝑡𝑎𝑙
  (7.1) 

 

 

Scheme 7.2 Scheme of the setup used in direct synthesis methanol 

 

7.3 Results and Discussion 

Experiments were conducted using dilute and concentrated mixtures of H2 and 

O2 for generating H2O2 in-situ. The capillary was first tested to evaluate its activity for 

H2O2 formation and after this was verified methane was introduced in the reaction 

mixture. Figure 7.1 shows the activity for methanol formation using volumetric ratios 

of H2:O2:CH4 = 30:30:40. It is observed that methanol can be formed using this concept 

and an initial concentration of ~35 ppm was recorded. Figure 7.1 also shows the 

amount of H2O2 detected at the outlet and we observe that a substantial part of the H2O2 

generated in-situ is not “used” in the methanol formation reaction. Moreover, a 

decrease in activity is found for both products with time on stream. The rates of 
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deactivation for both products appear similar indicating that they have shared sites of 

formation, which are somehow blocked as the reaction progresses. 

 

Figure 7.1 Time-on-stream formation of methanol and H2O2 in an AuPd coated capillary micro 

reactor of 1 m length at H2:O2:CH4 = 30:30:40, 42 °C, 20 bar, total gas flow rate = 5 mlN/min 

and liquid flow rate= 0.1 ml/min. 

 

Figure 7.2 Time-on-stream formation of methanol and H2O2 in an AuPd coated capillary micro 

reactor of 1 m length at H2:O2:CH4 = 30:30:40, 42 °C, 20 bar, total gas flow rate = 5 mlN/min 

and liquid flow rate= 0.1 ml/min. 
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Since methane could be activated using a small fraction of H2O2 we reasoned 

that a lower H2:O2 ratio would be adequate and also allow the use of higher CH4 partial 

pressure (at constant total pressure). This was achieved by using volumetric ratios of 

H2:O2:CH4 = 5:5:90 and the activity for methanol and H2O2 formation is reported in 

Figure 7.2. A significant improvement in performance is observed with approximately 

a five-fold increase in initial methanol concentration. Formic acid, a product of over 

oxidation was not detected in these samples indicating the catalyst and reaction 

conditions were selective towards methanol formation. CO2 was also not detected on 

the online GC but further experiments are needed to establish this with certainty. The 

intermediate CH3OOH which has been observed on AuPd catalysts is likely to be formed 

but dissociates into methanol due to high temperature injection during GC analysis [23]. 

In terms of productivity, we obtain an average space-time-yield of ~ 50 

molMeOH/kgmetal/h which is comparable to the recent report of methane to methanol 

conversion using both O2 and H2O2 as oxidants over colloidal AuPd particles [23]. Here 

we get similar STY using only H2 and O2 and at much lower methane partial pressure 

(18 bar vs. 30 bar). This is likely due to the in-situ production of the intermediate, co-

presence of O2 that has proved to be beneficial [23] and the presence of an active 

catalyst. The enhanced mass transfer possible due to slug flow may also play a role in 

the several steps involved in this three phase system. 

Figure 7.2 also shows deactivation with time characterized by a decrease in 

methanol and peroxide concentrations. The drop in methanol is more drastic indicating 

that it may originate from the higher methane content in the reactant mixture that may 

have led to the formation of surface species during methanol formation and subsequent 

reactions. These species could be formates and carboxylates that bind strongly to the 

surface and block sites for both reactions [1]. The methane flow was stopped and a low 

H2O2 concentration of 0.02% indicated that peroxide forming sites had actually been 

blocked. In order to investigate this hypothesis, catalyst regeneration was carried out 

as shown in Figure 7.3. The catalyst was subjected to pure O2 flow at 20 bar and 45 °C 

for 1 hr. Thereafter, the activity towards the direct synthesis of H2O2 was measured 

using a dilute mixture (H2:O2:N2 = 5:5:90). H2O2 concentration of 0.18 wt% was 

observed which was higher than that in the deactivated catalyst (0.02 wt%), suggesting 
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successful regeneration. In an attempt to completely revive the catalyst, regeneration 

was conducted further, this time for 2 h. But this led to some loss in the catalytic activity 

for the direct synthesis of H2O2 as shown in Figure 7.3 (regime (v)). This is mostly likely 

due to the oxidation of Pd in the AuPd nanoparticles to PdO due to excessive exposure 

in O2 environment. But an increase in H2O2 concentration is observed with time on-

stream and is likely due to the reduction of the PdO which occurs in the reaction 

conditions as established in Chapter 6. Finally, the catalyst is subjected to methanol 

formation conditions (Figure 7.3, regime (vi)) and the average methanol yield obtained 

is comparable to that found in the first cycle (fresh catalyst). This suggests that 

regeneration in O2 can be a reliable solution to overcome deactivation although longer 

time of stream studies are needed to establish the extent of deactivation observed.  

 

Figure 7.3 Time-on-stream formation of methanol and H2O2 in an AuPd coated capillary micro 

reactor of 1 m length in different conditions (i) H2:O2:CH4:N2 = 30:30:40:0, (ii) H2:O2:CH4:N2 = 

0:100:0:0 (iii) H2:O2:CH4:N2= 5:5:0:90 (iv) H2:O2:CH4:N2 = 0:100:0:0 (v) H2:O2:CH4:N2= 5:5:0:90 

(vi) H2:O2:CH4:N2= 5:5:90:0; yellow areas represent regeneration conditions with gas flow at 5 

mlN/min and white areas are reaction conditions at gas flow and liquid flow rates 5 mlN/min 

and 0.1 ml/min respectively. 
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7.4 Conclusions  

In this study we have successfully demonstrated the direct conversion of 

methane to methanol using H2 and O2. The catalyst and reaction media that were 

optimized for H2O2 synthesis were found to be suitable for methane conversion as well. 

The use of a wall coated micro reactor allowed the flexibility to safely study the reaction 

in different concentration regimes. The catalyst-reactor system developed in this thesis 

was found to be suitable for this conversion and an average methanol STY of 50 

mol/kgmetal/h was observed, which is comparable to the performance reported by the 

latest catalysts using H2O2 as oxidant. Partial pressures low in H2 and O2 and high in CH4 

were conducive for high methanol yields. Deactivation on stream was also identified 

which has not been reported before and could be overcome by regeneration in O2 in 

mild conditions. These observations are promising for future methane activation 

studies that can be carried out in mild conditions using conventional reactants. 

 

7.5 Recommendations  

Although we have successfully demonstrated the proof of concept and present 

considerable insights, certain steps are recommended to firmly establish the 

observations made in this study. The product analysis can be verified using 1H-NMR 

(for liquid products) and online GC (for CO2). Experiments using preformed H2O2 and 

methane (at same partial pressure) may be performed to get insight on the positive 

effect of in-situ generated H2O2. Longer time-on-stream studies should be conducted to 

elucidate the deactivation behaviour observed in this study. Future studies on varying 

reaction parameters like reactant concentrations, temperature, and pressure and 

gas/liquid residence time may also prove interesting. Lowering the H2 and O2 content 

to such an extent that a significant proportion of the in-situ peroxide is consumed, 

should be beneficial and economical. In addition to this, operating at a slight excess of 

O2 (H2:O2 < 1) may lead to significant improvement by its contribution in both methanol 

formation and catalyst regeneration. 
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Abstract 

 In this work two important selective oxidation reactions were studied. Both 

reactions are catalyzed by Au and present alternate pathways to obtain important bulk 

chemicals. The main conclusions of this study are summarized in this chapter. Some 

recommendations for future research are also discussed. 
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8.1 Conclusions 

The hydro-epoxidation of propene and the direct synthesis of H2O2 are  

intriguing research topics not only due to their future industrial potential, but because 

they also offer fundamental insights into the working principle of Au-based catalysts. 

The main conclusions of this work are summarized below. 

 

Water formation is a major challenge in the direct epoxidation to PO 

While efforts have been mainly driven towards obtaining catalysts exhibiting 

high propene conversion and PO yields, the factor of H2 efficiency as a parameter for 

evaluating catalyst performance cannot be ignored. The past two decades into the 

search for the optimum PO catalyst have led to catalyst performance close to industrial 

requirement but the challenge of excessive water formation still persists. To overcome 

this problem it is imperative to get insight on the mechanism of water formation. In 

Chapter 2 we established that Au sites that are away from Ti are responsible for major 

part of the water formation observed. Even in the most active catalyst which possessed 

low Au and Ti contents, 65% of Au sites were isolated and led to water formation. This 

further establishes the importance of Au-Ti synergy not only for obtaining high PO yields 

but also for lowering water formation by hydrogen oxidation. This calls for smarter and 

novel catalyst design that will enable selective deposition of nanosized Au particles only 

in the vicinity of Ti epoxidation sites. 

  Another way of inhibiting excessive water formation is by using alternate co-

reactants. In Chapter 3 we explored the potential of CO for replacing H2 over an 

Au/TiO2 catalyst. The use of CO has an added advantage of suppressing propane 

formation, which is observed in certain catalysts. It was found that CO is indeed a good 

contender but not as efficient as H2 in terms of PO productivity. Theoretical studies 

revealed the role of surface oxygen in the mechanism towards PO formation with CO as 

co-reactant. This may lead to a new research direction where catalysts/supports with 

active surface oxygen may be used in presence of CO. 
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Towards a better catalyst for PO by silylation of the catalyst surface 

 In this thesis efforts were also undertaken to develop better catalysts for the 

hydro-epoxidation of propene. Au on Ti-grafted silica was the catalyst catalyst of choice 

due to its relative ease of preparation, reproducibility and stability. Although lowering 

Au and Ti contents led to superior performance, these catalysts also exhibited 

considerable propane formation. In Chapter 4 we optimized the Ti grafting procedure 

and successfully synthesized catalysts that were not active for propene hydrogenation. 

These catalysts were then subjected to gas phase silylation using 

trimethylmethoxysilane that led to further enhancement in performance. Improvement 

was found to be a function of Au and Ti loadings and increased hydrophobicity, reduced 

acidity and redistribution of Au nanoparticles were found to be the governing factors. 

Increase in PO productivity, selectivity and H2 efficiency was observed and as shown in 

Figure 8.1, a move moving towards the “target” region was achieved. 

 

Figure 8.1 Performance of unsilylated (green) and silylated (yellow) Au(0.1)-Ti(1)SiO2 

 

Concepts from nanoscience can contribute to novel catalyst synthesis procedures 

 In Chapter 5 the concept of polyelectrolyte multilayers (PEMs) was used to 

synthesize metal nanoparticles inside a wall coated micro capillary. PEMs are generally 
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used for thin film synthesis and other applications in nanoscience and have seldom 

been applied in catalyst synthesis. This concept led to controlled formation of small (<2 

nm) Au, Pd and AuPd nanoparticles. The metal loading could be easily controlled by 

varying the number of multilayers. It could be reproduced on a conventional silica 

support showing the flexibility of the technique and potential application in catalyst 

synthesis. 

 

Integrating smart catalyst design and novel reactor concepts can lead to superior 

catalytic processes 

The micro capillary reactors synthesized using PEMs showed exceptional 

catalytic performance for the direct synthesis of H2O2 (Chapter 5). Using a micro 

reactor enabled the safe use of conventionally explosive reaction mixtures. Hence a 

highly active catalyst coupled with suitable reactor configuration can make way to 

efficient catalytic transformations. 

 

Micro reactors are promising for in-situ spectroscopic studies 

 In Chapter 6 we demonstrate the use micro reactors for operando/in-situ 

studies where measurements can be made in absence of reactor effects. Micro reactors 

afford excellent heat and mass transport, ensure efficient catalyst wetting and present 

ideal flow distributions (eg. Taylor flow) in addition to being inherently safe. Using 

micro reactors for in-situ studies allow measurements to be made in the exact same 

configuration and conditions as lab experiments.   

 

Elucidating the Pd oxidation state and role of Au in the AuPd bimetallic catalyst 

during the direct synthesis of H2O2  

 In-situ XAS measurements (Chapter 6) on Au, Pd and AuPd catalysts during 

the direct synthesis of H2O2 revealed important insights on the working catalyst. It was 

established that it is metallic Pd that is the active phase and reaction conditions used 

are conducive for easy reduction of PdO that maybe present in the fresh catalyst. 

Moreover, the role of Au and solvent were found to be related in inhibiting Pd-H 

formation. We propose this may explain the selectivity enhancement reported in AuPd 

catalysts.  
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Selective oxidation of methane to methanol using in-situ H2O2 

  In Chapter 7 we have successfully demonstrated the direct conversion of 

methane to methanol using H2 and O2. The catalyst-reactor system developed in this 

thesis was found to be suitable for this conversion and high methanol yield was 

obtained. These observations are promising for future methane activation studies that 

can be carried out in mild conditions without the use of expensive reactants. 

 

8.2 Outlook 

For making the hydro epoxidation of propene commercially viable in the 

near future a breakthrough in catalyst performance is needed. In this thesis we have 

further revealed the importance of Au-Ti synergy for obtaining an optimally performing 

PO catalyst. The challenge of H2 efficiency should become the focal point of future 

research and novel catalyst synthesis strategies must be employed to obtain better 

synergy. Techniques like atomic layer deposition may prove promising in this regard in 

addition to the use of nanostructured Ti based supports. Efforts should also be directed 

towards the use of other co-reactants and most desirably avoiding the use co-reactant 

altogether. Cu-based catalysts have proved to be active for the direct oxidation of 

propene and bimetallic particles like AuCu, AuAg etc. may be explored. 

Silylation using different techniques can help in further enhancement of 

catalytic activity. As an extension of the study reported in Chapter 4, we have studied 

different silylation agents and techniques. It was found that silylation in gas using using 

hexamethyldisilazane (HMDS) and tetramethyldisilazane (TMDS) is highly promising 

as shown in Figure 8.2. Interestingly, we also observed the inhibition of propane 

formation on silylation. This opens a scope for fundamental studies to explore the origin 

of propane formation which is not well understood yet. 

Finally an elaborate economic analysis is required to ascertain the viability of 

the latest generation of PO catalysts and process. This will provide direction for future 

research both in catalysis and process engineering. 



Chapter 8  Conclusions and Outlook 

 
 

168 
 

 

Figure 8.2 (a) Time-on-stream formation rate of PO and during a 5 h catalytic test over 

Au(0.1)/Ti(1)-SiO2 that are unsilylated (triangle), silylated by HMDS (inverted triangle) and 

TMDS (circle) at H2/O2/C3H6/He = 1:1:1:7, GHSV = 10000 mL.gcat
-1.h-1. 

 

The future of direct synthesis of hydrogen peroxide as an on-site/on-

demand small scale alternative to the AO process seems rather promising. Thanks to 

extensive efforts on catalyst and reactor development the target concentrations of H2O2 

- 15 wt% (aqueous) or 9 wt% (solvent) seem achievable and have even been 

demonstrated. Micro reactors using concentrated reactant mixtures can be a suitable 

option as they allow the use of lower pressure thereby reducing the high CAPEX that 

would otherwise be required in case of conventional reactors (as they use dilute 

mixtures high total pressure is needed). Hence micro reactors may be feasible if their 

CAPEX is lower than that of conventional high pressure reactors. Efforts should 

therefore be directed towards easy and economic fabrication of micro channels with 

the active metal followed by scale up that would require the design of multi-channel 

units for reaction, gas-liquid separators, distributers and heat exchangers. 

 In this thesis we presented a novel method to synthesize highly active AuPd 

catalyst for peroxide production. Although we got insight on the nanostructure from 

EXAFS experiments, it is recommended to perform further characterization using 

advanced microscopic techniques with elemental analysis (HAADF-STEM/EDX). This 

will reveal the local structure and the presence/absence of inhomogeneity in structure 

(core-shell/alloy) or composition and insights can be drawn about structure-activity 

relation.  
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We have shown that in-situ EXAFS can be performed successfully in reaction 

conditions and obtained valuable insight on the state of the working catalyst. Further 

systematic studies can be carried out to elaborate the effects of Au, co-solvent, promoter 

and H2:O2 ratio.  This will aid the fundamental understanding of the reaction mechanism 

and lead to rational catalyst design. 

 Finally, the application of H2O2 (generated in-situ) for oxidation reactions can 

be demonstrated. Here we have used this concept to activate methane to methanol. It 

will be interesting to do the same for other reactions that use H2O2 as oxidant. Care must 

be taken that the reaction condition for one should be compatible with that of the other. 

Alternately, a two-step reactor system can also be envisaged, where H2O2 produced in 

the first reactor can be fed as reactant in the next reactor where the desired oxidation 

reaction may take place. This will allow for the use of different reaction conditions and 

catalysts. 
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Appendix A 

 

A.1 Catalyst Characterization 

UV-Vis of support 

 

Figure A.1. DRUV/Vis spectra of the Ti-SiO2 support having Ti monolayer coverage of 1%; also 

shown is the spectra for TS-1 as a reference for isolated tertrahedral Ti. 

 

 

Figure A.2. TEM image of Au(0.1)/Ti(1)SiO2 and its particle size distribution. 
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A.2 Mass transfer limitations 

Internal diffusion: Weisz-Prater Criterion 

The absence of internal mass transfer limitations was evaluated using the Weisz-Prater 

criterion [1], where if CWP is lower than 1, the internal mass transfer effects can be 

neglected: 

𝑪𝑾𝑷 =
−𝒓𝑨,𝑶𝒃𝒔 
′ 𝝆𝒄𝑹

𝟐

𝑫𝒆𝑪𝑨𝑺
 < 1      (a.1) 

−𝑟𝐴,𝑂𝑏𝑠 
′ ,  Observed reaction rate = 7.26∙10-7 kmol/kgcat/sec  (taking the maximum PO 

rate found) 

𝜌𝑐 , Solid density of catalyst = 350 kg/m3   

𝑅, Particle size = 25 µm = 2.5∙ 10−5 m 

𝐶𝐴𝑆, Concentration of reactant A (here propene) on surface. Considering 40 vol% 

propene, 𝐶𝐴𝑆 = 1.6∙10-2 kmol/m3  

𝐷𝑒 , effective diffusity given by: 

𝑫𝒆 = 
𝑫𝑨𝑩𝜺𝒑𝝈𝒄

𝝉
      (a.2) 

𝑫𝑨𝑩, Gas-phase diffusivity. 𝑫𝑨𝑩 for a mixture of C3H6-He was calculated [2] to be 

8.75·10-5 m2/s. 

𝜺𝒑 , Pellet porosity = 0.4,  

𝝈𝒄 , Constriction factor = 0.8,  

𝝉 , Tortuosity = 3.  

𝑫𝒆 =  9.33*10-6 m2/s    

Putting the above values in a.1, 

𝑪𝑾𝑷,𝑷𝑶 =
(7.26∙10−7).(3.5∙102).(25∙10−6)2

(9.33∙10−6)∙(1.6∙10−2)
 = 1.06 ∙ 10−6 ≪ 1 

Similarly, calculating for water, 

−𝑟𝐴,𝑂𝑏𝑠 
′ ,  Observed reaction rate = 3.71∙10-6kmol/kgcat/sec, 𝐶𝐴𝑆 (H2) = 4∙10-3 kmol/m3 

𝑪𝑾𝑷,𝑯𝟐𝑶 =
(3.71 ∙ 10−6). (3.5 ∙ 102). (25 ∙ 10−6)2

(9.33 ∙ 10−6) ∙ (4 ∙ 10−3)
= 2.18 ∙ 10−5 ≪ 1 
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Therefore, this system does not suffer from internal mass transfer limitationa. 

External Diffusion: Mears Criterion  

The absence of external mass transfer limitations can be evaluated using the Mears 

criterion [1]:  

𝑪𝑴 = 
−𝒓𝑨,
′ 𝝆𝒃𝑹

 𝒏

𝒌𝒄𝑪𝑨𝒃
< 𝟎. 𝟏𝟓      (a.3) 

−𝑟𝐴,𝑂𝑏𝑠 
′ ,  Observed reaction rate = 7.26∙10-7 kmol/kgcat/sec  

𝝆𝒃 ,   bulk density of the catalyst bed = 350 kg·m-3  

𝑅,  Particle size = 25 µm = 2.5∙ 10−5 m 

n ,  reaction order = 1 

𝑪𝑨𝒃,   propene in bulk. If C3H6 = 40 vol. %, 𝐶𝐴𝑆 = 1.6∙10-2 kmol/m3 

𝒌𝒄  mass transfer coefficient = 0.089 m.s-1 

kc was calculated from the Sherwood number using the correlation from Perry’s 

Handbook [2]: 

𝑺𝒉 =
𝒌𝒄𝒅𝒑

𝑫𝑨
 = 0.91∙ 𝟗𝟏 ∙ 𝑹𝒆𝟎.𝟒𝟗. 𝑺𝒄𝟏/𝟑     (a.4) 

  Putting the values together we get: 

𝑪𝑴,𝑷𝑶 = 
(7.26 ∙ 10−7). (3.5 ∙ 102). (25 ∙ 10−6) ∙ 1

(0.089) ∙ (1.6 ∙ 10−2)
= 4.46 ∙ 10−6 ≪ 0.15  

𝑪𝑴,𝑯𝟐𝑶 = 
(3.71 ∙ 10−6). (3.5 ∙ 102). (25 ∙ 10−6) ∙ 1

(0.089) ∙ (4 ∙ 10−3)
= 9.12 ∙ 10−5 ≪ 0.15  

It can thus be concluded that the system does not suffer from external mass 

transfer limitations for both the products. 

 

A.3 Catalytic activity of various Au-Ti catalysts 

To speculate that more isolated sites leads to more water formation, we 

prepared a set of catalysts with support as 0.5% monolayer (ML) Ti and Au 

loading 0.05, 0.1 and 1 wt %. The gold particle sizes obtained were ~ 1.6-1.8 nm 

which were similar to the catalyst in the “1% ML” series. As a result we can assume that 
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at a particular Au loading, the number of isolated sites will be more in the “0.5% ML” 

catalyst compared to the “1% ML” catalyst. 

 

Figure A.3: (a) H2 efficiency and (b) rate of PO formation of catalysts with different Au and Ti 

loadings 

It can be observed from Figure A.3, that at a fixed Au loading, the water formed in case 

of 0.5% ML support is always higher (as H2 efficiency is lower) than 1% ML support. As 

we know that there are more isolated (Au/SiO2) sites in the 0.5% ML support, we can 

conclude the extra water was formed on these sitea. 

 

Table A.1: Summary of rates of formation of propene oxide and water for the direct epoxidation 

of propene with hydrogen and oxygen over 0.1% Au/TiSiO2-1 at various concentrations of 

reactants, along with conversion and selectivity to major products. Temperature: 200±1 °C, 

atmospheric pressure, GHSV = 10,000 ml.gcat-1. h-1 

Expt. 

No. 

 

Concentration 

Vol %  

  

C3H6 

Conve

rsion 

(%) 

Selectivity (%)* H2  

Eff 

(%) 

rPO , 

(mol/gcat/

s) 

rH2O,  

(mol/gcat/

s) 

 C3H6 H2 O2  PO Acro

lein 

CO2    

1 10 8 10 3.9 90.9 4.3 3.6 14 4.35·10-07 2.72 ·10-06 

2 10 7.2 10 3.8 90.6 4.5 3.1 15 4.14 ·10-07 2.44 ·10-06 

3 10 4.8 10 3.2 90.3 5.6 1.4 16 3.47 ·10-07 1.78 ·10-06 

4 10 3.6 10 2.8 88.9 6.7 1.1 18 3.03 ·10-07 1.42 ·10-06 

5 10 6 10 3.5 89.8 4.9 2.3 15 3.79 ·10-07 2.09 ·10-06 
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6 10 10 10 4.2 90.4 3.7 4.1 13 4.58 ·10-07 3.17 ·10-06 

7 10 10 8 3.8 90.0 3.5 4.1 13 4.20 ·10-07 2.91 ·10-06 

8 10 10 7 3.6 89.5 3.6 4.1 12 3.99 ·10-07 2.76 ·10-06 

9 10 10 5 3.1 88.9 3.1 4.3 12 3.50 ·10-07 2.47 ·10-06 

10 10 10 3 2.5 87.4 3.0 4.3 12 2.83 ·10-07 2.02 ·10-06 

11 40 10 10 1.5 90.4 5.8 1.5 21 7.26 ·10-07 2.49 ·10-06 

12 30 10 10 1.9 90.4 5.3 1.7 20 6.75 ·10-07 2.56 ·10-06 

13 20 10 10 2.4 90.6 4.5 2.2 17 5.95 ·10-07 2.69 ·10-06 

14 8 10 10 4.2 88.5 4.1 4.1 11 3.95 ·10-07 3.01 ·10-06 

15 4 10 10 6.1 85.6 4.3 6.1 7 2.75 ·10-07 3.34 ·10-06 

16 2 10 10 8.6 80.8 4.7 8.9 4 1.78 ·10-07 3.71 ·10-06 

17 12 4 5 2.1 90.4 5.0 2.3 18 2.77 ·10-07 1.28 ·10-06 

18 12 8 5 2.9 91.1 3.5 3.6 15 3.79 ·10-07 2.11 ·10-06 

19 12 12 5 3.3 90.5 2.7 4.4 13 4.36 ·10-07 2.82 ·10-06 

20 12 16 5 3.5 89.8 2.4 5.1 12 4.62 ·10-07 3.41 ·10-06 

21 4 12 5 6.1 85.0 2.8 8.1 7 2.47 ·10-07 3.27 ·10-06 

22 8 12 5 4.1 88.1 2.8 5.3 11 3.53 ·10-07 2.91 ·10-06 

23 10 12 5 3.5 89.2 2.7 4.6 12 3.90 ·10-07 2.81 ·10-06 

24 16 12 5 2.6 90.7 2.8 3.3 15 4.82 ·10-07 2.59 ·10-06 

25 12 12 4 2.8 89.0 2.6 4.0 13 3.87 ·10-07 2.47 ·10-06 

26 12 12 8 3.6 89.9 3.5 3.9 13 5.21 ·10-07 3.18 ·10-06 

27 12 12 10 3.8 89.8 3.8 3.7 13 5.58 ·10-07 3.41 ·10-06 

28 8 10 4 3.2 90.7 2.5 3.7 12 2.78 ·10-07 1.98 ·10-06 

29 6 10 6 4.7 90.0 3.0 3.8 11 3.01 ·10-07 2.41 ·10-06 

30 4 10 8 6.7 90.3 2.8 4.4 9 2.82 ·10-07 2.83 ·10-06 

31 12 10 8 3.2 92.4 3.1 2.2 15 4.26 ·10-07 2.39 ·10-06 

32 20 10 8 2.2 92.7 3.4 1.5 18 4.99 ·10-07 2.23 ·10-06 

33 40 10 8 1.3 92.4 4.4 1.0 22 5.85 ·10-07 2.06 ·10-06 

34 8 4 10 3.1 90.9 4.9 0.7 17 2.73 ·10-07 1.38 ·10-06 

35 6 6 10 4.5 90.9 4.0 1.3 13 2.94 ·10-07 1.94 ·10-06 
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*Rest of the products include acetaldehyde, acetone and propanal 

A.4 Derivation of kinetic expressions 

- Isolated Au sites 

The reactions taking place at these sites are as shown in Chapter 2 (Scheme 2.1(a)). 

Writing the expressions as obtained from Eq (2.1) to Eq (2.7), with rate and 

equilibrium constants as indicated in Scheme 2.1, we get: 

𝜃𝑂2
∗ = 𝐾𝑂2𝑃𝑂2𝜃

∗        (A.1) 

𝜃𝐻
∎ = √𝐾𝐻2𝑃𝐻2 𝜃

∎       (A.2) 

𝜃𝐶3𝐻6
∎ = 𝐾𝐶3𝑃𝐶3𝐻6𝜃

∎       (A.3) 

𝑟𝐻𝑂𝑂𝐻 = 𝑘𝐻𝑂𝑂𝐻𝜃𝑂2
∗ 𝜃𝐻

∎2       (A.4) 

𝜃𝑂𝐻
∎ = √𝐾𝑂𝐻𝜃𝐻𝑂𝑂𝐻

∎ 𝜃∎
 
 

       (A.5) 

𝜃𝐻2𝑂
∎ =

𝐾𝐻2𝑂𝜃𝑂𝐻
∎ 𝜃𝐻

∎

𝜃∎
       (A.6) 

𝜃𝐻2𝑂
∎ = 𝐾𝑊𝑃𝑊𝜃

∎        (A.7) 

At steady state the rate of water formation can be expressed as: 

𝑟𝐻2𝑂,𝑖𝑠𝑜 = 𝑟𝐻𝑂𝑂𝐻         (A.8) 

 = 𝑘𝐻𝑂𝑂𝐻𝐾𝑂2𝑃𝑂2𝜃
∗𝐾𝐻2𝑃𝐻2𝜃

∎2      (A.9) 

(Using a.1 and a.2 for substituting 𝜃𝑂2
∗  and 𝜃𝐻

∎) 

Now we need to evaluate 𝜽∗ and 𝜃∎ in order to arrive at the desired expression. 

Site balance at Au (∗) sites yields: 

36 4 8 10 6.5 90.3 3.1 2.7 10 2.76 ·10-07 2.56 ·10-06 

37 12 8 10 3.0 92.0 3.7 1.1 16 4.08 ·10-07 2.13 ·10-06 

38 20 8 10 2.0 91.9 4.3 0.7 19 4.40 ·10-07 1.85 ·10-06 

39 40 8 10 1.2 91.4 5.5 0.5 23 5.27 ·10-07 1.80 ·10-06 

40 10 8 4 2.5 89.5 2.8 2.3 14 2.72 ·10-07 1.62 ·10-06 

41 10 6 6 2.8 89.9 4.0 1.2 16 2.80 ·10-07 1.53 ·10-06 

42 10 4 8 2.4 90.7 4.9 0.6 18 2.59 ·10-07 1.21 ·10-06 
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 𝜃∗+𝜃𝑂2
∗  = 1        (A.10) 

Using (A.1) and rearranging we get: 

𝜃∗ = 
1

1+𝐾𝑂2𝑃𝑂2
        (A.11) 

Similarly site balance at Au (∎) sites, assuming HOOH∎ and OH∎ are very reactive 

and get consumed (occupancy  0) very fast, yields: 

 𝜃∎ + 𝜃𝐻
∎ + 𝜃𝐻2𝑂

∎ = 1       (A.12) 

Using A.2, A.3, A.7 and rearranging we get: 

𝜃∎ = 
1

1+𝐾𝑊𝑃𝑊+𝐾𝐶3𝑃𝐶3𝐻6+√𝐾𝐻2𝑃𝐻2
      (A.13) 

Putting a.12 and a.13 in a.9 we get the final expression for water formed at isolated Au 

sites: 

𝑟𝐻2𝑂,𝑖𝑠𝑜 =
𝑘𝐻𝑂𝑂𝐻𝐾𝑂2𝐾𝐻2𝑃𝐻2𝑃𝑂2

(1+𝐾𝑂2𝑃𝑂2)(1+𝐾𝑊𝑃𝑊+𝐾𝐶3𝑃𝐶3𝐻6+√𝐾𝐻2𝑃𝐻2)
2    (A.14) 

 

- Au sites neat Ti (∆)  

The reactions occurring at these sites are shown in Scheme 2.1 (b). The first four steps 

are same as Scheme 2.1(a), after which the intermediate, 𝐻𝑂𝑂𝐻∎ can take two 

different routes. 

Writing expressions obtained from Eq(2.8) to Eq(2.14): 

𝑟𝐷 = 𝑘𝐷𝜃𝐻𝑂𝑂𝐻
∎ 𝜃∎        (A.15) 

𝜃𝐻2𝑂
∎ =

𝐾𝐻2𝑂𝜃𝑂𝐻
∎ 𝜃𝐻

∎

𝜃∎
       (A.16) 

𝜃𝐻2𝑂
∎ = 𝐾𝑊𝑃𝑊𝜃

∎                         (A.17) 

𝜃𝐻𝑂𝑂𝐻
∆ =  

𝐾𝐻𝑂𝑂𝐻𝜃𝐻𝑂𝑂𝐻
∎ 𝜃∆

𝜃∎  
       (A.18) 

𝜃𝐶3
∆ = 𝐾𝐶3𝐻6𝐾𝐶3𝜃𝐻𝑂𝑂𝐻

∆ 𝑃𝐶3𝐻6      (A.19) 

(Using A.3 to substitute 𝜃𝐶3𝐻6
∎ ) 

𝑟𝑃𝑂 = 𝑘𝑃𝑂𝜃𝐶3
∆         (A.20) 

𝜃𝐻2𝑂
∆ = 𝐾𝑊,∆𝑃𝑊𝜃

∆       (A.21) 

Substituting A.19 and A.18 in A.20 we get: 
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𝑟𝑃𝑂 = 𝑘𝑃𝑂𝐾𝐶3𝐻6𝐾𝐶3𝑃𝐶3𝐻6
𝐾𝐻𝑂𝑂𝐻𝜃𝐻𝑂𝑂𝐻

∎ 𝜃∆

𝜃∎
     (A.22) 

Site balance at Ti (∆) yields: 

 𝜃∆ + 𝜃𝐶3
∆ + 𝜃𝐻2𝑂

∆ + 𝜃𝐻𝑂𝑂𝐻
∆ =1       (A.23) 

Substituting the expressions from A.18, A.19, A.21 in A.23 and rearranging we get the 

expression for 𝜃∆ as: 

𝜃∆ = 
1

1+ 
𝐾𝐻𝑂𝑂𝐻𝜃𝐻𝑂𝑂𝐻

∎ 𝐾𝐶3𝐻6𝐾𝐶3𝑃𝐶3𝐻6
𝜃∎

 + 𝐾𝑊,∆𝑃𝑊 + 
𝐾𝐻𝑂𝑂𝐻𝜃𝐻𝑂𝑂𝐻

∎

𝜃∎

   (A.24) 

As assumed earlier 𝜃𝐻𝑂𝑂𝐻
∎ → 0 and considering water adsorbs weakly as found from 

the water formation experiments, 𝐾𝑊,∆ → 0, the expression is simplified to give: 

𝜃∆~1         (A.25) 

 

According to Scheme 2.1 (b): 

𝑟𝐻𝑂𝑂𝐻 = 𝑟𝐷 + 𝑟𝑃𝑂       (A.26) 

The LHS is known and given by A.14. Substituting the RHS using A.22 gives an 

expression with 𝜃𝐻𝑂𝑂𝐻
∎  in terms of 𝜃∎  as: 

𝜃𝐻𝑂𝑂𝐻
∎ = 

 𝑘𝐻𝑂𝑂𝐻𝐾𝑂2𝑃𝑂2𝐾𝐻2𝑃𝐻2𝜃
∎2

(1+𝐾𝑂2𝑃𝑂2)(𝑘𝐷𝜃
∎+

𝐾𝐻𝑂𝑂𝐻𝑘𝑃𝑂𝐾𝐶3𝐻6𝐾𝐶3𝑃𝐶3𝐻6
𝜃∎

)
    (A.27) 

Substituting A.27, A.13, A.25 in A.22 we get: 

𝑟𝑃𝑂 =
𝑘𝐻𝑂𝑂𝐻
 𝐾𝑂2

 𝐾𝐻2
 𝑃𝐻2𝑃𝑂2

(1+𝐾𝑂2
 𝑃𝑂2){(1+𝐾𝑊

 𝑃𝑊+𝐾𝐶3𝑃𝐶3𝐻6+√𝐾𝐻2
 𝑃𝐻2)

2
+

𝑘𝐷
𝑘𝑃𝑂𝐾𝐶3𝐻6𝐾𝐶3𝐾𝐻𝑂𝑂𝐻𝑃𝐶3𝐻6

}
 (A.28) 

 

Similarly substituting A.27, A.13, A.25 in A.15 we get: 

𝑟𝐷 =
𝑘𝐻𝑂𝑂𝐻
 𝐾𝑂2

 𝐾𝐻2
 𝑃𝐻2𝑃𝑂2

(1+𝐾𝑂2
 𝑃𝑂2)(1+𝐾𝑊

 𝑃𝑊+𝐾𝐶3𝑃𝐶3𝐻6+√𝐾𝐻2
 𝑃𝐻2)

2
{1+

𝑃𝐶3𝐻6𝑘𝑃𝑂𝐾𝐶3𝐻6𝐾𝐶3𝐾𝐻𝑂𝑂𝐻
𝑘𝐷

(1+𝐾𝑊
 𝑃𝑊+√𝐾𝐻2

 𝑃𝐻2)
2
}

         (A.29) 

 

All the adsorption constants are same as those used for Au sites that are isolated, 

except for H2 (as explained in the chapter). So 𝑲𝑯𝟐,∆
 = 𝑲𝑯𝟐

′  , which gives the final 

expressions as: 
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𝑟𝑃𝑂 =
𝑘𝐻𝑂𝑂𝐻
 𝐾𝑂2

 𝐾𝐻2
′ 𝑃𝐻2𝑃𝑂2

(1+𝐾𝑂2
 𝑃𝑂2){(1+𝐾𝑊

 𝑃𝑊+𝐾𝐶3𝑃𝐶3𝐻6+√𝐾𝐻2
′ 𝑃𝐻2)

2

+
𝑘𝐷

𝑘𝑃𝑂𝐾𝐶3𝐻6𝐾𝐶3𝐾𝐻𝑂𝑂𝐻𝑃𝐶3𝐻6
}

  (A.30) 

     

𝑟𝐷 =
𝑘𝐻𝑂𝑂𝐻
 𝐾𝑂2

 𝐾𝐻2
′ 𝑃𝐻2𝑃𝑂2

(1+𝐾𝑂2
 𝑃𝑂2)(1+𝐾𝑊

 𝑃𝑊+𝐾𝐶3𝑃𝐶3𝐻6+√𝐾𝐻2
′ 𝑃𝐻2)

2

{1+
𝑃𝐶3𝐻6𝑘𝑃𝑂𝐾𝐶3𝐻6𝐾𝐶3𝐾𝐻𝑂𝑂𝐻

𝑘𝐷
(1+𝐾𝑊

 𝑃𝑊+√𝐾𝐻2
′ 𝑃𝐻2)

2

}

 

         (A.31) 

 

A.5 Criteria for validation of estimated adsorption constants 

Gas −∆𝑯𝒂𝒅𝒔, kJ/mol ∆𝑺𝒂𝒅𝒔, J/mol/K ∆𝑺𝒈, J/mol/K [4] 

H2 23.24 -30 131 

O2 17.63 -12 205 

C3H6 6.84 -17 267 

  

This satisfies the criteria [3]: 
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Appendix B 

 

B.1 Mass transfer limitations 

Internal diffusion: Weisz-Prater Criterion 

The absence of internal mass transfer limitations was evaluated using the Weisz-Prater 

criterion [1], where if CWP is lower than 1, the internal mass transfer effects can be 

neglected: 

𝐶𝑊𝑃 =
−𝑟𝐴,𝑂𝑏𝑠 
′ 𝜌𝑐𝑅

2

𝐷𝑒𝐶𝐴𝑆
 < 1        (B.1) 

−𝑟𝐴,𝑂𝑏𝑠 
′ ,  Observed reaction rate = 2.25∙10-7 kmol/kgcat/sec   

𝜌𝑐 ,         Solid density of catalyst = 400 kg/m3   

𝑅,  Particle size = 25 µm = 2.5∙ 10−5 m 

𝐶𝐴𝑆 , Concentration of reactant A on surface. A = Propene. Considering 10 vol% 

propene,  𝐶𝐴𝑆 = 4∙10-3 kmol/m3  

𝐷𝑒 , effective diffusity given by: 

𝐷𝑒 = 
𝐷𝐴𝐵𝜀𝑝𝜎𝑐

𝜏
        (B.2) 

𝐷𝐴𝐵 , Gas-phase diffusivity. 𝐷𝐴𝐵  for a mixture of C3H6-He was calculated [2] to be 8.75·10-

5 m2/s  

𝜀𝑝 , Pellet porosity = 0.4,  

𝜎𝑐  , Constriction factor = 0.8,  

𝜏 , Tortuosity = 3.  

𝐷𝑒 =  9.33*10-6 m2/s    

Putting the above values in B.1, 

𝐶𝑊𝑃,𝑃𝑂 =
(2.25∙10−7).(4.0∙102).(25∙10−6)2

(9.33∙10−6)∙(4∙10−3)
 = 1.5 ∙ 10−6 ≪ 1 

Therefore, this system does not suffer from internal mass transfer limitations. 
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External Diffusion: Mears Criterion  

The absence of external mass transfer limitations can be evaluated using the Mears 

criterion [1]:  

𝐶𝑀 = 
−𝑟𝐴,
′ 𝜌𝑏𝑅

 𝑛

𝑘𝑐𝐶𝐴𝑏
< 0.15      (B.3) 

−𝑟𝐴,𝑂𝑏𝑠 
′ ,  Observed reaction rate = 2.25∙10-7 kmol/kgcat/sec  

𝜌𝑏 , bulk density of the catalyst bed = 400 kg·m-3  

𝑅, Particle size = 25 µm = 2.5∙ 10−5 m 

n , reaction order = 1 

𝐶𝐴𝑏 = 4∙10-3 kmol/m3 

𝑘𝑐  mass transfer coefficient = 0.089 m.s-1 

kc was calculated from the Sherwood number using the correlation from Perry’s 

Handbook [2]: 

𝑘𝑐𝑑𝑝

𝐷𝐴
 = 0.91∙ 91 ∙ 𝑅𝑒0.49. 𝑆𝑐1/3      (B.4) 

   Putting the values together we get: 

𝐶𝑀 = 
(2.25 ∙ 10−7). (4.0 ∙ 102). (25 ∙ 10−6) ∙ 1

(0.089) ∙ (4 ∙ 10−3)
= 6.32 ∙ 10−6 ≪ 0.15  

It can thus be concluded that the system does not suffer from external mass 

transfer limitations. 

  

B.2 Yield calculation with and without CO2 in CO/O2/C3H6 case 

The yield was calculated by two methods to justify the assumption that CO2 is 

mainly formed from CO oxidation. As observed in Fig B.1, they are quite close. When 

CO2 is not considered, the values are slightly more (by ~3%), as expected; this could 

indicate that a small part of propene (via PO) is converted to CO2. This is also evidenced 

in SSITKA. Due to the negligible difference, the assumption is well justified. 
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Figure B.1 Yield calculated by two different methods 

 

B.3 Catalytic activity of 2%Au/TiO2 

 

Figure B.2 Time-on-stream formation rate of PO during a 2 h catalytic test over 2%Au/TiO2-NM 

at X/O2/C3H6/He = 1:1:1:7, where X = CO (black box) and X = H2 (red circles) at 50 °C, GHSV = 

10000 mL gcat-1 h-1 
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B.4 Oxygen vacancy formation using H2 and CO 

 

Figure B.3 Reaction energy diagram with elementary reaction steps for the oxygen vacancy 

creation using (a) H2 and (b) CO, via formation of water and CO2 respectively. 

 

B.5 Transition states for PO formation 

 

Figure B.4 Transition states for PO formation using (a) only O2, (b) O2/H2 and (c) O2/CO. 

 



Appendices 

 
 

184 
 

Appendix C 

 

C.1 Influence of grafting time on activity 

The Ti(1)-SiO2 support was synthesized using four different evaporation times 

of the solvent after reaction with the Ti precursor. The time was varied by using 

different pressures in the rotatory evaporator. After synthesis of the supports, 0.1 wt% 

of Au was deposited by DP method as outlined in the main text in Chapter 4. It was 

found that the evaporation time had a profound effect on the catalytic activity, 

especially the selectivity to PO and propane as indicated in Table C.1. 

Table C.1: Effect of grafting time on catalyst performance 

Grafting time (min) Catalyst Selectivity to 
PO (%) 

Selectivity 
to Propane 
(%) 

45 Au(0.1)/Ti(1)-SiO2 (45) 25 69 

90 Au(0.1)/Ti(1)-SiO2 (90) 36 57 

180 Au(0.1)/Ti(1)-SiO2 (180) 85 3 

240 Au(0.1)/Ti(1)-SiO2 (240) 90 0 

 

C.2 Presence of Au particles on low loaded catalysts 

In previous study [1], it was found that low loaded Au/Ti-SiO2 catalysts were 

very active towards PO formation, but the particles were not visible by conventional 

TEM. So we used STEM-HAADF to image these particles and confirm their presence on 

the catalyst, as shown in Figure C.1. Subsequently, we used bright field HR-TEM images 

to do the particle distribution analysis (as described in Chapter 4). 
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Figure C.1 Representative STEM-HAADF image of Au(0.1)/Ti(1)-SiO2 

 

C.3 Mass transfer limitations 

Internal diffusion: Weisz-Prater Criterion 

The absence of internal mass transfer limitations was evaluated using the Weisz-Prater 

criterion [2], where if CWP is lower than 1, the internal mass transfer effects can be 

neglected: 

𝑪𝑾𝑷 =
−𝒓𝑨,𝑶𝒃𝒔 
′ 𝝆𝒄𝑹

𝟐

𝑫𝒆𝑪𝑨𝑺
 < 1      (C.1) 

−𝑟𝐴,𝑂𝑏𝑠 
′ ,  Observed reaction rate = 7.41∙10-7 kmol/kgcat/sec  (taking the maximum PO 

rate found) 

𝜌𝑐 , Solid density of catalyst = 350 kg/m3   

𝑅,  Particle size = 25 µm = 2.5∙ 10−5 m 

𝐶𝐴𝑆 = 4∙10-3 kmol/m3  

𝐷𝑒 , effective diffusity given by: 

𝑫𝒆 = 
𝑫𝑨𝑩𝜺𝒑𝝈𝒄

𝝉
      (C.2) 

𝑫𝑨𝑩, Gas-phase diffusivity. 𝑫𝑨𝑩 for a mixture of C3H6-He was calculated [2] to be 

8.75·10-5 m2/s. 
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𝜺𝒑 , Pellet porosity = 0.4,  

𝝈𝒄 , Constriction factor = 0.8,  

𝝉 , Tortuosity = 3.  

𝑫𝒆 =  9.33*10-6 m2/s    

Putting the above values in S.1, 

𝑪𝑾𝑷,𝑷𝑶 =
(7.41∙10−7).(3.5∙102).(25∙10−6)2

(9.33∙10−6)∙(4.0∙10−3)
 = 4.34 ∙ 10−6 ≪ 1 

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 [2]:  

𝑪𝑴 = 
−𝒓𝑨,
′ 𝝆𝒃𝑹

 𝒏

𝒌𝒄𝑪𝑨𝒃
< 𝟎. 𝟏𝟓     (C.3) 

−𝑟𝐴,𝑂𝑏𝑠 
′ ,  Observed reaction rate = 7.41∙10-7 kmol/kgcat/sec  

𝝆𝒃 ,  bulk density of the catalyst bed = 350 kg·m-3  

𝑅, Particle size = 25 µm = 2.5∙ 10−5 m 

n , reaction order = 1 

𝐶𝐴𝑏 = 4∙10-3 kmol/m3 

𝒌𝒄 mass transfer coefficient = 0.089 m.s-1 

kc was calculated from the Sherwood number using the correlation from Perry’s 

Handbook [3]: 

𝒌𝒄𝒅𝒑

𝑫𝑨
 = 0.91∙ 𝟗𝟏 ∙ 𝑹𝒆𝟎.𝟒𝟗. 𝑺𝒄𝟏/𝟑     (C.4) 

𝑪𝑴, = 
(7.41 ∙ 10−7). (3.5 ∙ 102). (25 ∙ 10−6) ∙ 1

(0.089) ∙ (4.0 ∙ 10−3)
= 1.82 ∙ 10−6 ≪ 0.15  

It can thus be concluded that the system does not suffer from external mass transfer 

limitations. 
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C.4 Contact angle 

Figure C.2 shows the change in contact angle after silylation of the 

Au(0.1)/Ti(1)-SiO2 catalyst. The contact angle increases from 5° in the unsilylated 

sample to 31° in the silylated sample, showing that the silylation treatment made the 

catalyst more hydrophobic. 

Figure C.2: Images showing contact angle measurement on (a) unsilylated and (b) silylated 

Au(0.1)/Ti(1)-SiO2. 

 

C.5 CO-FTIR 

Figure C.3 shows the CO-FTIR spectra of three different samples - unsilylated, 

silylated and the silylated catalyst after reaction and regeneration. The band at 2183 

cm-1 represents the Ti4+-CO interaction [4] and is well defined for the unsilylated sample 

(Fig. C3 (a)). Upon silylation, this band disappears (Fig. C3 (b)) which is likely due to 

the blocking of Ti4+ sites with the silylating agent as well as conversion of Ti-OH to Ti-

O-Si (CH3)3. As a result, the initial activity of the silylated catalyst is low (as Au-Ti4+ is 

the active site) and it is seen that upon several cycles of reaction followed by 

regeneration, the catalyst attains its stable activity (explained in main text). Fig C3 (c) 

shows the CO-FTIR spectra of this active catalyst, that is, after reaction and 

regeneration. Here it is observed that band at 2183 cm-1 emerges as a shoulder, 

indicating that the silylating agent bound loosely to the Ti4+ sites (during silylation 

treatment) were lost during reaction and regeneration steps. It is not as pronounced as 

the unsilylated sample, indicating that most of the Ti-O-Si (CH3)3 remain intact. This 

correlates well with the activity data observed. So we can say that the activation 

behavior shown by the silylated catalyst is due to excess silylating agent bound to the 

active sites, which are slowly lost as the catalyst undergoes reaction and regeneration 

cycles. 
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Figure C.3: The development of IR spectra during progressive CO adsorption on Au(1)/Ti(5)-

SiO2 at 123 K that were (a) silylated (b) silylated spent then regenerated. The following CO 

pressures after each dose were used (in mbar): 0.04, 0.11, 0.21, 0.34, 0.43, 0.53, 0.65, 0.80, 0.92, 

0.99. Prior to low-temperature CO adsorption, the catalysts were heated to 573 K and evacuated 

at this condition for 1 h 
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