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Summary  
Direct synthesis of hydrogen peroxide in a wall-coated 

capillary microreactor 
Hydrogen peroxide is one of the most environmentally friendly and versatile commercial 
chemicals today with application in the paper and pulp industry, disinfectant, in semi-
conductors and in the production of chemicals. Nevertheless, the Anthraquinone auto-
oxidation (AO) process that is currently used for large-scale production of hydrogen 
peroxide cannot be considered an environmentally friendly process. The direct synthesis of 
hydrogen peroxide has been recognized as the best green alternative to the current AO 
process. In this process, hydrogen and oxygen are reacting directly over a heterogeneous 
catalyst to give hydrogen peroxide and water as the only by-product of the reaction. The 
safety hazards associated with the application of potentially explosive gas mixtures 
complicating the application of this process in a conventional reactor are eliminated by 
performing the reaction in a wall-coated microchannel reactor.  

The first part of this thesis deals with the development of the catalyst for the direct synthesis 
reaction, a methodology to deposit the catalytic layer on prefabricated capillary 
microchannels and testing performance of the wall-coated microchannel reactor. 
Deposition of the catalytic layer on microchannel walls ensures a lower pressure drop in 
comparison to a micro-packed bed and proper catalyst wetting and contacting with the 
liquid phase used to collect the peroxide from the catalyst surface. The catalytic layers inside 
the microchannel consist of silica coatings with embedded AuPd nanoparticles as an active 
catalytic phase. Those catalytic coatings were prepared in a step-wise fashion, first a layer 
of silica support material is coated on the microchannel wall followed by deposition of the 
active catalytic phase. This ensures that active nanoparticles remain accessible for reactants 
on the catalyst surface (not entrapped in catalyst pores by binder material used in the 
coating procedure) and retain their activity. Catalytic tests performed indicated that there 
is a superior activity for colloidal AuPd bimetallic nanoparticles prepared using a two-phase 
synthesis procedure in comparison to impregnated AuPd catalysts. An important advantage 
of using a capillary channel microreactor is the possibility to use H2/O2 concentrations that 
would be considered explosive in traditional reactors. Operating the microreactor within 
what would have been the explosive regime in a conventional reactor results in a higher 
selectivity and productivity. 



  Summary  

x 

 

 A microchannel performance study was carried out evaluating the maximum peroxide 
concentration achievable in the aqueous phase. It was assessed that the generation of 
higher hydrogen peroxide concentrations in the aqueous phase suffers from selectivity 
impairment. In order to improve H2 efficiency of the process, the recommendation was 
given to couple the direct synthesis with a competitive in-situ oxidation reaction consuming 
peroxide which would prevent its non-selective transformation to water.    

The second part of the thesis is devoted to a kinetic study of direct synthesis over AuPd 
colloidal nanoparticles and the application of alternative liquid phases in order to improve 
the selectivity. A study of the kinetics of the reactions involved in the hydrogen peroxide 
direct synthesis was performed in order to obtain the overall rate expression to be used to 
predict peroxide concentration at the reactor outlet. For this purpose, the reactions of 
direct formation of peroxide and peroxide reduction in the presence of hydrogen were 
studied separately. The decomposition reaction is eliminated by the addition of sulfuric 
acid, typically applied in direct synthesis, but in the conventional AO process for peroxide 
stabilization against decomposition. The kinetic model is in line with the mechanism that 
suggests that the direct formation of hydrogen peroxide from hydrogen and oxygen 
proceeds through hydrogen adsorption, pairwise dissociation, but not spill-over of H-
species over the bimetallic AuPd surface as commonly observed with Pd catalysts. Peroxide 
concentration values predicted by an overall kinetic model and values experimentally 
measured at the outlet of the microchannel with a catalytic layer deposited on the wall are 
in good agreement. The final part of the thesis discusses the effect of organic solvents on 
the direct synthesis reaction and the corresponding yield improvements that can be 
obtained by carefully choosing a solvent/co-solvent mixture as the alternative liquid phase.  

The concept developed in this thesis shows that it is possible to use safely high hydrogen 
and oxygen concentrations in a wall-coated microchannel reactor, resulting in both 
productivity and selectivity improvements and eliminates the need for high operating 
pressures required in conventional reactors. In addition, the peroxide concentrations 
achievable at the reactor outlet are in the range required for small-scale on-site on-demand 
applications. 
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1  
 

  
1.1.  Direct synthesis vs. Anthraquionone autoxoxidation process 

Hydrogen peroxide is one of the most widely used chemicals today with an annual market 
of around 370 kt (2013). From a chemical point of view, it is a green oxidant which 
donates oxygen giving water as the only by-product, while being more reactive and 
selective in comparison to molecular oxygen. Hydrogen peroxide is applied in textile, 
paper and pulp industry as a bleaching agent, as a disinfectant in pharmaceutical, food 
and cosmetic industry, oxidant in water treatment or selective oxidant in chemical 
synthesis [1,2]. Many of those applications are motivated by more stringent standards and 
legislations.  

The state of the art process to produce hydrogen peroxide is two-stage cyclical 
anthraquinone auto-oxidation process (AO), which involves hydrogenation of 
anthraquionone working solution over a hydrogenation catalyst followed by the oxidation 
of the anthraquinone working solution giving the hydrogen peroxide in the organic phase 
(Fig. 1.1). The major disadvantages of the AO process are its complexity and the waste 
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generation caused by accumulation of permanently hydrogenated alkylanthraquinone 
products hydroanthrahydroquinones, oxanthrones and anthrones [3]. The hydrogen 
peroxide generated in working solution is further extracted using a water phase and 
distilled in order to generate the desired peroxide content. In order to be economically 
viable, the process needs to run on a large scale of at least 40kt/year for each production 
unit. The world’s largest plants situated in Antwerp and Thailand are designed to produce 
230 and 330 kt/year of hydrogen peroxide respectively. The productivity of the AO process 
is expressed per amount of the working solution applied and ranges between 7-15 
gH2O2/kg of working solution (Fig. 1.2). Besides the complexity of such a large scale process, 
the transportation of concentrated peroxide solutions to the customer sites requires 
special precautions related to the safety. Eventually, the various applications of hydrogen 
peroxide on a customer site require a concentration in a range of 1-10 wt%. Standard 
grades of hydrogen peroxide, typically used for bleaching and other industrial processes, 
contain sufficient stabilizers to keep decomposition under control in a wide variety of 
applications. In some applications, special grades are required which contain significantly 
lower concentrations of stabilizers. Grades required for chemical synthesis often need to 
contain less stabilizing compounds, which could interfere with synthetic reactions. 
High(er) purity grades are also applied in aseptic packaging, food industry, water 
treatment and electronics. Stabilizers added typically involve metal chelating agents and 
colloids including stannates, pyrophosphates and organophosphonates. 

 

 

Figure 1.1. Hydrogen peroxide synthesis through hydrogenation of alkylanthraquinone 
and oxidation of corresponding hydroquinone. 

Special safety measures are required during hydrogen peroxide storage at the customer 
site. Storage tanks and associated piping need to be equipped with relief devices to ensure 
safety in case of pressure build-up as a consequence of peroxide decomposition. Storage 
of solutions at temperatures higher than 20 °C can accelerate decomposition. In general, 
elevated temperatures of storage vessels along with the persistent bubbling is an 
indication of rapid peroxide decomposition. If the cooling of the tank is insufficient and 
temperature exceeds 40°C, the peroxide solution stored needs to be diluted and/or 
disposed. Due to safety risks associated with both storage and transportation of hydrogen 
peroxide, the necessity for operating the process on a small-to-medium scale (2-10 
kt/year) has been recognized [4]. Such a process needs to be performed in a compact 
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closed modular plant with catalyst and/or working solution regeneration/replacement 
frequency not shorter than 3 months. A mini-plant based on the current AO process is 
typically configured not to be equipped with the regeneration unit for the working 
solution [4], to reduce its complexity. The working solution is intended to be replaced 
periodically by a fresh working solution and/or by a refreshed working solution which was 
withdrawn from the reactor. In addition, a mini-plant might be equipped with alumina 
beds to control the acidity of the working solution. A requirement that this modular unit 
needs to fulfill is fast start-up and fast shut-down. For the hydrogenation step of the AO 
process a palladium or palladium/silver catalyst is used, in the form of a fixed-bed or 
suspended catalyst. Hydrogen fed to the system is often diluted allowing easier control 
over the hydrodynamic/flow regime in the reactor. 30-80% of total hydrogen fed is 
intended to be converted. Hydrogen peroxide extraction is performed using deionized 
water, which contains additives for stabilizing hydrogen peroxide, for adjusting the pH 
and/or for corrosion protection.  

The direct synthesis of hydrogen peroxide is a green alternative to the current 
Anthraquinone autoxidation (AO) process (Fig. 1.3). Besides the green label, the direct 
synthesis route has been of interest for many years because of potential capital savings, 
mainly when integrated with the production of chemical intermediates. The economic 
justification to commercialize the direct synthesis reaction is based on small-scale on-site 
production [5]. Still, despite a vast amount of literature available on the direct synthesis 
reaction and announcements of pilot plants successfully running, the latest of which 
reported by Degussa in 2009, no commercial process is available yet. The major challenges 
associated with the direct synthesis of hydrogen peroxide (DS) are the explosiveness of 
the hydrogen-oxygen mixtures over a very wide range of concentrations (4-96%) and the 
poor selectivity towards hydrogen peroxide as the desired product. To achieve a high 
selectivity towards peroxide, it is necessary to design the catalyst that favors direct 
synthesis reaction over the thermodynamically preferred direct formation of water from 
H2 and O2. In addition, the catalyst should catalyze as little as possible further 
transformation of peroxide to water through hydrogenation and the decomposition 
reaction.  

 The direct synthesis is a three-phase process which involves a H2-O2 mixture as gas-phase, 
a solvent and the solid catalyst phase. The role of the liquid phase used is to collect and 
solubilize the hydrogen peroxide formed, since pure hydrogen peroxide is highly unstable 
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peroxide, the necessity for operating the process on a small-to-medium scale (2-10 
kt/year) has been recognized [4]. Such a process needs to be performed in a compact 
closed modular plant with catalyst and/or working solution regeneration/replacement 
frequency not shorter than 3 months. A mini-plant based on the current AO process is 
typically configured not to be equipped with the regeneration unit for the working 
solution [4], to reduce its complexity. The working solution is intended to be replaced 
periodically by a fresh working solution and/or by a refreshed working solution which was 
withdrawn from the reactor. In addition, a mini-plant might be equipped with alumina 
beds to control the acidity of the working solution. A requirement that this modular unit 
needs to fulfill is fast start-up and fast shut-down. For the hydrogenation step of the AO 
process a palladium or palladium/silver catalyst is used, in the form of a fixed-bed or 
suspended catalyst. Hydrogen fed to the system is often diluted allowing easier control 
over the hydrodynamic/flow regime in the reactor. 30-80% of total hydrogen fed is 
intended to be converted. Hydrogen peroxide extraction is performed using deionized 
water, which contains additives for stabilizing hydrogen peroxide, for adjusting the pH 
and/or for corrosion protection.  

The direct synthesis of hydrogen peroxide is a green alternative to the current 
Anthraquinone autoxidation (AO) process (Fig. 1.3). Besides the green label, the direct 
synthesis route has been of interest for many years because of potential capital savings, 
mainly when integrated with the production of chemical intermediates. The economic 
justification to commercialize the direct synthesis reaction is based on small-scale on-site 
production [5]. Still, despite a vast amount of literature available on the direct synthesis 
reaction and announcements of pilot plants successfully running, the latest of which 
reported by Degussa in 2009, no commercial process is available yet. The major challenges 
associated with the direct synthesis of hydrogen peroxide (DS) are the explosiveness of 
the hydrogen-oxygen mixtures over a very wide range of concentrations (4-96%) and the 
poor selectivity towards hydrogen peroxide as the desired product. To achieve a high 
selectivity towards peroxide, it is necessary to design the catalyst that favors direct 
synthesis reaction over the thermodynamically preferred direct formation of water from 
H2 and O2. In addition, the catalyst should catalyze as little as possible further 
transformation of peroxide to water through hydrogenation and the decomposition 
reaction.  

 The direct synthesis is a three-phase process which involves a H2-O2 mixture as gas-phase, 
a solvent and the solid catalyst phase. The role of the liquid phase used is to collect and 
solubilize the hydrogen peroxide formed, since pure hydrogen peroxide is highly unstable 
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and decomposes to water and oxygen. Water is most often applied as a solvent in the 
direct synthesis considering that it is non-flammable and non-toxic, allowing for the safest 
operation.   

Besides water, short chain alcohols or mixtures of alcohols and water are typically used in 
direct synthesis as a liquid phase. In a recent review on direct synthesis, García-Serna et 
al.[5] discuss the economics of AO and DS process, concluding that the DS process can 
compete with the AO process only if it is able to reduce CAPEX by avoiding typically 
applied concentration steps in AO process (extraction, distillation) and produce hydrogen 
peroxide solutions directly in a concentrations required for further application. It was 
estimated that a H2O2 concentration required would be 15 wt% of H2O2 in case of aqueous 
solutions and 9 wt% for methanol/alcohol solutions. They further emphasize that the 
reactor technology needs to provide high conversions (>99%) with a selectivity over 20 %. 

 

 

Figure 1.3. Scheme of the direct synthesis from hydrogen and oxygen. 

 

1.2. Catalyst 

Catalysts applied in direct synthesis typically involve noble-metals Au, Pd, Pt, Ag [6–13]. The 
activity of Ru, Rh or Cu was also tested in the direct synthesis reaction [14] however the 
productivities achieved were well below the values observed with Pd, Pt or Au. Generally 
speaking, the direct comparison of the catalytic performance between different papers 
and patents is very difficult, considering that the reaction conditions applied, including 
temperatures, pressures, presence or absence of promoters, solvents, gas-phase 
composition, flow rates, reactor types vary from case to case. Still, some general trends 
can be identified. Since the first patent on the direct synthesis reaction in 1914 [15] until 
2002 [7], Palladium has been recognized as the best catalyst for direct conversion of H2 and 
O2 to H2O2. Addition or alloying of Pd with Au or Pt seems to significantly improve the Pd 
performance in the direct synthesis. Early theoretical studies on the energetics of the 
direct synthesis reaction indicated that Au might be even more active in the direct 
synthesis than Pt or Pd owing to the high stability of the hydroperoxide species formed on 
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the Au surface [16]. Nevertheless, the extensive research done by Hutchings et al. shows 
that gold catalysts alone are significantly less active than palladium, while Au-Pd alloys 
exhibit much higher activities and selectivity in comparison to their monometallic 
analogues [17]. The most simplistic explanation of the role of Au added to Pd in this kind of 
bimetallic catalyst is to “dilute” the Pd surface and to isolate Pd sites. It is believed that 
significant isolation of Pd sites in bimetallic alloy catalyst prevents O2 dissociation and 
increases the selectivity towards the peroxide [18] . On the other hand, the majority of the 
recently reported industrial research on direct synthesis catalysts with emphasis on 
Degussa, mainly relies on Pd or Pd/Pt alloys. In fact, the series of patents issued between 
2005-2012 [10–13][19] and assumingly related to announcement of an integrated pilot plant 
for the PO production from propylene and directly synthesized hydrogen peroxide deals 
with a nano Pt/Pd catalyst with a crystal face exposure of FCC 110 or 111 [11]. The 
experimental investigation of the effect of Pd alloying with Pt or Au is accompanied with 
theoretical DFT calculations [20,21]. According to Todorovic et al. non-selective formation of 
water is caused by O2 dissociation on Pt, OOH dissociation on Pt and H2O2 decomposition 
on Au surfaces [20]. Still, the experimentally observed selectivity for a certain Au-Pd catalyst 
could have not been explained on the bases of the calculated barriers for the involved 
reaction steps. Li et al. suggested that less active gold atoms on the Au-Pd surface weaken 
the interaction of H2O2 with the metal surface suppressing the decomposition and 
facilitating the desorption of peroxide from the catalyst surface [21].  

For the direct synthesis reaction, supported catalysts tend to be preferred due to the ease 
of separation especially when considering larger scale processes. The tremendous effect 
that the support has on the selectivity towards the peroxide has been supported by at 
least two direct studies on the influence of the nature of the support on the direct 
synthesis and side reactions when catalyzed by Au-Pd, Au or Pd [22,23]. Although reported 
productivity values for some supports tend to deviate a bit among the two references, the 
general trend observed is that supports with a lower isoelectric point show a better 
performance in direct synthesis, which is especially obvious in case of Au-Pd catalyst. This 
is in relation with the fact that some supports are very active in hydrogenating or 
decomposing hydrogen peroxide. MgO as a support with a high isoelectric point exhibits 
very high hydrogenation and decomposition rates (817 and 535 mol/kgh respectively), 
while carbon is the least active in catalyzing side reactions that consume peroxide formed 
(117 and 41 mol/kgh respectively). In addition, it has been reported that a treatment of 
the support with acids can further improve the overall Au-Pd catalyst performance in 
direct synthesis [9,24]. While nitric or acetic acid support treatment results in higher activity 
and selectivity towards peroxide, treatment with HCl seems to be detrimental, at least in 
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case of Au-Pd supported on carbon. Contrary to the expectations, the same effect is not 
evident for Au and Pd monometallic catalysts supported on carbon.  

The most important parameter that might influence the catalytic activity of Pd or Au-Pd 
bimetallic catalysts is the oxidation state of the palladium under reaction conditions, 
considering the presence of both reductive and oxidative species in the direct synthesis. It 
is well known that the oxidation state of Pd catalysts switches between metallic and oxide 
depending on the temperature and oxygen concentration. The oxidation state of 
palladium and its influence on the direct synthesis reaction is still under discussion. Some 
studies suggest that the catalytic activity achieved with PdO is much higher in comparison 
to Pd0 [25], which might be associated with lower hydrogenation/decomposition rates 
when compared to their metallic analogues [26], while some authors made a contradictory 
conclusion that metallic palladium is responsible for the high activity and selectivity [27,28]. 
Choudhary et al. associated the drop of the H2 conversion and H2O2 selectivity with 
reaction time to surface/subsurface oxide formation as a consequence of the Pd0 
oxidation with the H2O2 formed [29], despite the fact that they earlier reported lower 
hydrogenation and decomposition H2O2 rates on PdO [26]. In addition, some authors 
associated elution of Pd from the support material and reactor to PdO formation under 
reaction conditions and its dissolution in acidic liquid medium [30]. Knowing that long-term 
stability of the catalyst can be affected by the catalyst oxidation state, the questions 
regarding the presence of oxide phase, conditions under which PdO is formed and its 
influence on the catalyst activity or potentially deactivation or leaching are becoming even 
more significant. 

1.3. Role of promoters 

The side reactions involved in the consumption of hydrogen peroxide and water formation 
can be inhibited to certain extent by adding acid and/ or halogen as promoters. Typically, 
acids such as HNO3, H2SO4, HCl, HBr, H3PO4 are added directly in the liquid phase. 
Neverthless, solid acids also proved to be equally efficient. Blanco-Brieva et al. performed 
the direct synthesis reaction in methanol using a palladium catalyst supported on sulfonic 
acid-functionalized silica [31]. With the liquid phase containing additionally maximum of 24 
ppm HBr, the selectivity achieved was over 80 % (for 0.5 % peroxide solution), meaning 
that the solid-acid is also able to prevent peroxide transformation to water. Moreover, 
treatment of a carbon or silica support with HNO3 before the deposition of the metal 
component of the catalyst leads to reduction in side reaction rates resulting in a higher 
selectivity[9].  

The effect of acid addition on the direct peroxide synthesis yield was initially observed by 
Prospelova [32,33]. After addition of a mineral acid such as HCl, the hydrogen peroxide 
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decomposition over Pd catalyst was suppressed. The explanation of the acid role was also 
given by the same author, who suggested that protons from the acid prevent dissociation 
of H2O2 which is structurally an acid. It is assumed that decomposition of hydrogen 
peroxide proceeds through the formation of HO2

- species. Accumulation of H+ ions on the 
Pd surface in the form of a unique layer hinders both the penetration of HO2

- and 
decomposition of hydrogen peroxide. Even the specification of commercially available 
standard grades of hydrogen peroxide, emphasizes that standard grades are acidic 
solutions with the pH range of 0.7-2.2 depending on the peroxide content [34]. This is 
necessary in order to ensure a long stability of hydrogen peroxide solutions. Metal 
chelating agents are not sufficient stabilizers to ensure stability of peroxide solutions.  

The role of acid was confirmed in many subsequent publications. In fact, studies were 
performed in order to compare the effects of different mineral acids. It has been 
confirmed that besides the proton, the associated anion of the mineral acids also has an 
influence on observed reaction rate and selectivity. Typically non-coordinating anions, 
such as sulfate, phosphate, nitrate, etc., are assumed not to block catalytically active sites 
in the direct synthesis [35][36], while coordinating anions, such as chloride, bromide and 
iodide are responsible for catalyst poisoning [37].  

Next to the enhancement of selectivity, the addition of acid might also play a role in the 
long-term catalyst stability [5]. There are reports in the literature that suggest that addition 
of acid might cause a leaching of active metal from catalyst support. Namely, Choudhry et 
al. [33,] emphasized that phosphoric acid is the most convenient for direct synthesis 
reaction due to low corrosiveness, lowest palladium leaching rate and additionally, 
stabilizing effect of phosphate anion. One of the ways to acidify the aqueous medium 
without introduction of mineral acid is the application of CO2 (instead of N2) as a diluent 
gas at high pressure. Upon the dissolution in water, carbonic acid is formed. This process is 
pressure dependent, meaning that after depressurization acid is removed from the 
solution. The promotional effect of CO2 gas as a diluent in the direct synthesis has been 
proven for the Au-Pd catalyst [39], while the addition of phosphoric acid seemed to be 
deteriorating due to inhibiting effect of phosphate anion at given concentration. In a later 
publication it was shown that the optimum pH in case of Au-Pd/C is around 2, while in 
case of Au-Pd/MgO the optimum pH in terms of hydrogen peroxide productivity lies well 
below 1 [40]. The general rule introduced is that the reaction should be operated at a pH 
equal or lower than the isoelectric point of the support applied. 

Besides the acid, the liquid medium used in direct synthesis of hydrogen peroxide contains 
halogen ions in relatively small concentrations. It has been demonstrated trough a 
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number of publications that its additions hinders the metal catalyzed decomposition of 
hydrogen peroxide [6]. The promoting effect of bromide reflected through the selectivity 
improvement is consistent with selective catalyst poisoning via blockage of highly active 
sites on the catalyst surface responsible for dissociative adsorption of O2 and re-
adsorption/dissociation of H2O2

[41]. Liu et al. [28]showed that Br ions are much more 
effective than Cl ,presumably due to a stronger bromide interaction with palladium. The 
advantage of bromide is reflected in an inhibition of palladium leaching from the support 
[28]. Interestingly, among the halides fluoride ions proved not to be effective in direct 
synthesis for selectivity improvement, while Iodide seems to strongly poison the catalyst, 
resulting in complete catalyst deactivation. It needs to be emphasized that chloride and 
bromide anions exhibit the promoting effect only in the presence of protons [37]. Besides 
the suppression of hydrogen peroxide decomposition, it has been documented that Br 
ions, depending on the concentration, can reduce the rate of the peroxide reduction with 
H2 [42]. However, the curiosity is that a fluoride anion is acting as a promoter of hydrogen 
peroxide decomposition when a reduced palladium catalyst is used [37]. Combinations of 
two different halogen ions might have a synergistic effect on the promoting direct 
synthesis over side reactions [43]. It is interesting to notice that a combination of F and I 
ions is not deactivating the catalyst, but moreover increases the selectivity. Still, the 
highest selectivity is observed when combining Cl with Br or I [43].  

Many authors tend to believe that Pd alloying with a second metal such as platinum or 
gold has a similar effect as halogen ions in liquid medium, increasing the selectivity 
towards hydrogen peroxide. The promotional effect of bromide was proven in case of Au-
Pd catalyst as well. Carbon and MgO supported Au-Pd catalysts pretreated with solutions 
of NaBr in small concentrations (0.00034–0.044 wt%) showed an enhancement in the 
peroxide yield during the direct synthesis ascribed to the poisoning effect of 
hydrogenation and decomposition catalytic sites [44]. This effect was more pronounced in 
case of a MgO supported catalyst. Higher NaBr loadings (0.5-8.3 wt%) proved to be 
detrimental. Still, the findings made are sometimes unclear and contradictory considering 
that in some earlier publications authors claim that there are detrimental effects of NaBr 
in the solution at concentrations as low as 6 ppm [39]. Those findings for Au-Pd catalysts 
correspond to findings of Samanta et al. for a Pd-catalyst [42]. They also reported an 
optimum bromide loading onto the catalyst of up to 1wt%, based on reduction in 
decomposition rate and increase in hydrogen peroxide yield. At higher bromide loadings 
the hydrogen conversion is dropping significantly, which is probably the consequence of 
non-selective poisoning of catalytic sites. Considering that the Au atoms present ‘dilute’ 
the Pd surface, it is reasonable to assume that due to a lower number of higher energy 
sites less bromide will be required to promote the direct formation of hydrogen peroxide 



Chapter 1: Introduction 

11 

 

over decomposition and/or hydrogenation. It is important to stress that the promotional 
effect of Br is much more pronounced in case of a MgO supported catalyst in comparison 
to carbon. This means that with choosing the more suitable support or tuning the 
properties of the support, the addition of bromides can be avoided, which further 
resultsin a lower environmental impact and lower corrosiveness of liquid medium.   

1.4.  Solvent  

The direct synthesis is a three-phase process which involves a H2-O2 mixture as gas-phase, 
a solvent and the solid catalyst phase. The role of the liquid phase used is to collect and 
solubilize the hydrogen peroxide formed, since pure hydrogen peroxide is highly unstable 
and decomposes to water and oxygen on the catalyst surface. Besides water, short chain 
alcohols or mixtures of alcohols and water are typically used in the direct synthesis as a 
liquid phase. Water is most often applied as a solvent in the direct synthesis considering 
that it is non-flammable and non-toxic, allowing the safest operation. However, it has 
been reported that organic solvents such as methanol, ethanol or acetone show a far 
better performance in direct synthesis [27,45]. The low solubility of reacting gasses in the 
water phase in comparison to organic media is most often emphasized as the motivation 
to employ alcohols as solvents or co-solvents in the direct synthesis [28,41,46]. Krishnan et al. 
ascribed the higher concentration of H2O2 in acetone or methanol compared to water to a 
higher mass transfer mainly on gas-liquid interface, which they identify as the rate 
determining step [45]. The strong positive halide effect on the direct synthesis only in case 
of synthesis in an aqueous phase in contrast to organic solvents was underlined. In their 
calculation, authors showed that the mass transfer rate was 15 times higher in methanol 
than in water mainly due to the higher H2 solubility. Still, when initial reaction rates 
observed in methanol and water with halides present are compared, the values seemed to 
be almost identical, meaning that the liquid film mass transfer does not play a crucial role 
after all. Certainly, the difference in the H2 solubility in the liquid phase (O2 is typically an 
order of magnitude more soluble than H2 and thereby less likely to be limiting) in water 
and certain organic solvent might be crucial in achieving higher reaction rates. Addition of 
toluene and hexane , solvents which are known to increase the solubility of the reactants 
in comparison to pure water, proved not to be efficient in the direct synthesis reaction 
despite high conversions achieved [27], due to poor selectivity. In general, water miscible 
solvents such as different alcohols and acetone are identified as effective solvents for the 
directs synthesis in several industrial patents [47,48] Alcohols are suitable solvents for the 
directs synthesis from the aspect of on-site application in epoxidation reactions as well [48]. 
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Besides for epoxidations, hydrogen peroxide can also be used as an oxidant in a number of 
oxidation reactions involving different organic substrates, often water non-soluble.  

As already emphasized in the introduction, the economic analysis presented in the recent 
review by García-Serna et al. suggests that H2O2 at the reactor outlet needs to reach a min 
of 15 wt% in case of an aqueous solution and 9 wt% in methanol [5] for the direct synthesis 
process to be competitive with AO process. Clearly, from an economical point of view 
methanol is a preferred solvent over water, considering that lower peroxide 
concentrations need to be directly generated in comparison to water. Advantageously, the 
reaction rates typically observed in methanol are much higher compared to in water, 
meaning that the targeted concentration can be achieved with lower amount of catalyst 
used. If required, a further downstream concentration of hydrogen peroxide solutions by 
means of distillation/vacuum distillation is less energy consuming in a methanol solution 
in comparison to in water.  

1.5. Reactor concepts 

Direct synthesis of hydrogen peroxide from its elements in a multiphase reaction involving 
liquid, gas and solid phase is typically studied in agitated vessels both in semi-batch[49][50] 
or batch mode [51], fixed-bed reactors or trickle-beds [52–54] or slurry bubble columns [45,48]. 
Agitated vessels with the catalyst suspended in the form of powder in the liquid phase are 
successfully applied to study the catalyst performance or kinetics of the reaction. This type 
of vessels is particularly convenient considering that it allows to control the degree of 
mixing by adjusting the stirrer speed, and proper heat control. Applying the catalyst in the 
form of powder means it is possible to manipulate the particle size, which in combination 
with proper mixing, ensures that reaction can be done outside mass transfer limited 
regime. The advantage of the semi-batch operation is that pressure and the composition 
of the gas phase can be maintained constant, while only concentration of the peroxide in 
the liquid phase changes over time. Typically, under such conditions small amounts of 
peroxide are produced (except when higher amounts of catalyst are applied in 
combination with small liquid volumes), which results in lower rates of side reaction 
(hydrogenation and/or decomposition). When packed-bed or fixed-bed reactors are 
applied, it is necessary to pay attention to a proper catalyst dilution and a uniform bed 
packaging. By avoiding flow maldistribution, the potential formation of hot spots is 
avoided [53,55].  

For a larger scale application of the direct synthesis reaction, fixed-bed reactors or slurry 
bubble columns represent more attractive options that allow for a continuous operation. 
In a series of patents [10,19,48] the direct synthesis reaction was performed in slurry bubble 
columns. This is not surprising if one has in mind that this type of reactor provides intense 
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agitation by bubbling, therefore efficient heat removal minimizing any possibility of 
hotspot formation or runaway reactions. However, besides the necessary catalyst 
separation, in order to achieve higher peroxide concentrations in the liquid phase, long 
residence times for the liquid phase might be required. Fixed-bed reactors are widely used 
in chemical industry in large scale heterogeneously catalyzed processes. They provide high 
surface area of solid catalyst, enabling high reaction rates per volume of the reactor. As 
already mentioned earlier, attention has to be paid on the hot spot formation especially if 
the trickle bed has dry spots to prevent possible runaways to occur, since heat removal 
might be a serious issue. 

The important consideration that needs to be taken into account when operating those 
conventional reactor types is the flammability limit, which is defined as the range of 
concentrations of H2 and O2 in which flame propagation occurs. The lower flammability 
limit for hydrogen is typically around 4 vol%. This means that in order to operate the 
process safely, the reactive gas mixtures need to contain large excess of inert gas as a 
diluent. Reaction rates as a consequence of dilution will be lower. To compensate for the 
dilution, high total pressures have to be applied, which consequently increases the capital 
and operational costs. Typical pressures applied in such conventional reactors go up to 
100 bar. Novel reactor concepts such as microreactors or membrane reactors overcome 
this problem. Due to extensively reduced dimensions in case of microreactors or selective 
feeding of one of the reacting gases in case of membrane reactors, conventionally 
explosive hydrogen and oxygen mixtures can be applied safely in the direct synthesis 
reaction. Membranes particularly attract a lot of attention considering that hydrogen and 
oxygen mixtures are mechanically separated. A Pd-Ag layer [56,56] or Pd-Pt [57,58] active 
catalytic layer is coated onto a ceramic membrane. Hydrogen diffuses through the 
membrane, dissociates on the catalyst surface and reacts with oxygen in the liquid phase. 
The reaction rate in this case is mainly limited by the hydrogen diffusion, which is rather 
poor. This can be improved by applying a thinner layer of palladium, but this can result in 
membrane mechanical failure.  

The selectivity for hydrogen peroxide formation obtained in case of Ag-Pd membranes can 
be improved by coating the outer surface with pure Pd, or with a layer of hydrophobic 
polymer [56,56]. Hydrogen peroxide formed on the catalyst is repealed from hydrophobic 
surface, preventing its decomposition. Still, the major drawback associated with those 
membranes is the long term stability of these metallic films, despite improvements 
obtained in case of palladium alloying with metals such as Ag or Pt. The permeability of 
the membrane, and therefore reaction rates can be improved by applying higher 
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differential pressures. Pashkova et al. [59] showed that an increase in total pressure indeed 
leads to higher reaction rates, however the increase in differential pressure contrary to 
the expectation did not result in a higher reaction rate. . This unexpected finding was 
explained by lower thickness of liquid filled region and decrease in amount of Pd 
catalyzing the reaction as a consequence of increase in differential pressure. Therefore the 
increase in H2 mass transfer rate is negatively compensated/ penalized with less catalyst 
participating in the reaction. The curiosity is that in this paper instead of thick dense Pd 
film, the authors deposited Pd nanoparticles inside the pores of the top layer of tubular 
membrane as a catalyst. The results achieved with methanol as a solvent show 7 times 
higher reactions rates in comparison to using water as solvent. Typically, the pressure of 
the gas phase as high as 6.9 MPa was applied.   

1.5.1.  Microreactors and the direct synthesis  

The application of the microreactor concept into the direct synthesis reaction offers an 
opportunity to safely handle hydrogen and oxygen mixtures which would be explosive in 
conventional reactors. Potential safety concerns related to use of conventionally explosive 
hydrogen and oxygen mixtures in a wall-coated microchannel are discussed in detail by 
Chattopadhyay and Veser [60]. Generally, the safety of this reaction in a wall-coated 
microchannel is influenced by the combination of the temperature and pressure applied. 
Upon addition of the catalyst, the ignition point is shifted towards lower temperatures. 
Both the homogeneous high temperature dominated and the heterogeneous catalyst 
initiated ignition branch were taken into account. Simulations showed that a reactor 
diameter of 300 µm can be considered intrinsically safe (temperature independent) at 1 
bar pressure. With increasing pressure in the system, the homogeneous reactions tend to 
accelerate, scaling with the square of reactor pressure, due to the dominance of 
bimolecular collisions, in contrast to surface reactions, which show linear dependence on 
pressure. However, at higher pressures, the surface reactions will be limited by diffusion 
of reacting species from the bulk face to catalytic surface, considering that D~P-1. This 
means that consumption of reactants is accelerated near the catalytic wall, but delayed in 
the bulk phase. Chattopadhyay and Veser clearly show that for pressures as high as 10 
bar, even in case of extremely small reactor diameters, ignition is dominated by the 
homogeneous reaction pathway. To operate a wall-coated catalytic reactor safely at 
higher pressures, it is crucial to stay below the critical ignition temperature, below which 
homogeneous ignition (explosion) can no longer occur for the desired channel diameter. 
Performing the reaction in a two phase gas–liquid flow additionally diminishes the 
possibility for radical or/and hot-spot formation. The liquid separates the gas in small 
bubbles and acts as a large heat sink. This positive general rule, that increase in pressure 
reduces flammability interval has been introduced by Piqueras et al. [61]. 
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UOP announced in 2006 that they successfully demonstrated the use of microreactor 
technology in the direct synthesis of hydrogen peroxide achieving 75% selectivity at 80% 
conversion at H2:O2 ratio of 1:1 in methanol as a solvent. [62]. Later publications [63] gave 
indications of the UOP process conditions; a pressure of 20 bars was applied instead of 
100 bar required in conventional batch-type reactors, a selectivity as high as 85% was 
reached at 90% conversion at H2:O2 ratio of 1.5-3, with a space-time yield of 2 gH2O2/gcath. 
Those laboratory tests were followed by pilot scale testing and basic engineering design 
for hydrogen peroxide production of 150 kt/year, as an demonstration example that 
microreactor technology is not only limited to a small scale, however the fate of this 
project is not known up to date.  

A catalytic microreactor for direct synthesis can be realized as packed-bed column [30,64–67], 
or the catalyst can be immobilized on the walls of the microchannel [68–71]. Certainly, the 
most convenient route to incorporate the catalyst inside the microchannel and perform 
the direct synthesis reaction is to create a micro-packed bed. Inoue et al. published 
several papers applying micro packed-beds in the direct synthesis reaction [30,65–67]. The 
major challenges associated with micro packed-beds were the high-pressure drop [30,67] 
and poor catalyst wetting and contacting [72]. Attention has to be paid on proper packing 
of the catalytic bed. Namely, due to the high catalyst concentration within the packed 
bed, a proper dilution of the catalyst bed with inert material as well as contacting of the 
catalyst with the liquid phase and wetting efficiency is critical to avoid high local heat 
generation and formation of hotspots. Inoue et al. reported that despite the small 
dimensions of glass chips applied in direct synthesis, explosions were still occurring if 
catalyst was maldistributed within reactor channels during packaging procedure [30,67]. In 
the same publication, they reported the erosion of the catalytic bed and palladium elution 
within the first 48 h of operation most probably due to oxidative reaction conditions. The 
importance of a proper design of the gas and liquid inlet to ensure a proper gas-liquid flow 
distribution was stressed. The sizes of gas and liquid inlet channels need to be adjusted in 
such a way that the gas phase pressure drop is countered/compensated with increasing its 
superficial velocity, considering that liquid is typically 1000 times more viscous than gas. 
The flow regime observed is recognized as trickling flow regime. Recently, Inoue et al. 
reported that concentrations of hydrogen peroxide achieved over a Au-Pd/TiO2 catalyst 
can reach as high as 11 wt% (at total gas flow rate 40 ccm (normal conditions) and liquid 
flow rate 0.01 ml/min) with a selectivity of around 20 %, which is tremendous 
improvement to initial 1 wt% [66]. In addition, reaction was done in multichannel 
microreactor (8 parallel channels) with addition of sulfuric, phosphoric acid and NaBr as 
promoters. In comparison to Pd catalyst (Pd/Al2O3 and Pd/TiO2) that showed palladium 
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loss with time as a consequence of PdO formation and elution under acidic conditions, the 
Au-Pd catalyst showed a stable performance over 100 h operation. This work is relying on 
the previously published study on the numbering up of micro packed-bed microchannels 
(4 in parallel) by introduction of microstructures in the upstream side of the channels that 
generates the pressure drop, which ensures proper gas-liquid flow distribution [65]. 

In the group of Voloshin et al. from Stevens Institute of Technology, micro-packed bed 
microreactors were successfully implemented to study the kinetics of the direct synthesis 
reaction [64,73,74]. Side reactions competing with direct synthesis, hydrogenation [74]and 
decomposition [73]were isolated and studied and modeled separately in order to obtain an 
overall kinetic model. Gas flow rates were kept high, 22 mlN/min, with a liquid flow rate of 
0.05 ml/min and residence times as low as 1.1 s. The flow regime observed was defined as 
slug flow (the liquid slugs continuously broken up by catalyst particles with long mist-like 
tails following the liquid slugs). The aqueous phase hydrogen peroxide was stabilized with 
addition of 1 wt% sulfuric acid and 10 ppm NaBr, which proved to block entirely 
decomposition of hydrogen peroxide formed [73]. The productivity values for Pd/SiO2 
catalyst prepared by sol-gel technique reached almost 4 molH2O2/gPdh under optimal 
conditions. The maximum hydrogen peroxide concentration reached in the liquid phase 
was approximately 1 wt%. High gas flow rates and high gas/liquid flow ratio ensures that 
flow pattern generated is consisting of alternating gas and liquid segments flowing over 
the catalyst. Segmented gas and liquid flow has been generated using a Teflon 
micromixer. However, no detailed study has been done on the flow pattern. An interesting 
observation made by authors while studying hydrogen peroxide hydrogenation and 
potential drawback in long-term application of such a catalyst was the partial catalyst 
deactivation after catalyst exposure to more concentrated solutions of hydrogen peroxide. 
The activity of the catalyst in this hydrogenation reaction dropped 3 times, after increasing 
the hydrogen peroxide concentration in the feed from approximately 0.5 to 3 wt% H2O2 
solution, while the overall activity in direct synthesis reaction was 2 times lower after 
exposing the catalyst to a 3 wt% solution compared to initial value [74]. No new actions 
related to using this technology for the development of a new process have been reported 
after the latest publication in 2010. 

The major advantages of microreactor application in multiphase reactions are the fast 
heat and mass transfer rates. It is well-known that in case of a reaction operated in Taylor 
flow in microchannels mass transfer of a gas component proceeds through following 3 
steps: (1) From gas bubble directly to the solid catalyst through thin liquid film wetting the 
wall (gas-to-solid) (2) from the bubble caps to the liquid (gas-to-liquid) and (3) from the 
liquid to the catalyst for dissolved gas (liquid-to-solid). Mass transfer from gas-to-liquid 
and liquid-to-solid represent resistances in series and occur in parallel to mass transfer 
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directly from gas-to-solid. In case of a catalytic reaction occurring on the catalytic reactor 
wall, gas-to-solid mass transfer is the dominant step, often being considerably faster than 
the other two. Therefore, besides the advantage of the lower pressure drop that is 
expected if the catalyst is incorporated in a form of a wall-coated layer instead of a 
packed-bed, higher mass transfer rates can be achieved by utilization of the fast gas 
transfer through the thin liquid film layer between the wall and the gas bubble. In case of 
a micro-packed bed, no use is made of this fast gas-solid transfer step, since no Taylor flow 
is possible. For efficient catalyst usage, it is preferred to apply a thinner catalytic layer on 
the microchannel walls. Considering the fast mass gas to solid mass transfer rate (up to 
100 s-1), fast reaction can be often limited by slow diffusion of reactants through the thick 
catalytic layer. A thinner layer, on the other hand, lowers the catalyst hold-up, therefore 
an optimum thickness needs to be established balancing the amount of catalyst loaded 
per channel volume (catalyst layer thickness) and internal mass transfer limitations.   

Maehara et al. introduced a compact system that consisted of a H2 and O2 generation unit 
and a microreactor for the direct formation of hydrogen peroxide [75]. Hydrogen and 
oxygen produced by water electrolysis in a flow through a solid polymer electrolyte (SPE) 
electrolyzer was supplied to the microreactor coated with Pd/C catalyst. The authors claim 
that the catalyst layer was coated on the wall by flushing the slurry of Pd/C catalyst and 
that the layer formed in such manner showed good adherence. Although this work 
represents an interesting approach from the point of compactness, the productivity 
achieved was not higher than approximately 0.02 molH2O2/gPdh. Wang et al. [69] reported 
reaction rates as high as 6.5 molH2O2/molPdh (0.06 molH2O2/gPdh ) over a heterogeneous 
zeolite supported Pd/Pt catalyst deposited on reactor wall at ambient pressure and at the 
highest liquid flow rate of 2 ml/h. The evaluated thickness of the wash-coat layer was 
around 100 µm. Kobayashi et al. [76]first introduced the method to deposit a colloidal 
solution of Pd encapsulated in copolymer micelles with polystyrene backbone on the walls 
of a microchannel creating thin layers covalently bonded to the glass surface and apply it 
in hydrogenation reaction. This approach was applied in the direct synthesis of hydrogen 
peroxide in the same group by Ng et al. [68] both in a single and a multichannel reactor 
system. However, the acidic conditions applied for the direct hydrogen peroxide synthesis 
are unfavorable for the stability of this kind of liquid film. The significant loss of catalytic 
activity was observed both in single and multichannel operation within first 10 h of the 
operation. It was reported that the wall-coated microchannel enabled sustainable 
production of 0.75 wt% of hydrogen peroxide in methanol (MeOH/HCl/KBr) this time, 
which corresponded to the productivity of 0.35 molH2O2/gPdh for approximately 3 days, 
after which a drop in catalytic activity to 0.5 wt% was observed.  
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1.6.  Objectives and outline 

The objective of this thesis is the development and implementation of a three-phase 
capillary microreactor with a catalyst coated on the reactor walls in the direct synthesis of 
hydrogen peroxide. This technology should provide the basis for a modular unit for the 
production of hydrogen peroxide from its elements, combining directly hydrogen and 
oxygen. The microchannel size of 320 µm is chosen to allow for safe operation when using 
conventionally explosive hydrogen and oxygen mixtures. However, the prerequisite for a 
successful operation of such a unit with channels numbered-up is to be able to 
demonstrate the selective production of hydrogen peroxide in a single wall-coated 
channel. To achieve this, it is necessary to find a right combination of catalyst and reaction 
conditions.  

The deposition of the catalyst on the reactor wall starts with the depositing of a support 
material. Chapter 2 deals with methodologies used to coat channels with a support layer 
and challenges mainly associated with obtaining uniform and well adhered wash-coat 
layers. Chapter 3 focuses further on the catalyst development suitable for the direct 
synthesis reaction and catalyst testing. The comparison of the reactor performance 
between the microchannel and the standard slurry system is done under conventionally 
non-explosive conditions. The benefits of the possibility to use concentrated hydrogen and 
oxygen mixtures safely in a microchannel are demonstrated. 

In Chapter 4 the suitable operating window was established for the direct synthesis 
reaction in a microchannel and to determine the range of concentrations of hydrogen 
peroxide that can be generated in liquid phase. 

Chapter 5 is related to a detailed study of the overall kinetics of the hydrogen peroxide 
synthesis reaction in water as a liquid phase. In parallel to the direct synthesis of hydrogen 
peroxide, hydrogen peroxide decomposition and hydrogenation over a Au-Pd/SiO2 catalyst 
are investigated in detail.  

Chapter 6 focuses on understanding the catalyst performance in the presence of different 
solvents. Here we show that the solvent choice can have a tremendous influence on both 
conversion and selectivity towards hydrogen peroxide. 

Finally, Chapter 7 summarizes the results and discusses possibilities for further 
improvements.  
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ABSTRACT  

The geometric surface area of capillary microchannels is insufficient by large for the direct 
deposition of a catalyst active phase to reach a sufficient level of activity of the 
microreactor. For this reason it is necessary to coat a porous layer of a catalyst support on 
the channel wall prior to the deposition of the active metallic species. This work addresses 
the challenges related to the preparation of well-adhered and uniform silica coatings inside 
closed capillary channels suitable for catalyst deposition for the direct synthesis of hydrogen 
peroxide. The method used to deposit a layer of coating suspension, which upon solvent 
evaporation and heating is transformed into a solid film, is known as dynamic gas 
displacement. Variation of coating parameters and properties of the coating solution could 
be used to produce microreactors coated with different silica loadings. The most critical 
aspect of coating is maintaining the film regularity during and after displacement of the 
coating fluid. The uniformity of the coating thickness is greatly affected by the ability to 
maintain the coating parameters constant, such as the coating velocity, temperature and 
the solvent evaporation rate, during and after displacement of the coating solution, but also 
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by the rheological properties of the coating fluid. Advantages and disadvantages of different 
coating techniques such as colloidal coating, sol-gel and slurry coating are discussed in 
detail. Finally, we demonstrate that silica wall-coated layers with embedded Au-Pd colloidal 
alloy nanoparticles are active in catalyzing the direct synthesis of hydrogen peroxide.  

2.1. Introduction 

Microstructured reactors are particularly suitable for fast and exothermic reactions. The 
main advantage of microstructured reactors is a high surface to volume ratio which varies 
between 10000-50000 m2/m3, in comparison to conventional reactors which reach up to 
1000 m2/m3 [1]. The direct synthesis of hydrogen peroxide out of hydrogen and oxygen is 
one of the reactions most suitable to be executed in microstructured reactors, considering 
the explosiveness of hydrogen-oxygen mixtures in a wide range of concentrations (4-96% 
H2). Due to extensively reduced dimensions of the microchannels, direct synthesis of 
hydrogen peroxide can be performed using concentrated hydrogen and oxygen mixtures, 
which would be impossible due to the risk of explosion in conventional reactors. To safely 
operate conventionally explosive gas-mixtures [2,3], a channel diameter of ≤ 300 µm should 
be used. Heterogeneously catalyzed reactions, such as the hydrogen peroxide direct 
synthesis, require the inclusion of the solid catalyst phase in the microchannels.  
Microreactors for heterogeneously catalyzed reactions can be designed either as “micro-
packed beds” or wall-coated microchannels. Micro-packed beds are often applied in 
catalyst testing [4]or kinetic studies of heterogeneously catalyzed reactions [5–7] due to the 
possibility to simply incorporate already optimized or conventional catalysts available on 
the market. Typically, catalyst particles used are in a range of 50–150 µm [4,7]. Such randomly 
packed structures often result in a high pressure drop and flow maldistribution as a 
consequence of packaging non-uniformity throughout different channels. In case of specific 
reactions, such as direct synthesis of hydrogen peroxide, due to improper bed dilution with 
inert material, hot spots can be formed followed by explosions [4]. By coating the catalyst on 
the reactor wall, a high pressure drop can be avoided as well as poor catalyst wetting and 
contacting [8] typical for micro-packed beds. Karim et al. showed that temperature gradients 
present in micro packed-beds during methanol steam reforming can be eliminated by 
coating the catalyst on the reactor wall, thus resulting in higher catalytic activity [9]. In 
addition, it has been reported that simply switching from a packed-bed to a wall-coated 
microreactor can lead to a significant difference in selectivity, as a result of difference in 
distribution of reactant concentration [10]. Still, to ensure a proper flow distribution during 
channel parallelization or numbering up, attention has to be given both to fabrication of the 
reactor and to the coating of the catalytic layers inside each individual microchannel. The 
effect of flow maldistribution on selectivity depends on both the reaction kinetics and mass 
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transfer[11]. The deviation in selectivity with flow distribution is generally greater in case of 
mass transfer limited regime.  

Different methods can be applied to coat microstructures, depending on the properties of 
the surface that is used and the catalyst itself. Reviews available on coating monoliths [12] or 
in general structured surfaces [13] are already discussing procedures used to deposit the 
catalyst inside structures including pre-treatment of the support, properties of coating 
phases and/or deposition of active metal when necessary [12]. Three-phase reactions in wall-
coated microchannels are typically performed in Taylor flow because of the high mass 
transfer rates that can be achieved. A particularly fast step in Taylor flow operation is the 
transfer of the gas to the solid catalyst through the thin liquid film present between the 
bubble and the wall (gas-to-solid) [14,15]. Typically, the amount of catalyst deposited on the 
wall (the thickness of the catalytic layer) needs to be carefully adjusted in such a way that 
the reactions kinetics can keep up with the fast external mass transfer, while at the same 
time in order to efficiently use all the catalyst available, diffusion limitations through the 
layer deposited need to be minimized. The amount of catalyst can be increased by 
increasing the length of the channel if the thickness of the catalytic layer is a limiting factor. 
Control of the amount of catalyst per reactor volume can be achieved also via adjustment 
of the channel diameter. Fast reactions in comparison to slow reactions require less catalyst 
to achieve the desired conversions and at the same time a thinner catalytic layer means a 
more efficient catalyst utilization. In the process of fine-tuning of the layer thickness, the 
presence of random thickness non-uniformities along the channel length or cross-section 
means that in some sections of the reactor the reaction could be limited by diffusion, thus 
it would not be possible to precisely predict the reactor performance. In addition, in case of 
more severe restrictions along the channel caused by coating non-uniformity, the difference 
in pressure drop along the parallel reaction channels would potentially lead to gas-liquid 
flow maldistribution or channeling when channels are numbered-up [16]. For example, the 
study performed by Conant et al. [17] on methanol steam reforming showed that the non-
uniformity in coating thickness along parallel microchannels could lead to a variation in the 
flow rates over the channels and a decrease in the overall reactor performance. Stable, 
uniform and reproducible coatings are therefore a prerequisite for the reproducible 
operation on the level of single-channel, as well as for stable and uniform multichannel 
operation. The stability of coatings is determined by the adherence of the catalytic layer to 
the wall of the microchannel and the stability of the active metallic phase towards leaching 
and/or deactivation. While leaching and deactivation are a general characteristic of the 
catalyst, adherence is influenced by the characteristics of the coating phase and the surface 
that is coated. The adhesion of the wash-coat is typically dependent on the substrate 
porosity [12] . Methods used to coat flat surfaces, such as spin or dip coating, are performed 
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prior to reactor assembly. In this case assembling of the coated microchannel plates often 
results in sealing problems considering that coating solution gets in contact with the entire 
surface of the plate, including the flat surfaces around the channels. Coating non-porous 
reactor walls with a catalyst after its assembly requires a different approach. The present 
work is dedicated to catalyst coating of closed capillary microchannels intended for use in 
direct synthesis of hydrogen peroxide. The main goal is to optimize relevant coating 
parameters to produce a porous and stable silica support layer of desired and uniform 
thickness along the channel length and cross-section. Finally, the performance of the wall-
coated microchannel reactor with deposited Au-Pd catalyst will be demonstrated in the 
direct synthesis reaction. 

2.2. Experimental  

Fused silica capillaries were chosen as a suitable reactor configuration for coating 
experiments considering that they allow for relatively easy characterization. Glass 
capillaries are low cost and it is possible to cut a piece of the catalyst coated capillary for 
characterization purposes, while still retaining sufficient reactor length for catalytic testing, 
something which is not possible with chip type reactors. Glass as a material is also known 
to be inert to hydrogen peroxide, by non-catalyzing its decomposition. They are able to 
withstand the high pressures and flexible, allowing easy handling. The standard channel 
diameter used of 320 µm is stipulated by the safety requirements in order to be able to 
work with conventionally explosive hydrogen and oxygen mixtures in direct synthesis. The 
capillaries were typically coated with support material using the gas displacement method. 

2.2.1. Deposition of the catalytic layer on capillary wall- Coating procedure 

The active catalytic phase inside the microchannel can be deposited either by deposition of 
active metal on a pre-coated support layer or by directly coating a ready-made catalyst [12]. 
Unlike for example monolith structures, the walls of fused silica capillaries are almost non-
porous. To create a surface area for deposition of the active metallic phase, it is necessary 
to first deposit a porous layer of support material such as silica. The support material should 
not play a role in the reaction itself except providing sufficient surface area to achieve a 
proper dispersion of the active catalytic phase. The choice of AuPd metal does not require 
a particular type of silica support or vice versa. Considering the possibility that some of the 
binder material present might close the catalyst pores containing active metal if a ready-
made catalyst is directly coated onto the microchannel walls, the active phase should 
preferably be deposited afterwards on the coated catalyst support layer, allowing full 
accessibility of the active phase to reactant molecules.  
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Figure 2.1. Dynamic coating method. 

 

The dynamic coating involves displacement of the coating fluid by means of another fluid, 
typically a gas (Fig. 2.1). After a solution is forced through the microchannel, a thin liquid 
film remains on the wall. Continuous flushing of the gas after displacement allows the film 
to dry, resulting in a solid layer. Eventually, the capillary can be heated to provide additional 
bonding of the deposited solid phase to the material of the channel wall.  

 

 

Figure 2.2. Coating set-up scheme. 
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The scheme of the set-up used to control the dynamic coating process is depicted in Fig. 
2.2. A silica composed coating fluid supplied to a capillary by means of a syringe pump is 
displaced using a flow of N2 gas which is fed through the mass flow controller. The capillary 
was typically filled up to approximately one half of its length with silica coating slurry. It was 
estimated that this length of the plug can provide a sufficient amount of the suspension for 
coating the whole length of the capillary. In case of a shorter plug, a significant amount of 
the plug would be consumed particularly at higher displacement velocities. The most critical 
aspect of coating is maintaining a film uniformity during and after displacement of the 
coating fluid (See Results and Discussion). In order to prevent an increase in the velocity of 
the liquid plug leaving the capillary due to a decreasing backpressure as soon as the coating 
solution would leave the capillary, the pressure at the capillary end was maintained 
constant using a back-pressure controller. After the plug is displaced, the nitrogen flow was 
doubled and maintained throughout the drying process. To avoid changes in temperature 
along the capillary length, the capillary was kept in a thermostated oven or thermostated 
water-bath.  

2.2.2. Preparation of the silica wash-coat solution and capillary pretreatment 

Fused silica capillaries (Agilent, ID 320 μm) were pretreated with 1M NaOH solution and 1M 
HCl solution to increase the surface roughness and to clean the surface. Silica was chosen 
as a support material for the Au-Pd catalyst in direct synthesis considering the previous 
work done by Hutchings et al. [18,19] , which emphasized the role of the isoelectric point of 
support in subsequent hydrogenation or decomposition of hydrogen peroxide. In addition, 
a good compatibility is expected between the glass surfaces of the capillary wall with a 
coated silica layer. Initially, a colloidal solution of silica was used to coat the washcoat layer 
on the fused silica surface. Colloidal silica solutions are readily available. In our experiments 
Ludox AS30 (Sigma Aldrich) was used. The silica content of this solution is 30% in water, 
with an average surface area of 230 m2/g and pH of around 9.1. The average particle size is 
around 12 nm. This makes the Ludox silica an excellent silica based binder material.   

For the sol-gel coating procedure a sodium silicate solution was used as a silica sol (Sigma-
Aldrich, SiO2~26.5 wt%, Na2O, ~10.6%). In order to avoid instant gelation which causes 
blockage of the capillary during the coating procedure (typically observed with the addition 
of acid), formamide (10%) was used as a gelation agent. Addition of formamide as a gelation 
agent gives much better control over the gelation rate, since hydrolysis of formamide leads 
only to a slight decrease in the pH. To remove sodium and to increase the porosity of the 
deposited layer, after heat treatment capillaries were flushed with 1 M solution of 
ammonium-nitrate followed by 1M solution of HCl and water, dried and calcined at 300 °C. 
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The slurry coating methodology, as already applied for example for coating monoliths [12], 
results is thick(er) layers deposited on the channel wall, compared to coating with a colloidal 
solution. In this case, the slurry suspension contains large particles and smaller binder 
particles, typically two orders of magnitude smaller in size. Those colloidal small binder 
particles act as a “glue” between large particles improving the contact and cohesion. The 
slurries used for coating our capillaries typically contained Ludox AS 30 colloidal silica and 
sodium silicate solution((Sigma-Aldrich, SiO2~26.5 wt%, Na2O, ~10.6%) as binders, fumed 
silica (~4wt%, Sigma Aldrich) and larger particles in a form of Davisil silica gel (8wt%, 10-14 
µm particle size). Fumed silica has a very small individual particle size (of only 7 nm), 
however in solution it tends to polymerize or agglomerates resulting in larger grouped 
particles. Addition of a sodium silicate solution (~10 wt% of solution) was necessary to 
improve the adherence of the coated layer, considering that upon heating at temperatures 
as high as 150 °C for 1.5h, Si-O-Si bonds are formed improving the layer adherence by 
chemical bonding. In this way sodium silicate acts as a “glue”. After Si-O-Si bonds are 
formed, sodium can be removed without damaging the layer cohesion. The second type of 
silica powder added (Davisil silica gel) was used as supplied. 

2.2.3. Coating analysis 

To determine the integrity and thickness of coating layers deposited Scanning Electron 
Microscopy (SEM) was used. In order to study the layer thickness uniformity along the 
capillary length and cross-section, point analyses were performed. Film thicknesses were 
measured at a number of points on a given capillary cross-section along the length. Initially, 
the adhesion of the coatings was also estimated via SEM analysis. In addition, to investigate 
the coating stability and adherence, capillaries were subjected to ultrasound test and/or 
exposed to liquid flow under nitrogen pressure. The pressure drop along the capillary length 
is often a good indication of possible blockages or restrictions present in the capillary. The 
porosity of the coated layers was determined using the nitrogen physisorption method.  

The adherence of the coating layer greatly determines the long-term stability of the overall 
catalytic layer. Initial tests done to determine quality of the adherence involved ultrasonic 
testing of capillary section. Nevertheless, taking into account that the reaction is performed 
at high pressures using acidic aqueous phase, besides mechanical a chemical stability of the 
coated layer needs to be ensured. The ultimate analysis performed to assure the durability 
of coated layers was exposing the wall-coated channels to typical reaction conditions for a 
number of hours. The appearance of the layer determined by applying SEM analysis to 
different capillary section was used as an indication of quality of adherence. Absence of the 
coated layer on some capillary sections was not considered acceptable/satisfactory.  
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2.2.4. Deposition of Au-Pd catalyst 

Capillaries wash-coated using the slurry method were used to deposit the Au-Pd catalyst to 
be tested in direct synthesis of hydrogen peroxide. The stability and uniformity of these 
wash-coats was satisfactory. The typical relative deviation in coating thickness was ≤20%. 
After capillary exposure to conditions applied in direct synthesis, there was no indication of 
coating loss. Different Au-Pd catalysts were used as active metallic phase. In order to 
achieve better control over Au and Pd metal phases mixing pattern, the method known as 
a two-phase synthesis was applied to prepare Au-Pd alloy nanoparticles. Colloidal 
nanoparticles with two different Au/Pd ratio in this case were generated in 
dichloromethane as a solvent. The application of dichloromethane in the catalyst 
preparation enables a fast evaporation of solvent, thus making the catalyst preparation 
process faster and more efficient. In general the two-phase synthesis approach involves 
dissolution of required amounts of anionic Au and Pd precursors in a water phase (HAuCl4 

and K2PdCl4 respectively), after which they are transferred to an organic phase by means of 
a phase-transfer agent. For the preparation of alloyed Au-Pd nanoparticles, separate 
dichloromethane solutions containing tetrachloropalladate and tetrachloroaurate anions in 
a desired ratio are mixed prior to reduction with NaBH4. The exact protocol for synthesis of 
Au-Pd alloy nanoparticles is described by Serpell et al. [20] . For deposition of these 
nanoparticles, the capillary is filled with the colloidal solution of Au-Pd nanoparticles in the 
required concentration to achieve approximately 5 wt% loading relative to the wash-coat 
material and the solvent is slowly evaporated. After deposition of Au-Pd alloy nanoparticles 
inside the wash-coated capillary and solvent removal, the capillary was dried at 120 °C for 
12 h and calcined at 380 °C for 4 h. Nevertheless, solvent removal via evaporation needs to 
be performed rather carefully avoiding even small temperature gradients over the 
microchannel. Overheating of a capillary section would be followed by the development of 
the gas bubbles in the liquid and expansion with a pressure rise, which would lead to 
discharge of the suspension with colloidal nanoparticles at the capillary ends. For this 
purpose, during solvent evaporation procedure capillary ends are kept inside the small 
volume glass vials with a perforated cap to collect and quantify (for AuPd) if necessary 
suspension discharged.  

Please note that more details on the characterization of Au-Pd catalyst is given in Chapter 
3 (TEM analysis) and Chapter 6 (XPS analysis and CO adsorption). 
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2.2.5. Microchannel catalyst testing 

A wall-coated catalytic capillary was placed in a thermostated oven (Fig. 2.3). The liquid 
phase is supplied to the system by means of a syringe pump (Teledyne ISCO 500D). The total 
gas flow through capillary is set at 5 ml N/min, keeping the H2/O2 ratio always 1:1. In order 
to maintain a constant pressure at 20 bar, a back-pressure regulator is placed downstream 
after a gas–liquid separation unit (Fig. 2.3). Considering that pure H2/O2 mixtures are used, 
the gas flow is diluted with N2 gas at the capillary outlet to assure a non-explosive gas 
mixture in the larger tubing downstream of the capillary reactor. The pressure in the system 
was monitored before the inlet and after the microchannel outlet (Fig. 2.3), since the 
pressure drop over the capillary was used as an indirect indication of quality of coating 
procedure. Defects in the coatings would lead to a higher pressure drop, and such capillaries 
would not be used for catalytic performance testing. Gas samples were analyzed with online 
compact GC (column: Molsieve plot 5m 0.32 mm) equipped with a TCD detector. Liquid 
samples were collected and immediately titrated with a standard solution of cerium (IV) 
sulfate to a blue end-point to determine to concentration of hydrogen peroxide. Typically 
the capillary length used throughout experiments is in a range of ~0.5-1.3 m. Although the 
amount of the catalyst can be correlated with the length of the microchannel, the exact 
loading of the active metal(s) needs to be determined. In general, the loading (which 
eventually determines the conversion) depends on both nanoparticle preparation and 
deposition procedure inside the microchannel (see preparation and deposition of AuPd 
colloidal nanoparticles).The exact length of the capillary was adjusted in order to tune the 
H2 conversion to desired level. 

2.2.5.1. Flow pattern 

Considering the influence that flow pattern has on the performance of the multiphase 
reactors, flow visualization was conducted prior starting microchannel experiments. With 
deposition of coatings on the channel walls, capillary channels become rather opaque, 
complicating the flow visualization. For this reason, a transparent empty fused silica 
capillary of the same dimensions as the reactive capillary was used to observe the flow 
pattern inside the microchannel. Under reaction conditions considered to be applied in 
catalyst testing, Taylor flow with alternating gas and liquid slugs was observed. For gas-
liquid-solid reactions in microchannels, Taylor flow has been shown to enhance mass 
transfer significantly [15,21]. With consumption of gas along the channel length, the size of 
gas bubbles is expected to decrease. Nevertheless, at lower conversion levels used 
throughout our experiments, the change in the length of gas bubbles won’t affect the flow 
pattern significantly. However, if one would operate reactor at high conversion level, due 
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to high degree of gas phase consumption along the capillary, changes in the gas-liquid 
hydrodynamics as approaching to the channel end would be obvious. 

 

Figure 2.3. Scheme of the microchannel set-up used in direct synthesis of hydrogen 
peroxide. 

2.3. Results 

The main goal presented in this work is to prepare well adhered, porous silica layers of 
uniform thickness, desirably in a range of 1-10 µm. Important aspects that need to be taken 
into account when coating a catalyst support layer on microchannel walls is its layer 
adherence and stability under reaction conditions, porosity and thickness. Two major 
variables used to tailor the coating thickness were the coating displacement velocity and 
the composition of the coating fluid (which further reflects on viscosity and surface tension). 
Unlike porous monoliths used as catalytic converters, microreactors are often fabricated 
using non-porous inert glass materials, as fused silica capillaries. Considering the low 
porosity of this glassy material, issues with adherence of the coatings might be expected. 
The surface pre-treatment described in the experimental section is used to etch the glass 
surface in order to enhance the adhesion. In addition, the composition of coating slurry 
greatly affects the adherence and layer stability under reaction conditions. 
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2.3.1. Colloidal silica coatings 

Initially, the fused silica capillaries were coated with a layer of readily available colloidal 
silica solution (Ludox AS30). Application of colloidal silica solutions is straightforward 
considering that those are readily available. The major drawback observed initially with 
coatings obtained after applying this procedure was non-uniformity of the layer thickness 
in different portions of the capillary when the free release gas displacement technique was 
used [22]. Large deviations in coating thickness need to be avoided in order to ensure equal 
catalyst effectiveness along the entire microchannel, which is directly influenced by the 
catalytic layer thickness. Therefore, an attempt was made to identify and control the 
variables associated with the development of layer non-uniformity.  

2.3.1.1. Dynamic coating of capillary microchannels - coating uniformity 

Experimentally, the increase of the velocity of the displacing plug was observed as soon as 
some of the fluid would leave the capillary due to the gas expansion. The change in velocity 
along the length of a 2 m long capillary was quantified experimentally while blowing out the 
coating fluid. The capillary was divided in 8 sections of 25 cm length over which 
displacement velocity was averaged (Fig. 2.4.). The first half of the capillary was filled with 
the coating solution (Ludox AS30). The movement of the plug between the marked sections 
of the capillary can be easily observed visually, since capillaries are transparent. The time 
needed for the displacing plug to bypass the given section was recorded.  
        

 

Figure 2.4. Increase of coating velocity in the capillary end section during free release gas-
displacement and its effect on coating thickness along the capillary channel (capillary 
length L=2m; plug length 1m, coating fluid LudoxAS30 colloidal silica). 
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It is clear that with the first half of the capillary length displacement speed remained 
unchanged, while with the clearance of the coating fluid from the microchannel a 
tremendous increase in velocity was observed, reaching from 0.2 cm/s almost 10 cm/s in 
the last portion (section) of the capillary. This finding is correlated with the fact that capillary 
was initially filled with the coating suspension up to half of its length. If instead only first ¼ 
of capillary length would be filled with coating suspension prior to displacement, in such a 
case more or less consistent displacement velocity would be observed in up to ¾ of capillary 
length. When shorter coating plugs are used, the considerable consumption of the coating 
suspension as the plug passes the capillary leads again to a higher linear velocity. According 
to Fairbrother and Stubbs [23], who studied displacement of the Newtonian fluids in tubes 
by means of gas, the fraction of coated m fluid can be directly correlated to the capillary 
number m = Ca1/2(Ca=µU/σ, where µ is the fluid viscosity, U is the displacing velocity and σ 
is the surface tension). Taylor’s analysis, however, showed that the amount of liquid 
deposited on the wall increases with the interface speed and that m reaches asymptotically 
to a value of 0.56 as Ca approaches 2 [24]. Polynkin et al. [25] extended the Taylor model for 
predicting the maximum fraction coated for shear-thinning fluids. This in general means 
that with an increase of the coating velocity in the second half of the capillary, the layer 
thickness will increase resulting in non-uniform thickness along the capillary length (Fig. 
2.4).  

 

Figure 2.5. Average layer thickness (SEM) with standard error and predicted layer thickness 
from Taylor correlation as a function of displacement speed (coating fluid colloidal silica 
solution Ludox AS30, constant coating velocity values given on X-axis obtained using 
coating set-up presented in Fig. 2.2). 
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It is clear that with a free release of the coating fluid one can end up with almost an order 
of magnitude difference in thickness compared to the first half and the end of the capillary 
if typically one half of the capillary is filled with the coating fluid. This problem of the 
increase in the coating velocity can be tackled by introducing the restriction at the capillary 
outlet to control the displacement velocity. Techniques to coat long capillary columns for 
gas chromatography and to control displacement velocity has been proposed by van Dalen 
and Levy et al. [26,27]. The syringe pump in van Dalen’s method is applied as a brake to adjust 
the velocity of the meniscus, in contrast to the relatively complex liquid brake system 
introduced by Levy et al. The withdrawal speed of the pump needs to be adjusted to obtain 
desired displacement velocity. In a similar fashion, our coating set-up is provided with a 
back pressure controller at the outlet of the capillary to provide backpressure significantly 
higher than a pressure drop over the capillary and thereby significantly reduce the effect of 
the gas expansion with drop in resistance to the gas flow with the solution clearance (Fig. 
2.2). More details on set-up parts and operation are given in the experimental section.  

The effect of displacement velocity on the remaining layer thickness at constant 
displacement velocity (achieved using coating set-up on Fig. 2.2). , both predicted by the 
Taylor correlation and experimentally measured by SEM, is presented in Fig. 2.5. It is clear 
from Fig. 2.5 that after introduction of a back pressure regulator at the microchannel outlet 
to control the linear velocity of displacing plug, the coating thickness uniformity is 
dramatically improved in comparison to Fig. 2.4 particularly in case of thinner layers (≤ 1 
µm), nevertheless coating thickness is still not ideally uniform. It is clear that increase in 
layer thickness is accompanied by higher degree of non-uniformity.  In addition to the 
coating procedure itself, the drying step is also often a source of irregularity in thickness of 
the deposited film if not performed carefully [28,29]. Namely, temperature fluctuations along 
the capillary length might cause that some of the solvent evaporated condenses in 
downsteam cooler parts of capillaries creating a restriction to the gas flow used to dry the 
capillary [30]. Restrictions create a pressure difference leading to the transport of some of 
the liquid film towards the outlet. In addition, as observed by Conant et al. [17], in case of 
thick coatings large stresses during drying as a consequence of substantial loss of the 
volume (75% of slurry is water) can lead to cracks and loss of cohesion, resulting in severe 
coating non-uniformity. Gravity is an additional source of coating non-uniformity, mainly 
responsible for the difference in thickness observed along the cross-section [31,32]. Under the 
influence of gravity the deposited liquid film tends to drain from the walls resulting in 
thicker coating on the bottom. A less viscous coating fluid is more susceptible to drainage 
induced by gravity. The gravity effect is especially pronounced in case of thicker coatings 
and lower viscosity slurries. From Fig. 2.5 it is obvious that the degree of thickness non-
uniformity is dependent on the layer thickness. 
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The liquid film on the microchannel wall is affected by rearrangement after deposition and 
before it is completely dry. This phenomenon, known as Rayleigh instability [32] is 
independent of wall wettability with coating fluid. The instability of the coated film is the 
consequence of the decrease in interfacial energy on the gas-liquid interface and results in 
a wavelength of the disturbance which is independent of surface tension and viscosity, and 
equals to 2πrch/0.7. The logarithmic growth rate of Rayleigh instabilities, as given by Bartle 
et al. [33], is proportional to the surface tension (σ) and to the third power of the film 
thickness (df), and inversely to the viscosity (µ) and to the fourth power of the capillary 
diameter (rch): 

ln �
�
��
� =

�����
12�����

 (1) 

Where b and b0 are the amplitudes of the wave at time t and 0 respectively. So the time 
needed to double the disturbance calculated from this formula for low viscosity coating 
fluid, such as Ludox AS30, is already less than 10 min for coatings as thin as 1 µm. In 
principle, this implies that either the fast film drying or fixation should be applied in order 
to avoid film perturbations or the rheological properties of the coating fluid (viscosity) 
should be tailored.  

SEM images of deposited colloidal silica layers are given in Fig. 2.6. Due to the low viscosity 
of these colloidal silica solutions, to achieve higher thicknesses it was necessary to coat the 
capillary at high displacement velocities. From Fig. 2.5. it is clear that at high gas velocities 
(>10 cm/s), the colloidal film thickness reaches ~3µm, however a higher degree of thickness 
non-uniformity has to be taken into account as well. The general rule applies, that if a 
thicker coating layer is required, the concentration of the solution (or viscosity) rather than 
the coating speed should be increased. This is related to the fast development of drainage 
under the influence of gravity and wave disturbances after displacement in case of low 
viscosity coating fluids and therefore a higher degree of layer non-uniformity along the 
cross-section is expected. The relative deviation in the coating thickness increases from 
≤10% for a lower range of thicknesses, obtained at low coating speeds, to approximately 
35% for coatings of ~3 µm thickness. At the velocities typically applied in coating procedure 
of around 1 cm/s, the layer thickness was around 1 µm. Larger layer thicknesses can be also 
achieved through multiple coatings or multiple layers, however in that case the adherence 
of the colloidal silica layers was problematic. After attempted application of the second or 
the third layer or in general when flowing liquid through the capillary under high pressure, 
resulted in part of the coated layer(s) being lost from some sections of the capillary. For this 
reason, the adherence of the coating had to be improved to make sure that no deposited 
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layer detaches from the wall during the reaction. As will be discussed on in this paper, this 
can be achieved by the addition of small amounts of sodium silicate to the coating fluid. 

 

To summarize, application of colloidal silica solutions such as Ludox although is rather 
straight forward has several disadvantages. Due to low viscosity, those fluids are prone to 
drainage under influence of gravity and at the same time give thinner layers in comparison 
to higher viscosity fluids. Besides viscosity modification, in order to ensure durability of 
those layers, it is necessary to further improve their binding properties (adherence).  

2.3.2. Slurry coatings 

Application of slurry coatings offers the possibility to increase the viscosity and enhance 
layer cohesion. To increase the viscosity of the colloidal silica coating solution, fumed silica 
was added to create a slurry. Fumed silica is a well-known rheology modifier used in 
industry. It is produced by high temperature hydrolysis of silicon tetrachloride in an oxygen–
hydrogen flame and results in a primary particle size of only 7 nm. However, due to high 
surface area, those particles are not stable and they fuse together giving agglomerates of 
around 100-250 nm, which further grow to micron size agglomerates due to physical-
chemical interactions [34]. Due to a high surface area and a high number of silanol groups on 

 

Figure 2.6. SEM images of colloidal silica coatings obtained using the gas displacement 
method. 
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the surface, fumed silica is able to bond with other materials through hydrogen bonding 
including neighboring silica particles. If the fumed silica particles are suspended in water or 
an aqueous solution, hydrogen bonds are formed between the water molecules and the -
OH groups on the surface of the silica particles. When the fumed silica particles are wetted 
with solvent molecules, the particles tend to float in the medium rather independent of 
each other resulting in an increase in viscosity to a certain extent. In cases where the 
molecules of the liquid cannot adsorb onto the surface of the fumed silica, particles tend to 
cling each other forming a randomly distributed grid. Mechanical stress applied temporarily 
disturbs the silica nano-particle aggregates or three-dimensional networks formed between 
the particles as a consequence of hydrogen bonding. Macroscopically, the system becomes 
free-flowing (thixotropic effect). When the force stops, three-dimensional aggregates are 
re-formed and the material becomes viscous to solid again. Overall, the thixotropic effect is 
much more evident when fumed silica is suspended in non-polar liquids than in polar liquids 
(water). The percentage of fumed silica added was optimized experimentally. Namely, at a 
fumed silica content typically higher than 6 wt%, the slurry prepared was too viscous, which 
reflected in the inability to fill the capillary with the coating fluid. In order to avoid capillary 
blockage, the content of fumed silica in the solution was adjusted to ≤4wt%. In addition to 
fumed silica, silica slurries contained silica gel particles in micrometer range (Davisil silica) 
and a small amount of sodium silicate as an additional binder ensuring the good adherence 
of the coating to the glass microchannel wall. It is believed that upon heating silicate 
molecules lead to formation of Si-O-Si bonds with glass surface. Spin coating of a sodium 
silicate solution (7-10 wt%) followed by annealing at 90°C is used for glass-glass bonding in 
the production of microchip devices [35]. Without sodium silicate added, it was observed 
that after flowing liquid under pressure through the coated capillary, the pressure drop 
would increase, which was an indication of poor coating stability. SEM images also indicated 
the absence of the layer in some sections of the capillary. In addition, Zwinkels et al. 
reported that the addition of water glass to the colloidal silica slurry facilitates drying, since 
it leads to formation of larger pores reducing the stress caused by surface tension during 
evaporation of the solvent [36]. 

The principle of slurry coating is very clear. The bigger particles of silica gel in this case 
represent the mainframe or “skeleton” of the support layer. The small binder particles 
provide the interaction between those particles acting as glue. Therefore, without the 
binder particles the layer would not be coherent, while the pore size obtained with a layer 
consisting only of particles in nanometer range would be very small, limiting eventually their 
accessibility. The average thickness of the layer obtained when coating this type of slurry 
using the coating set-up (Fig. 2.2) was varied in the range of approximately 3µm to 
maximum 10µm. SEM micrographs of slurry wash-coats are presented in Fig. 2.7. Those 
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values were corresponding to the desired range of values for coating thickness of the 
catalyst support layer, calculated to ensure the absence of internal mass transfer 
limitations. The reaction rate (constant) with Au-Pd catalyst was assumed to be at least 
twice higher than the one reported for Pd catalyst [4]. In the relevant literature dealing with 
Au-Pd catalysts for the direct synthesis of hydrogen peroxide, it is reported that the addition 
of Au to Pd results typically in a 2-10 times higher productivity in comparison to the 
productivity observed with Pd catalysts only [19,37,38]. The relative deviation in thickness 
uniformity was typically ≤20%. The surface area of slurry coatings was determined before 
and after post-treatment. Post-treatment of coatings with a 1M solution of ammonium 
nitrate and 1M HCl for several hours resulted in a BET surface area increase from 94.5 m2/g 
to approximately 207 m2/g.  

 

Figure 2.7. SEM images of slurry coatings deposited inside fused silica capillary. 

2.3.3. Sol-gel coatings 

An additional technique applied to deposit a silica layer inside fused silica microchannels is 
known as a sol-gel method. This technique offers the possibility to influence the viscosity 
by influencing the degree of gelation. In principle, the silica material introduced into the 
microchannel should be in form of a clear solution, containing no silica particles. Water glass 
or sodium silicate solution is a silica sol that is commercially available. In addition, silicate 
containing coating fluids showed good adherence to the non-porous fused silica surface, 
which makes this material suitable for a coating. The mechanism of sol transformation to 
gel is based on the change of pH. By lowering the pH of the sodium silicate solution, a gel 
can be formed. Initially, the formation of gel has been attempted by adding a HCl solution 
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to sodium silicate. However, soon after lowering the pH of the solution to the desired value, 
the solution would become very viscous indicating that gelation is occurring fast. As already 
mentioned earlier, filling the capillary with such a viscous solution was often very difficult, 
even impossible if gelation already proceeded. The more desired scenario is that gelation is 
triggered after the layer of coating is deposited on the channel walls (in-situ gelation i.e. 
upon heating). Addition of formamide as a gelation agent gives much better control over 
the gelation rate. In the presence of alkali, formamide undergoes hydrolysis with formation 
of ammonium and formate ions in the solution and a slight decrease in pH (below 11). This 
pH already leads to polymerisation of di-silicate ions. However, in comparison to the direct 
addition of those ions, high local concentration and local gelation is avoided.  

 

Figure 2.8. SEM images of sol-gel coatings prepared from sodium silicate solution (a) heating 
applied after plug displacement (b) blocked capillary as a consequence of plug gelation 
(heating applied during displacement). 

The process can be further stimulated by heating. Immersing the capillary with the layer of 
sol deposited after the displacement procedure into the water-bath heated up to 80°C 
results in rapid transformation of the sol to gel preventing the fluid to drain from the walls. 
The SEM images of the coatings obtained applying sol-gel method, are presented on Fig. 
2.8a.  

Similar to slurry coating, sol-gel coatings were post-treated with a solution of ammonium 
nitrate and HCl. Although the coating thickness that can be reached was large (≈10 µm), the 

(a) 

(b) 
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variation in coating thickness along the capillary cross-section was rather significant. On the 
example shown in Fig. 2.8a, the average thickness of the layer observed varied between  ̴ 4 
µm on the top of the cross-section to approximately 13 µm at the bottom. This is a 
consequence of significant drainage of the liquid film prior gelation under influence of 
gravity. The influence of gravity can be minimized with instant polymerisation of the coated 
liquid film. However, if heating of the capillary was applied parallel to the coating 
(displacement) procedure, plug of displacement fluid would gel fast resulting easily in 
blockage of the microchannel (Fig. 2.8b). Due to instantaneous gelation triggered by heat, 
heating needs to be applied after the coating plug leaves the capillary in order to avoid 
blockage of the microchannel. Nevertheless, this leaves a certain time frame for 
development of coating non-uniformities.  

*High degree of non-uniformity 

Table 2.1. Comparison between different coating techniques used to create porous silica 
layer on microchannel walls. 

To summarise (Table 2.1), different coating precursors/fluids were tested in order to obtain 
a coated silica layer which fulfils the process requirements i.e. a range of desired layer 
thickness and coating uniformity as well as a proper adherence under reaction conditions. 
Among the three different silica coating precursors, the slurry coating achieves the most 
promising results in terms of adherence of the deposited silica layer, thickness at the 
recommended/lower range of coating velocity and thickness uniformity. At lower range of 
displacement velocities, colloidal silica solutions give thinner layers. To increase the layer 
thickness, which would be desirable for the catalytic application in the direct synthesis, the 
colloidal silica solution needs to be displaced at high velocities. This results in a higher 

Coating 
method 

 Adherence 

Maximum 
coating 

thickness 
obtained (µm) 

Coating thickness 
(µm) at 

recommended 
displacement 

velocity (~2 cm/s) 

Colloidal silica 
coatings 

 
Poor/not 
satisfying 

3.5 1.3 ± 0.3 

Slurry coating  Good 10 4 ± 0.8 

Sol-gel coating  Good ~11* 7* 
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degree of non-uniformity. In addition, in case of colloidal silica coatings the long term 
adherence and coating stability were considered an issue. In contrast, sol-gel coatings 
despite the good adherence and higher layer thickness, have a high degree of coating non-
uniformity. The thicker the layer, the higher the catalyst hold-up in the microchannel. 
However a too thick catalytic layer means a less efficient catalyst usage as a consequence 
of internal diffusion limitations. To prevent that the direct synthesis reaction is diffusion 
limited, the estimated thickness of the catalytic layer should remain below 10 µm, 
preferably even not more than 5 µm. The extent of coating thickness non-uniformity 
obtained with the sol-gel technique makes them not suitable to be applied in the direct 
synthesis of hydrogen peroxide, since the reaction might be limited by reactant diffusion in 
some sections of the microchannel. Considering all the requirements above, the slurry 
coatings were only considered to be further applied as a catalyst support in the direct 
synthesis of hydrogen peroxide. Although, our goal was to develop the silica coatings to be 
used in the direct synthesis of hydrogen peroxide, their application can be extended. Still, 
it is difficult to give general recommendation on most suitable coating type without knowing 
specific requirements such as reaction conditions (chemical stability), desired level of 
uniformity and properties of substrate to be coated. The methodology to deposit a silica 
layer inside the microchannel can be extended to steel capillaries or glass chips. Wall-coated 
microchannel reactors were applied successfully within our group in reactions such as 
aqueous phase reforming [39], propylene oxide production[40] or in selective hydrogenation 
reactions [41].  

2.3.4. Activity of Au-Pd catalyst supported on SiO2 wash-coats in a microchannel in the 
direct synthesis of hydrogen peroxide 

In order to obtain the active catalyst for the direct synthesis of hydrogen peroxide, the silica 
wash-coated layer was embedded with Au-Pd bimetallic nanoparticles prepared using a 
two-phase synthesis procedure. Silica layers with embedded Au-Pd (1:2) colloidal 
nanoparticles were tested in the direct synthesis of hydrogen peroxide in different liquid 
mediums (Fig. 2.9). The stable catalytic activity after several hours operation was a good 
indication of the coating stability under reaction conditions. It is clear that if the aqueous 
phase is replaced by methanol, at H2 conversions of around 30%, the selectivity achieved in 
methanol with the addition of acid as a liquid phase is significantly higher than in the acidic 
aqueous phase and the peroxide concentration observed in the liquid phase is around 1.5 
wt%. However, if pure methanol is used, the selectivity is much lower at approximately the 
same conversion level. The direct formation of hydrogen peroxide is always followed by 
consecutive reactions, hydrogenation and decomposition, which result in the 
transformation of peroxide into water lowering the overall selectivity. In the presence of 
promoters (halides, mineral acids), the decomposition reaction is known to be inhibited [42–
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45]. Therefore, the lower selectivity observed in the absence of H+ ions in a pure methanol 
liquid phase is a consequence of a base catalysed peroxide decomposition.  It is believed 
that differences in selectivity observed between water and methanol as a solvent can relate 
to nature of the solvent. 

In our publication dealing with the direct synthesis of hydrogen peroxide over a Au-Pd 
catalyst [31] and chapter 3, a performance comparison between conventional semi-batch 
slurry reactor with AuPd nanoparticles supported on silica powder and slurry-wash-coated 
microchannel with embedded AuPd nanoparticles under conventionally diluted conditions 
(gas mixtures contained 4 vol% of H2 and O2) is given. Considering that gas phase is 
continuously fed, the WHSV in semi-continuous and microreactor was adjusted to achieve 
comparable values in both reactors (~20 gH2/gcath). At the correspondent conversion (~10%), 
the initial productivity and selectivity values observed in the autoclave in the absence of 
mass transfer limitations show similar values to the steady-state productivity and selectivity 
obtained in a microchannel at a given LHSV under similar reaction conditions. This result 
indicates that we are able to successfully prepare an active catalyst in a microchannel which 
exerts identical activity to a conventional powder catalyst. 

 This is not surprising if one has in mind that nanoparticles are deposited on pre-coated 
silica layer, meaning that active metallic phase is readily accessible to reactant molecules. If 
a ready-made catalyst Au-Pd/SiO2 would be coated on microchannel, the use of binder in 
coating procedure could cover some of the metal nanoparticles making them inaccessible 
for reactants. It is also known in literature that a catalyst supported on silica produced from 
different natural sources or using different procedures can exert a different catalytic activity 
to a certain extent. Nevertheless, in case of wall-coated microchannels or monoliths in order 
to preserve catalytic activity, the active metallic phase should be preferably deposited onto 
pre-coated support layer avoiding enclosure of the nanoparticles by binder material. 
Advantageously, in a continuous process in microchannel, productivity and selectivity 
values are maintained rather constant, while in autoclave decrease is observed as a 
consequence of consumption of accumulated peroxide to water (via decomposition or 
hydrogenation route). 
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Figure 2.10. (a) H2 conversion and H2O2 selectivity (b) Peroxide concentration observed in 
different liquid phases over Au-Pd alloy (1:2) supported on silica slurry wash-coat over 
time (Capillary internal diameter 320 µm; P=20 bar; T=42°C; Gas flow rate 5 ml/min 
(H2/O2=1:1); Liquid flow rate 0.05 ml/min. 

a) 

b) 
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2.4. Conclusions 

Coating of a catalyst support material on walls of closed channels by the dynamic method 
was successfully accomplished. The uniformity of the remaining layer along the channel 
after the coating plug has left the column is mainly affected by the ability to successfully 
control the coating velocity within the channel length. A sharp increase in coating velocity 
is evident as soon as the coating solution is discharged from the end of the capillary which 
results in a thicker film at one channel end. Beside the coating velocity, a precise control of 
temperature and eventually evaporation rate of the solvent is critical for achieving a 
uniform coating thickness inside closed microchannels. Later rearrangement of the 
deposited liquid film can occur as a consequence of a gravity effect and Rayleigh instability 
of a long cylindrical column of liquid. In terms of silica precursor used as a coating fluid, 
different techniques were applied: colloidal coating, slurry coating and sol-gel technique. 
Generally, colloidal coating is resulting in thinner layers in comparison to the other two 
techniques at the similar displacement velocities. Although, the coating thickness can be 
increased by simply applying multiple layers, the stability of the colloidal silica layer under 
given reaction conditions was brought in question. The major disadvantage of the sol-gel 
approach was layer non-uniformity as a result of gravity induced drainage. Theoretically, 
the effect of gravity can be minimized by rotating the capillary around its horizontal axis. 
Nevertheless, this is not technically practical particularly if one has in mind coating long(er) 
capillary pieces or rectangular glass chips with sine-shaped microchannels. Considering all 
the above, slurry coating gave a satisfactory uniformity and stability (adherence) to be 
further applied as a catalyst support in direct synthesis of hydrogen peroxide. As a proof of 
concept, the direct synthesis reaction was successfully performed over bimetallic Au-Pd 
catalyst supported on silica slurry wash-coats in an acidified aqueous phase and in 
methanol. The catalytic coatings prepared are stable in the acidic environment applied. 
Peroxide concentrations observed in acidified aqueous phase under given condition reach 
0.8wt%, while addition of methanol leads to almost twice higher peroxide concentrations 
in the liquid phase. A detailed discussion and experimental study of the wall-coated 
microchannel performance is presented elsewhere [46], including more details on achievable 
peroxide concentrations and long-term stability of catalytic layer.  
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ABSTRACT  

Hydrogen peroxide production via direct hydrogenation of molecular oxygen offers many 
challenges for both catalyst and reactor development to have a high selectivity. An 
important advantage of using a capillary channel microreactor is the possibility to use 
H2/O2 concentrations that would be considered explosive in traditional reactors. Au-Pd 
bimetallic catalysts prepared by impregnation or two-phase synthesis procedure were 
deposited in a form of thin catalytic film in a capillary microchannel. This coated catalyst 
performed identical to a comparable slurry catalyst tested in a classical batch autoclave. 
Operating the microreactor within what would have been the explosive regime in a 
conventional reactor results in a higher selectivity and productivity. 

3.1. Introduction 

Efforts to make chemistry “greener” and more sustainable require innovation in chemical 
processes and chemicals used. Hydrogen peroxide is considered as an environmentally 
friendly oxidant, since water is the only byproduct remaining after its degradation. 

Direct synthesis of H2O2 
over Au-Pd catalyst in a 
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However, the anthraquinone auto-oxidation (AO) process that is currently used for large-
scale production of hydrogen peroxide cannot be listed as green. Besides its complexity, 
the main disadvantage of the AO process is waste generation which occurs during the 
hydrogenation step and results in the formation of hydroanthrahydroquinones, 
oxanthrones and anthrones [1]. Its green alternative, the direct synthesis method, offers 
many challenges for both catalyst and reactor development to have a high selectivity to 
the desired peroxide, since conditions suitable for the synthesis of hydrogen peroxide are 
the same leading to its decomposition or to a non-selective formation of H2O. The 
development of a small scale on demand direct synthesis process for production of 
ultrapure grade hydrogen peroxide in desirable concentrations without addition of 
stabilizers and preservatives is of significant interest for fine chemical industry [2,3] 

Direct synthesis of hydrogen peroxide is a complex three-phase process which uses solid 
catalyst, H2/O2 mixtures supplied in a gas state and a solvent. An obvious drawback for the 
direct formation of hydrogen peroxide from H2 and O2 is the very wide explosive region. 
Reactor miniaturization provides an opportunity to safely handle the direct hydrogenation 
of molecular oxygen. The safety of this reaction in a wall-coated microchannel is 
influenced by the combination of temperature and pressure applied. The safety 
considerations of working with potentially explosive hydrogen and oxygen mixtures in a 
wall-coated microchannel are discussed in detail by Chattopadhyay and Veser [4]. Upon 
addition of the catalyst ignition is shifted towards lower temperatures. Both the 
homogeneous high temperature dominated, and the heterogeneous catalyst initiated 
ignition branch were taken into account. Simulations showed that a reactor diameter of 
300 µm can be considered intrinsically safe (temperature independent) at 1 bar pressure. 
With increasing pressure in the system homogeneous reactions tend to accelerate, scaling 
with the square of reactor pressure, due to the dominance of bimolecular collisions, in 
contrast to surface reactions, which show linear dependence on pressure. However, at 
higher pressures surface reactions will be limited by diffusion of reacting species from the 
bulk face to catalytic surface, considering that D~P-1. This means that consumption of 
reactants is accelerated near the catalytic wall, but delayed in the bulk phase. 
Chattopadhyay and Veser clearly show that for pressures as high as 10 bar, even in case of 
extremely small reactor diameters, ignition is dominated by the homogeneous reaction 
pathway. To operate a wall-coated catalytic reactor safely at higher pressures, it is crucial 
to stay below the critical ignition temperature, below which homogeneous ignition 
(explosion) can no longer occur for the desired channel diameter. Performing the reaction 
in a two-phase gas-liquid flow additionally diminishes the possibility for radical or/and hot-
spot formation. The liquid separates the gas in small bubbles and acts as a large heat sink. 
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 A catalytic microreactor for direct synthesis can be realized as packed-bed column [5–7]or 
the catalyst can be immobilized on the walls of the microchannel [8]. Catalyst deposition in 
the form of a catalytic film on the walls of gas-liquid microreactors is preferred over a 
catalyst bed due to the high pressure-drop [5,6] and poor catalyst wetting and contacting[9] 
associated with a packed-bed. Kobayashi et al. [10] first introduced the method to deposit a 
colloidal solution of Pd encapsulated in copolymer-micells with polystyrene backbone on 
the walls of a microchannel creating thin layers covalently bonded to the glass surface. 
However, the acidic conditions applied in the direct hydrogen peroxide synthesis are 
unfavourable for the stability of this kind of liquid film.  

In this work the focus is on the preparation of well-adhered and uniform catalytic layers 
inside closed capillary channels which are embedded subsequently with bimetallic Au-Pd 
nanoparticles. Supports with a low isoelectric point, such as SiO2, are favourable for 
peroxide formation as this results in lower subsequent hydrogenation rates [11]. For this 
reason, we used silica wash-coat layer as support. The main benefit of the application of 
porous films with a large internal surface area as a catalyst support in general is the 
considerably enhanced surface available for catalyst deposition compared to the 
geometric surface area of the microchannel wall only. The reaction rate per unit volume of 
microchannel in case of heterogeneously catalyzed reactions is directly determined by the 
available catalytic surface area [12] since microchannels possess excellent mass and heat 
transfer properties. 

3.2. Materials and Methods 

3.2.1. Preparation of microchannel wash-coats 

Uncoated fused silica capillaries 320 μm in diameter were wash-coated by displacing a 
plug of the coating slurry using N2. The coating slurry contains fumed silica, silica gel and 
sodium-silicate and colloidal silica as binders. The most critical aspect of the coating is 
maintaining the film uniformity during and after displacement of the coating fluid. The 
uniformity of the coating thickness is greatly affected by the ability to maintain the coating 
parameters such as coating velocity, temperature and solvent evaporation rate constant 
during and after displacement of the coating solution. Disregarding those parameters 
often results in severe coating non-uniformity with often an order of magnitude high 
variation in layer thickness along the capillary length. To accurately control those critical 
coating parameters and prevent formation of layer non-uniformities, coating set-up was 
built (Chapter 2, Fig. 2.2). The layer thickness and uniformity were assessed using scanning 
electron microscopy (SEM). Additional ultrasonic adherence tests were performed to 
ensure mechanical stability of the wash-coated layer under reaction conditions. No loss of 
coating layer was observed after ultrasonic testing or after reaction performed. 
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3.2.2. Catalyst preparation 

A gold-palladium catalyst was chosen for the direct hydrogen peroxide synthesis, since Pd 
alloyed with Au shows an enhanced activity to peroxide formation compared to the 
traditionally employed Pd catalyst [13–16]. The silica layer coated on the reactor walls or 
dried wash-coat powder material was functionalized with active Au-Pd metallic species by 
impregnation with aqueous solutions of HAuCl4 and PdCl2 or deposition of stabilized Au-Pd 
nanoparticles prepared using a two-phase synthesis method. Au-Pd nanoparticles were 
synthesized in dichloromethane following the protocol described elsewhere [17]. This two-
phase synthesis approach, originally introduced by Brust and co-workers [18] involves 
transfer of tetrachloropalladate and tetrachloroaurate ions from water to the organic 
phase by means of tetraoctylammonium chloride as a phase transfer agent and 
subsequent reduction using NaBH4. The layer of the phase transfer agent stabilizes 
nanoparticles sterically in the organic solvent.  

The application of dichloromethane in the catalyst preparation enables a fast evaporation 
of solvent, thus making the catalyst preparation process faster and more efficient. The 
concentrations of the metal precursors where adjusted to give an approximately 5 wt% 
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total loading of the bimetallic catalyst with a variable Au/Pd molar ratio with respect to 
SiO2 wash-coat material. The catalytic layers were dried at 120 °C for 12 h and calcined at 
380 °C for 4h, since this is the upper temperature limit for the protective polymer film on 
the outside of the capillary.   

Catalysts prepared by traditional wet impregnation were prepared by impregnating SiO2 
coated layer with a solution containing dissolved the required amounts of HAuCl4 and 
PdCl2 to achieve an approximately 5 Wt% loading calculated on the amount of support 
coated. After water removal the capillary was dried at 120 °C and calcined at 380 °C. 
Subsequently, the impregnated catalyst was reduced in a H2 flow at 300 °C prior to use.  

Deposition of active metallic species onto the pre-formed silica layer ensures that the 
catalyst remains accessible on the silica surface. A capillary filled with the solution 
containing Au and Pd was placed in an oven and the solvent was evaporated slowly 
avoiding temperature gradients. Both ends of the capillary were placed in a glass vial with 
perforated cap in order to collect and quantify the excess solution that might leave the 
capillary during the drying process.  

The silica powder used as catalyst support in semi-batch experiment was obtained by 
drying the coating slurry. Upon drying, silica particles were stirred with 1M solution of 
NH4NO3 overnight, dried and sieved prior to addition of the Au-Pd nanoparticles. 

The metal loadings were verified by Inductively Coupled Plasma (ICP). 

3.2.3. Catalyst characterization 

The thickness of the washcoat layer was determined with a XL30-ESEM-FEG scanning 
electron microscope (SEM) operated at 10 kV, with a working distance of 10 mm from the 
sample. Gold sputtering was used to coat the samples making them more conductive. The 
coating thickness was measured at three different cross-sections along the capillary 
length. Au-Pd particle size was examined by using TEM with a FEI Tecnai G2 Sphera 
transmission electron microscope at an acceleration voltage of 200 kV. 
TGA analysis was done to determine the temperature required to remove the 
tetraoctylammonium species used as a phase transfer agent and stabilizer in two-phase 
removal was heated up to 750°C, with a temperature ramp of 5 °C/min. The weight of the 
sample was monitored as a function of temperature. No weight loss was observed at a 
temperature higher than 330 °C, which indicates that stabilizer molecules are not present 
on the catalyst after calcination at 380°C.  

ICP analysis was performed to determine actual amount of Au and Pd present in the 
microchannel. Au-Pd samples were dissolved in aqua regia (HCl : HNO3=1:3) and diluted 
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with distilled water. The instrument was calibrated using standard gold (Merck, 999 mg/L 
± 2 mg/L Au) and palladium (Merck, 999 mg/L ± 2 mg/L Pd) solutions.  

3.2.4. Catalytic testing 

Catalytic testing was done in a conventional Titanium batch autoclave reactor and in a 
microcapillary set-up. The catalyst performance in the microchannel was investigated 
using both pure and diluted hydrogen –oxygen mixtures in order to study the effect of 
higher reactant partial pressures. 

3.2.4.1. Slurry catalyst testing 

The Au-Pd catalyst used in autoclave testing was immobilized on dried and sieved SiO2 
slurry particles in order to have an identical silica support in both types of experiments. 
The total loading of Au and Pd was approximately 5 wt%. The direct H2O2 synthesis is a 
three-phase process which involves H2/O2 mixtures as a gas phase, a solvent and the solid 
catalyst phase. The role of the liquid phase supplied is to collect and solubilize hydrogen 
peroxide formed, since pure hydrogen peroxide is highly unstable and decomposes to 
water and oxygen. To additionally minimize hydrogen peroxide decomposition, a water 
solution containing 0.05 M of sulfuric acid containing approximately 9 ppm of NaBr was 
used in all experiments as a liquid phase. Acids such as sulfuric or phosphoric decelerate 
based-catalyzed decomposition of peroxide, while bromide ions even at very low 
concentrations poison catalytic sites that promote O2 dissociation and direct formation of 
water [19,20]. 

Semi-batch experiments were carried out in a 300 ml Titanium Gr2 autoclave. The reactor 
is equipped with magnetic impeller designed to stir up to a maximum 3000 rpm and 
electrical heating. The pressure in reactor is controlled by back pressure controller (BPC). 
Gas mixture containing 4 vol% of H2 and O2 was supplied through the stirrer shaft. 
Typically, 1/3 of the total autoclave volume was filled with the liquid phase containing 
catalyst powder. All experiments were done at 30°C, while pressure was maintained at 20 
bar. After the desired temperature and pressure were reached, stirring was started. The 
rotation speed was varied in a range 800-1500 rpm to determine the optimum agitation 
speed. Both gas and liquid phase analysis were conducted using on-line GC equipped with 
TCD detector and hydrogen peroxide titration with standard solution of cerium (IV) 
sulphate respectively. Productivity and selectivity values in the semi-batch experiments 
are calculated using the following expressions: 
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liquidH2O2   

These correlations provide the productivity and selectivity at a certain moment in time in 
the reactor, rather than giving the cumulative numbers. In case if at the certain time more 
peroxide is decomposed than produced, this will therefore result in negative productivity 
and selectivity. 

3.2.4.2. Microchannel catalyst testing 

Microchannel experiments were performed feeding both pure and diluted H2 and O2 
mixtures, while in semi-batch experiments only diluted mixtures were used due to 
explosion concerns. A catalytic capillary was placed in a thermostated oven. The water 
phase is supplied to the system by means of a syringe pump (Teledyne ISCO 500D). The 
total gas flow through capillary is set at 5 mlN/min, keeping the H2/O2 ratio always 1:1. In 
case of a diluted mixture, H2 and O2 content is set to be identical to the semi-batch 
process (4 vol%). In order to maintain a constant pressure at 20 bar, back pressure 
regulator is placed downstream after a gas/liquid separation unit. When pure H2/O2 
mixtures are used, the gas is diluted with N2 at the capillary outlet. The flow pattern 
observed under those reaction conditions was segmented gas-liquid flow (Taylor slug 
flow). A piece of empty 320 µm glass capillary was connected before the capillary coated 
with catalytic layer to be able to visually observe the flow pattern. The catalytic layer 
coated is relatively thin, thus it is expected that the same flow regime is retained in the 
wall-coated microchannel. The pressure in the system was monitored before the inlet and 
after the microchannel outlet. Pressure drop over the capillary was used as an indirect 
indication of the quality of the coating procedure. Typically, capillary length used in the 
experiments was in a range of 0.5-1 m. Defects in coatings would lead to a higher pressure 
drop and such capillaries would not be considered to be used in reaction. Gas samples 
were analyzed with compact GC (column: Molsieve plot 5m*0.32mm) equipped with TCD 
detector. Liquid samples were collected each 30 min and immediately titrated with a 
standard solution of cerium (IV) sulphate. Productivity and selectivity values are calculated 
in time using the regular expressions for a continuously operated reactor: 

cat
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3.3. Results and Discussion 

3.3.1. Catalyst characterization  

The average particle size of catalysts prepared using two-phase synthesis protocol or 
impregnation was determined by means of TEM. Approximately 20 micrographs were 
recorded for each sample and for the most representative pictures particle sizes were 
analyzed. In order to analyze the catalyst immobilized inside the fused silica capillaries, 
silica capillaries with catalyst deposited were crushed to give a powder which can be 
observed under microscope. 

Although the impregnation method produced particles of approximately 2 nm in 
diameter, randomly present large particle agglomerates are evident (Fig. 3.2.e, Table 3.1). 
For comparison, micrographs of Au-Pd colloidal nanoparticles suspended in 
dichloromethane, immobilized on dried and sieved silica wash-coat powder or 
nanoparticles deposited on wash-coat layer inside the microchannels were recorded (Fig. 
3.2 a, b and c). TEM analysis revealed that the synthesized Au-Pd colloidal nanoparticles 
are almost monodisperzed with an average particle size of approximately 4 nm (Fig 3.2a).  

 

Sample 

Average particle size 
(nm) 

Standard deviation 
(nm) 

Sample size 

Au-Pd alloy (1:2)/CH2Cl2 4.14 0.57 98 

Au-Pd alloy (1:2)/capillary 4.24 1.95 111 

Au-Pd alloy (1:2)/SiO2 slurry 3.98 1.52 95 

Au-Pd alloy (1:1)/capillary 5.59 2.40 110 

Au-Pd impregnated 
(1:1)/capillary 

1.81a 0.22a 91 

 

 
Table 3.1. Average particle size and particle size distribution derived from TEM data. 
a) Randomly present particle agglomerates noticed on 5 out of 20 TEM images were not taken into account when 
calculating average particle size.  
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Figure 3.2. TEM data for (a) Au-Pd colloidal alloy (1:2) nanoparticles suspended in 
dichloromethane (b) capillary with deposited Au-Pd (1:2) alloy nanoparticles (c) Au-Pd 
alloy (1:2) nanoparticles immobilized on dried SiO2 slurry powder (d) capillary with 
deposited Au-Pd (1:1) alloy nanoparticles (e) capillary impregnated with HAuCl4 and PdCl2 

and reduced in H2 flow (Au:Pd=1:1); Black dashed square shows particle agglomerates 
observed on TEM micrographs. 

However, when the nanoparticles were deposited on silica support, the average particle 
size remained around 4 nm, but the particle size distribution broadened (Table 3.1). The 
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average particle size and particle size distribution of the Au-Pd nanoparticles immobilized 
inside the SiO2 coated channel or on dried silica slurry support are in agreement (see Table 
3.1). 

Please note that data on XPS analysis of Au, Pd and Au-Pd colloidal nanoparticles 
supported on silica are given in Chapter 6 as well as FTIR spectra of adsorbed CO. 

In order to determine the uniformity of layer thickness along the capillary length and cross 
section, the coating thickness of each sample was measured at 3 different positions along 
the capillary. The variance of these data is used to assess the uniformity of the wash-coat 
layer.The average thickness of a single coated layer used further for catalyst testing in a 
microchannel was estimated to be approximately 4 μm ± 0.8 µm Uniformity of the Au-Pd 
loading along the capillary length was difficult to determine directly. The loading of Au and 
Pd per capillary length is rather low, meaning that the amount of metal extracted from 
short capillary sections by dissolving it in aqua regia would be below the measuring range 
of ICP. The sections of the capillary with high(er) metal content would result in a darker 
colour shade after the calcination step in contrast to less loaded sections. This visual 
criterion provided a rough estimate of metal loading uniformity. 

 

Figure 3.3. 320μm ID capillary wash-coated with porous SiO2 layer (a) cross-section of  
SiO2 coated capillary (b) and (c) Magnified SEM image of SiO2 wash-coat (d) TEM 
image of Au-Pd alloy nanoparticles deposited on the SiO2 layer. 
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3.3.2. Catalytic testing 

 In order to obtain stirrer speed beyond which mass transfer effects can be neglected, 
reaction rate was studied as a function of agitation speed. The agitation speed in semi-
batch reactor was varied in a range of 800-1500 rpms (rotations per minute). It was 
observed that the maximum initial productivity is already reached at 1300 rpms, therefore 
this stirring speed was used in subsequent experiments. Fig. 3.4 shows peroxide yield, H2 
conversion and selectivity versus time at optimum stirring speed. The data reveal that 
hydrogen peroxide formation rate and selectivity towards peroxide decrease as reaction 
proceeds. As the peroxide concentration in liquid phase becomes higher, the rates of 
peroxide conversion reactions (decomposition and hydrogenation) increase until the rate 
of the hydrogen peroxide conversion reactions becomes identical to the peroxide 
formation rate resulting in a levelling off of the peroxide concentration 4 h after the 
reaction start as shown in the Fig. 3.4. Since effectively no additional quantity of peroxide 
is generated, at this point the apparent selectivity of reaction drops to zero, as shown on 
the graph. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. H2O2 synthesis experiment in autoclave set-up at optimal stirring speed (1300 
rpms); T=30°C, p=20 bar, liquid phase 0.05 M H2SO4, 9 ppm NaBr; gas-phase 4 vol % H2 
and O2; Catalyst Au-Pd (1:2) colloidal nanoparticles supported on sieved and dried silica 
slurry particles, X-axis designates time from experiment initiation. 

The constant H2 conversion throughout the semi-batch reaction and the constant 
productivity and selectivity observed with the same type of catalyst in the flow system 
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(Fig. 3.5) indicate that at these reaction times the catalyst does not deactivate. The 
decrease in the rate of direct peroxide formation in autoclave is not a consequence of 
catalyst deactivation or leaching, but a kinetically controlled increase in the rate of side 
reactions (hydrogenation and/or decomposition) with accumulation of peroxide in the 
liquid phase. Moreover, no loss of activity was observed even after operating the catalyst 
for three weeks in the microchannel. 

The use of stabilizing agents in nanoparticle synthesis might be disadvantageous for its 
catalytic activity [21]. Therefore both dried and calcined Au-Pd colloidal nanoparticles 
supported on silica were tested in autoclave in order to observe the effect of heat 
treatment applied to the catalyst on its performance. Both calcined catalysts showed 
higher productivity values compared to their dried analogues (see Table 3.2).  

 

 

 

Catalyst 

Initial conversion, % Initial productivity, 

gH2O2/gcath 

Initial selectivity, 

% 

Au-Pd alloy (1:2)/SiO2/dried 2.4 1.032 16.21 

Au-Pd alloy (1:2)/SiO2/calcined 11.8 11.06 26.9 

Au-Pd alloy (1:1)/SiO2/dried 2.5 1.41 18.8 

Au-Pd alloy (1:1)/SiO2/calcined 15.3 10.46 20.1 

Table 3.2. Effect of heat treatment on catalyst performance. 
 

Additionally, thermogravimetric analysis (TGA) was done to detect carbon species possibly 
present on the catalyst surface. Analysis confirmed that after the calcination heat 
treatment the protective tetraoctylammonium layer is removed and the particle surface is 
accessible.  

 A comparison between semi-batch and microchannel experiments when diluted gas 
mixtures were used containing 4 vol% of H2 and O2 is given in Fig. 3.5. The initial 
productivity and selectivity values observed in the autoclave in the absence of mass 
transfer limitations show similar values to the steady-state productivity and selectivity 
obtained in a microchannel under similar reaction conditions. This observation 
demonstrates that the use of microchannel is not necessarily beneficial when compared to  

well-stirred slurry reactor systems. Furthermore, it is a good indication that we 
successfully prepared an active catalyst in a microchannel which performs identical to a 



Chapter 3 

61 

 

0 1 2 3 4 5
0

2

4

6

8

10

12

14
 autoclave
 microreactor
 microreactor
 autoclave

time (h)

Pr
od

uc
tiv

ity
 (g

 H
2O

2/
g ca

th
)

0

10

20

30

Se
le

ct
iv

ity
 (%

)

conventional powdered catalyst. A clear benefit for the usage of a continuous 
microreactor is already visible in Fig. 3.5, as the high productivity is maintained and 
selectivity does not decrease in time.   

 

Figure 3.5. Comparison of productivity and selectivity values in autoclave and 
microchannel under diluted conditions (4 vol% of H2 and O2); T=30°C, p=20 bar, liquid 
phase 0.05 M H2SO4, 9 ppm NaBr; Catalyst Au-Pd (1:2) colloidal nanoparticles; 
microchannel total gas flow rate 5 ml/min with liquid flow rate 0.1 ml/min; X-axis 
designates time from reaction initiation (residence time for liquid phase in autoclave only, 
time on stream in microchannel experiment and for gas phase in autoclave). 

A method to increase the peroxide production rate is to apply pure H2/O2 mixtures, which 
can be safely handled in the microchannel reactor system. Fig. 3.6. shows that switching 
the feed composition from non-explosive to explosive H2/O2 compositions (50:50, v/v) 
results in a major increase in both the productivity as well as the selectivity. 

As discussed earlier, at concentrations as low as 4 vol% H2 productivities observed in a 
microreactor are in the absence of mass transfer effects. However, with higher H2 and O2 
partial pressures, the rate of peroxide formation is reaching higher values and in this 
regime mass transfer limitations cannot be excluded. The observed productivity of the Au-
Pd alloy catalyst under conventionally explosive conditions is almost an order of 
magnitude higher than observed productivity under non-explosive conditions. This 
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possibility to operate under these conditions and thereby have this excellent performance 
makes the microreactor a highly attractive option. 

 

 

Although, non-selective formation of water seems to be substantial at lower H2 and O2 
partial pressures, a significant decrease is observed when the reaction is performed in the 
explosive regime. This increase in selectivity can be explained by a previously proposed 
surface reaction mechanism for hydrogen peroxide and water formation [11,22] which 
indicates that hydrogen peroxide formation proceeds only via hydrogenation of adsorbed 
O2. If dissociative adsorption of O2 occurs due to the presence of the neighbouring active 
site, only water is generated. The results suggest that with higher partial pressures of 
reactants resulting in a higher surface coverage, dissociation of adsorbed oxygen is 
suppressed by a lower number of available neighbouring vacant dissociation sites leading 
to an almost factor of 3 higher selectivity. 

 

 

Figure 3.6. H2O2 synthesis using Au-Pd alloy catalyst at non-explosive vs. explosive H2/O2 

ratio in a microchannel; total gas flow rate 5ml/min, liquid flow rate 0.1 ml/min, T=30°C, 
p=20 bar, liquid phase 0.05 M H2SO4, 9 ppm NaBr; capillary ID 320μm; X-axis designates 
time on stream. 
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To study the effect of the overall pressure on the selectivity and productivity, the direct 
synthesis reaction was performed varying the pressure between 15 and 25 bar. Fig. 3.7. 
confirms that an increase in the partial pressures of H2 and O2 results in both higher 
reaction rates and a higher selectivity toward peroxide. To reach high selectivity and 
productivity values, lower concentrations of hydrogen and oxygen in the gas phase can be 
compensated by applying a higher pressure. However, the possibility to handle 
conventionally explosive mixtures within microchannels eliminates the need for high 
pressure conditions and allows a better reactor performance at the same total pressure. 

Practising direct synthesis reaction using concentrated hydrogen-oxygen mixtures needs 
to be done cautiously. Inoue at al. reported that despite small dimensions of glass chips 
applied in direct synthesis, explosions were still occurring if catalyst was maldistributed 
within reactor channels during packaging procedure [6]. Due to high catalyst concentration 
within packed bed, proper dilution of the catalyst bed with inert material as well as 
contacting of the catalyst with the liquid phase and wetting efficiency are critical to avoid 
high local heat generation and formation of hotspots. However, in case of wall-coated 
microchannel, amount of catalyst per channel volume is relatively small and catalyst is 
continually wetted with thin liquid layer preventing the possibility of local overheating and 

 

Figure 3.7. Effect of total pressure on the direct synthesis in a microchannel; T=42°C, 
liquid phase 0.05 M H2SO4, 9 ppm NaBr; liquid flow rate 0.05 ml/min; catalyst Au-Pd (1:2) 
colloidal nanoparticles, 20 vol% of H2 and O2, total gas flow rate 5ml/min. 
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chain-branching reactions. In practise, wall-coated microchannel proved to be safe, since 
no explosions or capillary breakages were observed while performing direct synthesis 
reaction under conventionally explosive conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8.  Au-Pd catalyst performance in microreactor tests in explosive conditions; 
total gas flow rate 5ml/min (50:50 v/v), liquid flow rate 0.1 ml/min, T=30°C, p=20 bar, 
liquid phase 0.05 M H2SO4, 9 ppm NaBr; 320μm ID capillary; X-axis designates time on 
stream. 

 

Three different Au-Pd catalysts supported on a microchannel wall were tested in the 
direct synthesis of hydrogen peroxide using a 50:50 v/v H2/O2 mixture. A comparison of 
the activities of the catalysts prepared using colloidal particles or directly impregnated in 
the capillary microchannel (Fig. 3.8.) shows a superior activity for the nanoparticles.  
Impregnation, as the most routinely used method in catalyst preparation produces 
catalysts with low activity for H2O2 production. This low activity is associated with the 
presence of inactive large agglomerates or poor dispersion [23,24]. In contrast, the enhanced 
performance of bimetallic nanoparticles synthesized in a non-polar organic solvent via 
two-phase synthesis method can be attributed to better particle size control due to steric 
stabilization via alkyl groups present [25] and uniform alloying [17]. A comparison of the 
catalytic activities of nanoparticles with a different Au:Pd molar ratio shows that 
decreasing the Au content from 1:1 to 1:2 results in a higher reaction rate. Earlier it was 
suggested that Au-Pd catalysts exhibit a maximum synthesis activity when the Au:Pd ratio 

0 1 2 3 4 5
0

50

100
 AuPd alloy catalyst (1:2)
AuPd alloy catalyst (1:1)
 AuPd impregnated catalyst

Pr
od

uc
tiv

ity
 (g

H 2O
2/

g ca
th

)

time (h)



Chapter 3 

65 

 

is in a range of 1:1.85 to 1:2 [15]. A further increase in the gold content proved to be 
disadvantageous for catalysis. 
For operating the direct synthesis reaction in a continuous mode catalyst stability under 
reaction conditions is an imperative. Exposure to acidic conditions and reductive and 
oxidative environment might influence catalyst performance over time. Stability of the Au-
Pd alloy catalyst (1:2) was studied in detail under continuous operation using gas feed 
with 1:1 H2 to O2 ratio. No loss of activity was observed after three weeks operation. 

3.4. Conclusions 

The direct synthesis of hydrogen peroxide over Au-Pd catalyst was performed in a single 
wall coated microchannel. Uniform and stable catalytic films were prepared inside a 
closed capillary. The desired uniformity and reproducibility of the deposited film was 
achieved by controlling the displacement velocity of coating plug during coating process 
and subsequent drying. 

Catalytic tests done in a slurry reactor and microchannel under diluted hydrogen-oxygen 
mixtures show that the microchannel does not outperform conventional slurry reactor. 
However, we have demonstrated that it is possible to achieve an order of magnitude 
higher reaction rates when operating the same catalyst under conventionally explosive 
conditions in the microchannel. Even more important, higher hydrogen and oxygen partial 
pressures proved to be highly beneficial for the selectivity as well resulting in less water 
formed in the explosive regime. 

A significant improvement in the peroxide production rate was achieved with using a two 
phase synthesis of nanoparticles. Better control over alloying and particle size associated 
with those nanoparticles is crucial for its catalytic activity. The calcination step applied 
during catalyst preparation ensures removal of the nanoparticle protective layer, which 
could limit the availability of reactants on the catalytic surface during the reaction. The 
activity is very much dependent on the Au:Pd ratio and for maximizing the production rate 
of peroxide it is necessary to determine the optimum ratio. Important aspect for 
continuous production of hydrogen peroxide is certainly stable catalyst performance over 
time. Supported Au-Pd nanoparticles remained equally active in direct synthesis under 
continuous operation over several weeks. 
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ABSTRACT  

The direct synthesis of hydrogen peroxide out of hydrogen and oxygen has been studied in 
a wall-coated microchannel. A silica wash-coat layer embedded with Au-Pd colloidal 
nanoparticles served as an active catalyst for the direct synthesis reaction. The influence of 
different reaction variables has been evaluated in order to identify optimal process 
conditions and to maximize the concentration of peroxide produced in the liquid phase. The 
gas mixture used in this study contained hydrogen and oxygen concentrations that would 
be considered explosive in conventional reactors. The results presented here show that 
combining the active Au-Pd catalyst with microchannel technology can lead up to 5 wt% 
peroxide solutions at hydrogen conversions as high as 80 %.  

 4.1. Introduction 

The direct synthesis of hydrogen peroxide is a green alternative to the current 
Anthraquinone autoxidation (AO) process. The major disadvantages of the AO process are 
its complexity and the waste generation caused by accumulation of permanently 

Direct synthesis of H2O2 in 
a wall-coated microchannel 
over Au-Pd catalyst-
microchannel performance 
study 
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peroxide in a wall-coated microchannel over Au-Pd catalyst- microchannel 
performance study. Cat. Today, 2014, 248, 160. 



hydrogenated alkylanthraquinone products hydroanthrahydroquinones, oxanthrones and 
anthrones [1]. In order to be economically viable, the process needs to run on a large scale 
of at least 40kt/year for each production unit. The world’s largest plants situated in Antwerp 
and Thailand are designed to produce 230 and 330 kt/year of hydrogen peroxide 
respectively. Besides the complexity of such large scale processes, the transportation of 
concentrated peroxide solutions to the customer sites requires special precautions related 
to safety. For many application, such as in fine chemical industry [2,3], the development of a 
small scale on demand direct synthesis process for production of ultra-pure grade hydrogen 
peroxide in desirable concentrations without the addition of stabilizers and preservatives is 
of significant interest, thus avoiding the risks of transportation and storage of hydrogen 
peroxide and possible effects of the stabilizers on the downstream process. The major 
challenges associated with the direct synthesis of hydrogen peroxide are the explosiveness 
of the hydrogen-oxygen mixtures over a very wide range of concentrations (4-96%) and the 
selectivity towards hydrogen peroxide as the desired product. All known catalysts, besides 
being active in direct synthesis of hydrogen peroxide are also active in the direct formation 
of water from H2 and O2, and in the hydrogenation as well as the decomposition of the 
peroxide formed (Fig. 4.1).  

 

Figure 4.1. Schematic of a wall-coated microreactor for direct hydrogen peroxide 
synthesis. 
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The application of the microreactor concept into the direct synthesis reaction offers an 
opportunity to safely handle the hydrogen and oxygen mixtures which would be explosive 
in conventional reactors. Potential safety concerns related to the use of conventionally 
explosive hydrogen and oxygen mixtures in a wall-coated microchannel are discussed in 
detail by Chattopadhyay and Veser [4]. The safety aspects of the direct synthesis reaction in 
a microchannel coated with Au-Pd catalytic films are addressed in our previous publication 
[5]. Overall, the conclusion is that at higher pressure in a capillary microreactor an explosion 
is not physically impossible, but this reaction can be performed safe due to the absence of 
an ignition source and the difficulty for hot spot to appear. The high surface area of the 
microreactor makes heat removal very fast and the liquid additionally separates the gas in 
very small volume packages (approximately 0.1 µl for a typical 2 mm bubble size in 300 µm 
channel) preventing the possibility for propagation. In addition, the small volume of the 
microchannel makes it easy to design a reactor which can withstand the energy of an 
explosion within. 

The direct synthesis of hydrogen peroxide has been performed earlier in both micro-packed 
beds [6–8] or in a wall-coated microchannel [5,9]. To avoid high pressure drop and poor catalyst 
wetting and contacting associated with micro packed-beds [10], it is beneficial to coat the 
catalyst on the reactor wall. The amount of catalyst per channel volume in a wall-coated 
microchannel is relatively small and the catalyst is continuously wetted with a thin liquid 
film preventing the possibility of local overheating and chain-branching reactions. 

The catalyst coating in the microchannel can be deposited in a form of thin colloidal solution 
of Pd encapsulated in copolymer-micells with a polystyrene backbone [9,11], or as a catalytic 
wash-coat [5]. Wash-coats are generally preferred over colloidal catalytic films for this 
reaction considering their stability when exposed to the acidic environment in direct 
synthesis. This work focuses on application of well-adhered and uniform silica-wash-coats 
embedded with Au-Pd bimetallic nanoparticles as a catalyst for direct synthesis reaction 
inside the microchannels. As support with a low isoelectric point, SiO2 is favourable for 
peroxide formation, since it shows lower hydrogen peroxide hydrogenation rates [12]. The 
main benefit of the application of porous films with a large internal surface area as a catalyst 
support in general is the considerably enhanced surface available for catalyst deposition 
compared to the geometric surface area of the microchannel wall only. The reaction rate 
per unit volume of microchannel in case of heterogeneously catalyzed reactions is directly 
determined by the available catalytic surface area [13], since microchannels possess excellent 
mass and heat transfer properties. A gold-palladium catalyst was chosen for the direct 
hydrogen peroxide synthesis, since Pd alloyed with Au shows an enhanced activity to 
peroxide formation compared to the traditionally employed Pd catalyst [14–17]. 



The main goal of this paper is to assess the possibility to apply a wall-coated microchannel 
for a small to medium scale on-site production of hydrogen peroxide considering the 
advantage of smaller pressure drops compared to a packed-bed microchannel. Considering 
that most of the applications of hydrogen peroxide require concentrations in a range of 1-
15 wt%, it is necessary to determine if those values can be reached using a wall-coated 
microchannel technology. 

4.2. Materials and Methods 

4.2.1. Preparation of microchannel wash-coats 

Fused silica capillaries 320 μm in diameter and 0.5-1.5 m in length, initially pre-treated for 
cleaning and surface roughening with 1M solution of NaOH followed by 1M HCl solution, 
were wash-coated by displacing a plug of the coating slurry using N2. The coating slurry 
contained 4 wt% fumed silica and 8 wt% silica gel (Davisil Grade 633, Sigma-Aldrich) with 
colloidal silica (Ludox AS30, Sigma-Aldrich) as a binder with addition of up to 8 wt% of 
sodium silicate solution (Sigma-Aldrich, SiO2~26.5 wt%, Na2O, ~10.6%). In order to obtain 
uniform coating thickness along the capillary length and cross-section, the great attention 
has to be given to the control of the coating parameters such as coating velocity, 
temperature and solvent evaporation rate during and after displacement of the coating 
solution. Disregarding those parameters often results in severe coating non-uniformity with 
often an order of magnitude high variation in layer thickness along the capillary length. 
Following the drying of the deposited silica layer, the capillary was washed with 1M solution 
of NH4NO3 overnight at a flow rate of 0.2 ml/min and subsequently with water. The 
deposited silica layer was dried and calcined at 380 °C prior to deposition of Au-Pd catalyst.  

More details on coating procedure is given in our previous publication [5].  

4.2.2. Catalyst preparation 

The silica layer coated on the reactor wall was functionalized with an active Au-Pd metallic 
species by deposition of stabilized Au-Pd (1:2) colloidal nanoparticles prepared using a two-
phase synthesis method. This type of colloidal nanoparticles with a Au:Pd ratio of 1:2 proved 
to be both, most active and most selective when tested in the direct synthesis reaction [5]. 
The two-phase synthesis approach, originally introduced by Brust and co-workers[18] 
involves transfer of tetrachloropalladate and tetrachloroaurate ions from water to the 
organic phase by means of tetraoctylammonium chloride as a phase transfer agent and 
subsequent reduction using NaBH4. The concentrations of the metal precursors HAuCl4 and 
K2PdCl4 were adjusted to give an approximately 5 wt% total loading of the bimetallic catalyst 
with respect to a SiO2 wash-coat material when deposited inside the wall-coated 
microchannel. To ensure complete reduction, excess of NaBH4 was used. After the colloidal 
nanoparticles had been generated in the organic solvent, the aqueous and organic phase 
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are separated, followed by additional washing of the organic phase. The exact protocol used 
for synthesis of colloidal Au-Pd nanoparticles is described elsewhere [19].  

After the bimetallic nanoparticles were prepared, they were deposited in the wash-coated 
microchannel by filling the channel with colloidal solution followed by slow evaporation of 
the solvent. The estimated thickness of the wash-coat layer is typically around 4 µm. The 
application of a solvent with a high vapour pressure such as dichloromethane in the catalyst 
preparation enables a fast evaporation of the solvent, making the preparation process 
faster and more efficient. After removal of the organic solvent, the catalytic layers were 
dried at 120 °C for 12 h and calcined at 380 °C for 4h. The calcination temperature is 
determined by the upper temperature limit for the protective polymer film on the outside 
of the capillary. The calcination step is critical for removal of the protective tetraoctyl-
ammonium layer.  

4.2.3. Direct synthesis of hydrogen peroxide in a wall-coated microchannel 

The direct synthesis reaction in the microchannel was investigated using both, pure and 
partially diluted hydrogen–oxygen mixtures. In case of diluted mixtures, nitrogen was used 
as an inert diluent gas. A catalytic capillary was placed in a thermostated water bath. The 
direct synthesis is a three-phase process which involves a H2-O2 mixture as gas-phase, a 
solvent and the solid catalyst phase. The role of the liquid phase supplied is to collect and 
solubilize the hydrogen peroxide formed, since pure hydrogen peroxide is highly unstable 
and decomposes to water and oxygen. To additionally minimize the hydrogen peroxide 
decomposition, a water solution containing 0.05 M of sulfuric acid and 9 ppm of NaBr was 
used in all experiments as a liquid phase. Acids such as sulfuric or phosphoric decelerate 
base-catalyzed decomposition of peroxide, while bromide ions even at very low 
concentrations poison catalytic sites that promote O2 dissociation and direct formation of 
water [20,21]. The water phase is supplied to the system by means of a syringe pump. The 
desired gas flow rates were controlled using mass flow controllers. In order to maintain a 
constant pressure at 20 bar, a back pressure regulator is placed downstream after a 
gas/liquid separation unit. Since conventionally explosive H2/O2 mixtures were used, the gas 
is diluted with N2 at the capillary outlet to stay below the explosive H2 and O2 concentrations 
in the larger volume downstream equipment. To be able to visually monitor the flow pattern 
in a microchannel, a piece of empty 320 µm glass capillary was connected before the 
capillary coated with the catalytic film. The flow pattern observed was segmented gas-liquid 
flow (Taylor slug flow). The catalytic layer coated is relatively thin, thus it is expected that 
the same flow regime is retained in the wall-coated microchannel. At higher conversion 
levels the size of the gas bubbles will change along the microchannel, however, unless one 
runs at almost complete conversion, one will retain the desired Taylor-flow throughout the 



channel. The pressure in the system was monitored before the inlet and after the 
microchannel outlet. The pressure drop over the capillary was used as an indirect indication 
of quality of the coating procedure (typically varying between 0.1-0.2 bar from the gas inlet 
to the outlet). Defects in the coating would lead to a higher pressure drop and such 
capillaries would not be considered to be used in the reaction. All experiments were 
performed with 320 µm in diameter fused silica capillaries initially coated with the layer of 
catalyst. The length of those capillaries used in the experiments ranged from approximately 
0.3 m to 1.5 m. 

Gas samples were analyzed online with an InterScience Compact GC (column: Molsieve plot 
5m*0.32mm) equipped with TCD detector. Liquid samples were collected manually at the 
liquid sampling point and immediately titrated with a standard solution of cerium (IV) 
sulphate. The productivity and selectivity values are calculated in time using the regular 
expressions for a continuously operated reactor: 
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4.3. Results and Discussion 

The experimental results presented below give an overview of the influence of different 
operating conditions on the amount of peroxide produced by the direct combination of 
hydrogen and oxygen over the Au-Pd colloidal nanoparticles deposited on the SiO2 wash-
coat layer inside the capillary microchannel. The direct combination of H2 and O2 involves 
two parallel reactions which give H2O2 and H2O as the main products. The hydrogen 
peroxide formed can be further converted to water through consecutive hydrogenation and 
decomposition reactions. It is a well-known fact that in order to minimize the occurrence of 
those consecutive reactions, the hydrogen peroxide concentration in the reactor should be 
kept as low as possible. This is the case even in the conventional AO process. The produced 
hydrogen peroxide solutions are concentrated to commercially available grades in 
downstream processing by applying unit operations such as vacuum distillation. Producing 
the lower concentration units of hydrogen peroxide in a small scale production facility might 
not be as cost effective as in the large scale process. In case of small scale production, the 
process needs to be optimized for producing directly a more concentrated peroxide solution 
with a potential direct utilization even at the expense of selectivity. The goal of this study is 
to investigate the range of peroxide concentrations expressed in wt% that can be generated 
using this type of microreactor technology. 
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4.3.1. Effect of operating conditions on the catalyst performance in a microchannel 

In our previous work[5] we were testing the performance of colloidal Au-Pd (1:2) 
nanoparticles in an autoclave and a microreactor using a 4 vol% H2 and O2 mixture. A 
comparison of the initial productivity and selectivity values in the autoclave with steady 
state values in the microchannel at the same hydrogen conversion level showed that both 
reactors perform the same, as the same catalyst obviously should if it is operated under 
identical conditions in the absence of mass transfer limitations. However, the advantage of 
using a continuous operation compared to semi-batch was reflected in the fact that in the 
continuous flow microreactor productivity and selectivity values could be maintained with 
time on stream, due to the continuous removal of the liquid phase and the short residence 
times of the hydrogen peroxide generated. The performance of the catalyst could be further 
improved by switching from non-explosive to pure hydrogen-oxygen mixtures. Besides the 
productivity increase, the selectivity towards the peroxide was three times higher. We 
assume that according to the suggested mechanism [22,23], higher partial pressures and 
thereby surface coverages with H2 and O2 might lead to blocking of the available 
neighbouring decomposition sites. If dissociative adsorption of O2 occurs due to the 
presence of the neighbouring active site, only water is generated (Table 4.1). Dissociation 
of already formed peroxide species on the catalyst surface leads as well to formation of 
water. Being able to block those vacant dissociation sites supresses both, O-O and H-O-O-H 
bond cleavage and therefore increases the selectivity towards the peroxide. 

According to this hypothesis it might have been expected that increasing the partial 
pressure of reactants by increasing the total pressure in the system while maintaining H2 
and O2 concentration in the feed constant will have a similar effect on the selectivity. The 
effect of total pressure on reaction rate and selectivity was studied by varying the pressure 
in a range between 15 and 25 bar while keeping the H2 and O2 content at 20 vol%. The 
results obtained confirmed that an increase in the partial pressures of H2 and O2 results in 
both higher reaction rates or higher concentrations of peroxide generated in liquid phase 
and a higher selectivity toward peroxide. The same effect of total pressure on selectivity 
was observed earlier by Voloshin et al. [8]. To reach high selectivity values and high peroxide 
concentration in the liquid phase, lower concentrations of hydrogen and oxygen in the gas 
phase can be compensated by applying a higher pressure. However, the possibility to handle 
conventionally explosive mixtures within microchannels eliminates the need for high 
pressure conditions and allows for a better reactor performance at the same total pressure. 



Besides the H2 and O2 partial pressures as controlling parameters, the concentration of 
hydrogen peroxide at the reactor outlet will also be highly dependent on a combination of 
the following parameters: temperature, gas and liquid flow rates and the amount of catalyst 
or microchannel length applied. The overall rate of peroxide formation is, in general, 
affected by the reactant/product residence time. It is expected that with longer residence 
times, the chance of peroxide transformation into water is increasing. In order to determine 
the influence of each of these parameters on the overall reaction rate and concentration of 
peroxide generated in liquid phase and define suitable operating window for direct 
synthesis, a decision was made to vary each parameter separately, one at the time. 

One of the first questions that needs to be answered when designing a set-up for the 
hydrogen peroxide direct synthesis reaction is if cooling or heating of the microchannel 
reactor should be applied in order to maximize the concentration of peroxide in the liquid 
phase. Literature survey gives a variety of optimum temperature conditions reported for 
the direct synthesis reaction. Some authors suggest that reaction optimally should be 
performed at low temperatures close to 0°C due to the fact that at higher temperatures 
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Figure 4.2. Effect of temperature on direct synthesis reaction; p=25 bar, channel diameter 
320 µm, liquid phase 0.05 M H2SO4, 9 ppm NaBr; liquid flow rate 0.05 ml/min; catalyst Au-
Pd (1:2) colloidal nanoparticles, 20 vol% of H2 and O2, total gas flow rate 5 mlN/min. 
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decomposition and hydrogenation reactions are faster leading to less peroxide generated 
at higher temperatures [24,25], while others claim that optimal temperature value for direct 
synthesis might lie well above this value [8]. In fact, the overall rate of reaction will increase 
with temperature as long as the rate of peroxide formation for a given temperature under 
given conditions is faster than the rate of side reactions, which all lead to water formation. 
This is highly dependent on the catalyst type used and presence or absence of promoters, 
which determine the surface reaction mechanism and kinetics of each of the reaction steps 
involved. The effect of temperature on the hydrogen peroxide concentration in liquid 
phase, the hydrogen conversion and selectivity was investigated for Au-Pd colloidal 
nanoparticles supported on a silica-wash coated microchannel in order to obtain the 
temperature range suitable for direct synthesis reaction Our results show that when using 
partially diluted H2 and O2 mixtures (20 vol%) the reaction rate increases up to around 40 
°C for given gas and liquid flow rates. Under the reaction conditions applied, the peroxide 
concentration in the liquid phase and the selectivity are almost levelling off in a range of 41-
43 °C reaching the maximum values, after which a decline in the peroxide concentration is 
observed. At higher temperatures, water formation is favoured, since side reactions 
(hydrogenation and/or decomposition) prevail over the peroxide synthesis.  

The effect of the H2/O2 molar ratio at constant overall gas flow rate can be studied in two 
ways. Considering the fact that undiluted H2-O2 mixtures produce hydrogen peroxide more 
selectively, the application of pure H2-O2 mixtures throughout the study would be justified. 
However, this also means that in order to vary the H2/O2 ratio at constant overall gas flow 
rate, it is necessary to vary both H2 and O2 flow rates at the same time. Therefore, partial 
pressures as well as residence times of both reactants are manipulated in parallel. To avoid 
this, the decision has been made to maintain the flow rate, concentration and residence 
time of reactant in excess constant and to use nitrogen to compensate for the decrease in 
the flow rate of limiting reactant. The gas mixtures used throughout the experiments still 
remain fairly concentrated considering the reactant content is ≥ 60%. All experiments 
presented in Fig. 4.3 were performed using a total gas flow through capillary of 5 mlN/min. 
The experiments are done in such a manner that the flow rate of the reactant in excess was 
maintained at 2.5 mlN/min. For H2/O2<1, the O2 flow rate was kept at 2.5 ml/min, while 
decrease in H2 flow rate was compensated by adding inert (N2) to keep the total gas flow 
rate through the capillary constant at 5 mlN/min. In contrast, for H2/O2>1 the H2 flow was 
maintained at 2.5 mlN/min while decreasing the O2 flow rate. In case of H2/O2=1 pure 
hydrogen-oxygen mixtures were used containing 50 vol % of both reactants.  



From Fig. 4.3 we can conclude that the optimum H2/O2 ratio in terms of concentrations of 
peroxide produced in a solution is 1. A decrease in the O2 content leads to decrease in both, 
peroxide yield and selectivity. The selectivity drop can be explained by the potential surface 
reaction mechanism shown in Table 4.1. The reduction of the selectivity towards the 
peroxide is determined by two major surface reactions which lead to water formation-
decomposition of hydrogen peroxide by disproportionation to water and oxygen and 
hydrogenation of peroxide either direct as shown in Table 4.1 or via hydrogenation of the 
two OH groups. This indicates that with higher H2 partial pressures the hydrogenation 
reaction is accelerating leading to loss of peroxide formed on the catalyst surface. In 
contrast, lowering the H2 content at constant O2 content in the system is beneficial for 
selectivity, since less H atoms on the surface are available for the hydrogenation reaction. 
A lower H2 partial pressure is accompanied by less H2O2 generated in the liquid phase 
meaning that both, hydrogenation and decomposition will be reduced by lower hydrogen 
peroxide content for H2/O2< 1. As shown in Fig. 4.3, 100% selectivity towards the peroxide 
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Figure 4.3. Effect of H2/O2 ratio on direct synthesis; T=42°C, p=20bar, channel diameter 
320 µm, liquid phase 0.05 M H2SO4, 9 ppm NaBr; liquid flow rate 0.05 ml/min; catalyst Au-
Pd (1:2) colloidal nanoparticles, total gas flow rate 5 mlN/min. 
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can be reached by running the reaction using very low H2/O2 ratios. Unfortunately, such a 
high selectivity has to be traded off for lower catalytic activity and low concentration of 
hydrogen peroxide generated in the liquid phase.  

 

Peroxide formation: 

H2 + 2* = 2H* 

O2 + * = O2* 

H* + O2* = O2H* + * 

O2H*+ H* = H2O2* + * 

H2O2* = H2O2 + * 

 

Peroxide dissociation: 

H2O2* + * = H2O* + O* 

 

Water formation: 

O2 + 2* = 2O* 

O* + H* = OH* + * 

OH* + H* = H2O* + * 

H2O* = H2O + * 

 

Peroxide hydrogenation: 

H2 + 2* = 2H* 

H2O2 + * = H2O2* 

2H* + H2O2* = 2H2O + 3* 

 

Table 4.1: Reactions occurring on Au-Pd surface during direct combination of H2 and O2. 

A drawback observed after exposure of the catalyst to higher O2 concentration for a longer 
period of time is partial catalyst deactivation. A catalyst that has been subjected to H2/O2<1 
shows a lower selectivity and peroxide yield when later exposed to initial H2/O2=1, although 
the H2 conversion remains the same. Nevertheless, it was observed that after exposure of 
the catalyst to H2, the initial catalytic activity can be restored. Therefore, the idea of 
palladium elution as a consequence of its oxidation to PdO observed in micro-packed bed 
reactor[5] can be ruled out. A potential explanation for this phenomenon lies in the oxidation 
state of the catalyst and moreover, changes of the oxidation state of Pd under different 
reaction conditions. The XPS analysis of freshly prepared Au-Pd bimetallic particles 
supported on silica indicates presence of Au0, Pd0 and PdO phases. Namely, the role of Au 
added to Pd in this kind of bimetallic catalyst is to “dilute” the Pd surface and to isolate Pd 
sites. It is believed that significant isolation of Pd sites in bimetallic alloy catalyst prevents 
O2 dissociation and increases the selectivity towards the peroxide [26]. However, the 
important parameter that might influence the catalytic activity of Au-Pd bimetallic catalysts 
is the oxidation state of the palladium under reaction conditions, considering the presence 
of both reductive and oxidative species in the direct synthesis. It is well known that the 
oxidation state of Pd catalysts switches between metallic and oxide depending on the 
temperature and oxygen concentration. Deactivation of Pt-group of metals (Pt, Pd, Rh) as a 



consequence of the metal oxide phase formation under high pressures and high O2 partial 
pressures has been already reported for CO oxidations [27,28].The influence of the PdO phase 
formation on the direct synthesis reaction is still under discussion. Some studies suggest 
that supported PdO catalysts show lower hydrogenation/decomposition rates when 
compared to their metallic analogues [29], while some authors made contradictory 
conclusion that metallic palladium is responsible for high activity and selectivity [30]. 
Moreover, it has been shown that the formation of bulk PdO proceeds via several 
intermediate steps [31]. Those intermediate surface oxygen phases might exert different 
catalytic properties in the direct formation of hydrogen peroxide. Further detailed 
investigations are needed to understand the influence of different oxide phases of Pd on 
catalyst activity and selectivity in direct synthesis reaction. An attempt was made to 
determine the catalyst oxidation state inside the microchannel. In order to do XPS analysis 
capillary samples were crashed, but due to a very low metal to inert content in the sample, 
the analysis failed. Considering that the direct synthesis reaction is a three phase reaction, 
involving besides the solid catalyst both, a gas and a liquid phase, the influence of gas and 
liquid flow rates, as well as catalyst loading on hydrogen conversion, selectivity and yield 
was assessed. All the experiments were performed at 20 bar pressure and a temperature of 
42 °C. The liquid flow rate was varied in a range of 0.01 ml/min to 0.1 ml/min, while 
maintaining the total gas flow rate at 5 mlN/min. The gas phase used contained 20 vol% of 
hydrogen and oxygen.  

 The data presented in Fig. 4.4 show that in this range of liquid flow rates the hydrogen 
conversion somewhat decreases with an increase in the liquid flow rate, but not 
significantly. The liquid slug length, which has a strong impact on gas to liquid mass transfer 
increases with an increase in the liquid flow rate. For a longer liquid slug the mass transfer 
from the gas to the liquid is slower [32–34]. The Sherwood number decreases with increase in 
dimensionless slug length [32,35], thus the liquid to catalyst mass transfer will be enhanced 
with generation of shorter slugs as well. Decreasing the liquid flow results in higher 
concentrations of peroxide generated in the liquid phase (as shown on Fig. 4.4). However, 
from Fig. 4.4 we can conclude that a decrease of the liquid flow below 0.05 ml/min results 
in a tremendous drop in the selectivity towards the peroxide. This selectivity drop is 
attributed to reaction kinetics.  
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A higher peroxide concentration at a lower liquid flow rates accompanied with a higher 
concentration of hydrogen in shorter liquid slugs leads to a high peroxide hydrogenation 
and/or decomposition rates, which as a consequence has a significantly lower selectivity. In 
a very simplistic manner, the effect of liquid phase velocity can be interpreted through 
“removal” of hydrogen peroxide generated from catalyst surface - at low liquid flow rates, 
the gas plugs are comparatively too long and too much peroxide builds up in the liquid film 
wetting the catalyst until a new liquid slug passes. Fast refreshment of the catalyst surface 
with the aqueous phase means shorter contact time for dissociation or further 
hydrogenation of peroxy species formed.  

To study the effect of the gas flow rate, the total gas flow was varied in a range of 5-15 
mlN/min, while the liquid flow rate was set to 0.05 ml/min. The gas phase used contained 
20 vol% of H2 and O2. Higher gas flow rates at a constant liquid flow rate result in longer gas 
bubbles and catalytic shorter liquid slugs. In case of the absence of a reaction on the wall it 
has been shown that gas bubble length in fact does not have significant impact on gas to 
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Figure 4.4. Effect of liquid flow rate; T=42°C,p=20 bar, channel diameter 320 µm, liquid 
phase 0.05 M H2SO4, 9 ppm NaBr; catalyst Au-Pd (1:2) colloidal nanoparticles, 20 vol% of 
H2 and O2, total gas flow rate 5 mlN/min, 



liquid mass transfer [32,33], since the layer close to the wall is saturated with gas contributing 
no further to mass transfer. In the presence of the reaction, absorbed H2 and O2 in liquid 
phase are consumed thus maintaining the concentration gradient needed for the transport 
to occur. It is expected based on Fig. 4.4 that with higher gas to liquid flow rates (G/L), 
shorter liquid with a higher interfacial area, more H2 and O2 will be transferred to liquid 
within a certain time period. However, with an increase of the gas flow rate, the residence 
time of the gas phase reactants in the microchannel shortens resulting in fact in lower 
hydrogen conversions as indicated on Fig. 4.5. This means that changing the gas flow rate 
at a constant liquid flow rate affects both the slug to bubble length and the residence time 
considering that higher amount of reactants is fed per amount of catalyst in the same time 
interval (higher WHSV value). Lower hydrogen conversions at higher gas flow rates are 
accompanied by a higher amount of hydrogen peroxide generated in the liquid phase, since 
a lower percentage of H2 converted is compensated by a higher throughput of the reactants.  
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Figure 4.5. Effect of gas flow rate; T=42°C,p=20 bar, channel diameter 320 µm, liquid phase 
0.05 M H2SO4, 9 ppm NaBr; liquid flow rate 0.05 ml/min; catalyst Au-Pd (1:2) colloidal 
nanoparticles, gas phase 20 vol% of H2 and O2. 
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Figure 4.6. Effect of 1/WHSV (residence time) on reactor performance based on catalyst 
loading; T=42°C,p=20 bar, channel diameter 320 µm, liquid phase 0.05 M H2SO4, 9 ppm 
NaBr; liquid flow rate 0.05 ml/min; catalyst Au-Pd (1:2) colloidal nanoparticles, 20 vol% of 
H2 and O2, total gas flow rate 5 mlN/min. 

Fig. 4.5 also indicates that in terms of peroxide concentration achieved it is beneficial to run 
the reaction at the higher gas to liquid flow ratios. In addition, Kreutzer at al. showed that 
contrary to the expectations, higher gas velocities are not beneficial for mass transfer rates 
[34] as would be the case in a fixed bed reactor. External mass transfer in a microchannel 
improves with decreasing the velocity, which can be correlated with the fact that liquid film 
thickness, which represents the major resistance to mass transfer, is decreasing with lower 
Capillary numbers [34].The weight hourly space velocity (WHSV) was additionally varied by 
using different amounts of catalyst. The effect of 1/WHSV (residence time) on the hydrogen 
conversion and selectivity is given in Fig. 4.6. In all experiments the gas and liquid flow rates 
were maintained at 5 mlN/min and 0.05 ml/min respectively. As it can be expected, the 
hydrogen conversion increases proportional to the 1/WHSV or catalyst loading, while the 
selectivity decreases. A higher concentration of peroxide generated in the liquid phase 
when using a higher catalyst amount in the reactor has the adverse effect on the peroxide 



selectivity since it accelerates its subsequent hydrogenation and decomposition reactions 
that consume peroxide.  

4.3.2. Effect of external and internal mass transfer effects 

To verify the conclusions related to effect of studied process parameters on reaction 
kinetics, the potential influence of mass transfer has to be evaluated. It is known that in 
case of the Taylor flow in microchannels mass transfer of a gas component proceeds 
through following 3 steps: (1) From gas bubble directly to the solid catalyst through thin 
liquid film (gas-to-solid) (2) from the bubble caps to the liquid (gas-to-liquid) and (3) from 
the liquid to the catalyst for dissolved gas (liquid-to-solid). Mass transfer from gas-to-liquid 
and liquid-to-solid represent resistances in series and occur in parallel to mass transfer 
directly from gas-to-solid. In case of a catalytic reaction occurring on the reactor wall, gas-
to-solid mass transfer is the dominant step, being considerably faster than the other two. 
Calculation of the mass transfer coefficient from gas-to solid kGSaGS was performed using 
well established correlations available in literature [35]. For the range of gas and liquid flow 
rates used throughout the experiments the kGSaGS values are approximately in a range of 23 
to 45 s-1. The criterion used to evaluate if the overall volumetric reaction rate Rv,ov is fully 
determined by external mass transfer rate is following: 

 External mass transfer is not significant if Rv,ov ≤ 0.1 kGSaGS CH2
sat   

 Reaction is mass transfer limited if Rv,ov ≥ 10 kGSaGS CH2
sat  

Calculated values of mass transfer rates show to be already more than an order of 
magnitude higher than observed overall volumetric reaction rates, indicating that external 
mass transfer is not the limiting step. 

To determine whether mass transfer limitations within the catalyst layer might be 
significant, the Weisz modulus was calculated: 
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Rv,coating represents the reaction rate per unit volume of the catalytic layer. For calculation of 
the effective diffusivity DH2,eff typical values for porosity of coating layer of 0.4 and tortuosity 
value of 6 were used. The thickness of catalyst layer L is 4 µm, which is the average thickness 
of wash-coat layer estimated by SEM [5]. For the highest reaction rates observed in the 
above experiments, values obtained for Weisz modulus are in a range of 0.2 to 0.3, 
indicating that pore diffusion effects are present, but still not significant considering that 
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for those values the catalyst effectiveness η is not lower than 0.9. However, according to 
Weisz-Prater criterion, pore diffusion effects can be considered absent only if Φ≤0.15, 
meaning that somewhat thinner catalyst layer should be introduced in capillary to ensure 
that catalyst effectiveness is equal to 1. The calculated values of kGSaGS indicate a very fast 
gas-to-solid mass transfer rate in a wall-coated microchannel, meaning that the transfer of 
gas to the catalyst surface is not a rate limiting step in the reaction. With the estimated 
catalytic layer thickness of 4 µm, the direct synthesis reaction is partially limited by diffusion 
of reactants through the catalytic layer. 

4.3.3. Towards the application of direct synthesis 

We have shown that it is possible to perform the direct synthesis of hydrogen peroxide 
safely in a wall-coated microchannel using undiluted hydrogen-oxygen mixtures. A highly 
beneficial effect of higher hydrogen and oxygen concentrations in reaction mixtures (higher 
partial pressures) besides higher observed reaction rates was the selectivity enhancement. 
In order to bring microreactor technology closer to application, it is necessary to estimate 
the potential concentration range of hydrogen peroxide solutions produced using this 
concept of wall-coated microchannel with colloidal Au-Pd nanoparticles. The study was 
performed to evaluate to which extent it is possible to increase the peroxide concentration 
in the solution when using pure hydrogen and oxygen mixtures in the synthesis, taking into 
account the discussed effects of gas and liquid flow rates. Considering that a change in gas 
flow rate at constant liquid phase flow rate influences both, the residence time and the G/L 
ratio, and thereby the slug to bubble length, in this study gas and liquid flow rates were 
increased proportionally, always keeping the same G/L ratio while decreasing residence 
time. The concentration of peroxide, hydrogen conversion and selectivity for two different 
G/L ratios are plotted with respect to WHSV. It is clear from Fig. 4.7 that in terms of 
selectivity it is beneficial to maintain higher WHSV values. Short contacting time for both 
reactants and hydrogen peroxide formed with the catalyst seems to result in fewer 
“dissociation” events on the catalyst surface. It is indicative that water formation reactions 
which typically involve dissociation step of either oxygen molecules or hydrogen peroxide 
itself (Table 4.1) require longer contacting times. At lower WHSV values (accompanied with 
lower liquid space velocities), both hydrogen conversion and hydrogen peroxide 
concentration increase, but selectivity drops as a consequence of slower peroxide 
“stripping” from the catalyst surface. An increase in peroxide concentration also means an 
increase in productivity, considering that the amount of catalyst and capillary length remain 
the same throughout the experiment. 



  

10 20 30 40 50 60
0.0

0.4

0.8

1.2

1.6

2.0
 H2O2 concentration, Wt%
 H2 conversion, %
 H2O2 selectivity,%
 Productivity, gH2O2/gcath

 H
2O 2 co

nc
en

tr
at

io
n 

(W
t%

)

WHSV (gH2/gcath)

0

20

40

60

80

100

 C
on

ve
rs

io
n,

 S
el

ec
tiv

ity
 (%

)

20

30

40

50

60

70

80

90

100

 P
ro

du
ct

iv
ity

 (g
H2

O
2/g

ca
th)

 

Figure 4.7. Effect Of WHSV on peroxide concentration, productivity, selectivity and H2 
conversion, T=42°C, p=20 bar, channel diameter 320 µm liquid phase 0.05 M H2SO4, 9 ppm 
NaBr; catalyst Au-Pd (1:2) colloidal nanoparticles, 50 vol% of H2 and O2, Fgas/Fliquid=5. 

If we want to increase further the concentration of peroxide, it is necessary to decrease the 
flow of liquid phase relative to gas phase (Fig. 4.8). As already expected based on results 
presented in Fig. 4.4 this will lead to conversion increase, but further reduction in the 
selectivity. However, concentrations as high as 5 wt% of peroxide can be achieved if G/L 
ratio is increased to 20. This value is significantly higher compared to the maximum reported 
in literature for a wall-coated microchannel[9] and similar to the values of Inoue et al.[6,36] 
reported in a micro packed-bed with an advantage of an order of magnitude lower pressure 
drop and better catalyst stability. Inoue et al.[6]chose to operate the reactor using a higher 
oxygen concentration relative to hydrogen, which leads to erosion of the catalyst bed and 
palladium elution in oxidative atmosphere within the first 48 h of operation. The 
productivity loss in case of a wall-coated microchannel [9] is attributed to the catalyst 
leaching due to corrosive conditions. Similar to our work, a tremendous selectivity drop[6] is 
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observed when peroxide concentrations as high as 3 wt% are generated in the liquid phase, 
even though reaction was done under oxygen-reach conditions. 
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Figure 4.8. Effect Of WHSV on peroxide concentration, productivity, selectivity and H2 
conversion, T=42°C, p=20 bar, channel diameter 320 µm, liquid phase 0.05 M H2SO4, 9 ppm 
NaBr; catalyst Au-Pd (1:2) colloidal nanoparticles, 50 vol% of H2 and O2, Fgas/Fliquid=20. 

The conclusion is that a significant selectivity loss in the direct synthesis reaction associated 
with an increasing peroxide concentration cannot be disregarded. The application of 
solvents such as methanol, ethanol or isopropanol [30] might be a good solution for achieving 
higher reaction rates, thus higher peroxide concentrations in liquid phase, but the partial 
conversion of valuable peroxide to water is difficult to avoid. One of the process options 
would certainly be to operate the reactor at low hydrogen peroxide concentration in order 
to retain high selectivity and to concentrate solutions subsequently by means of distillation 



[37]. This implies that in the final process optimization the costs of concentrating dilute 
hydrogen peroxide solutions vs. the costs of peroxide and H2 consumed in side reactions, if 
concentrated hydrogen peroxide solutions are synthesized directly, need to be evaluated. 
It is necessary to keep in mind that for a variety of applications hydrogen peroxide 
concentrations used are in a range of 1-15 wt%. The diluted solutions of hydrogen peroxide 
produced via two-stage cyclic AO process are mainly concentrated by distillation for the 
logistic purposes and transportation costs to 50 or 70 wt%. In this lower range of peroxide 
concentrations the selectivity of this direct synthesis route is quite high. 

4.3.4. Hydrogen peroxide direct synthesis - Potential and challenges  

 An interesting alternative to retain the high selectivity observed with a lower peroxide 
concentration in the liquid phase even at higher residence times might be the in-situ 
consumption of peroxide formed in a coupled oxidation reaction. This would mean that one 
reactive microchannel would be used for performing at least two consecutive reactions, one 
of which is direct formation of hydrogen peroxide. Attempts to use in-situ formed hydrogen 
peroxide species for direct oxidation of benzene to phenol [38–40] or propene to propene-
oxide (PO) [41,42] instead of liquid phase hydrogen peroxide have been already made. 
Considering the high price of hydrogen peroxide mostly, in-situ generated peroxide from 
H2-O2 is cheaper alternative for bulk chemical production. In case of benzene hydroxylation, 
it has been shown that in-situ generated hydrogen peroxide can be even more selective 
compared to hydrogen peroxide added directly by syringe-pump [40]. However, some 
reports show that the rate of water formation is often an order of magnitude higher than 
rate of phenol formation [39] or PO formation [41]. Synthesis of PO using propene, hydrogen 
and oxygen mixtures often suffers from poor selectivity due to fast propene hydrogenation 
to propane [42].  

Application of hydrogen peroxide in the fine chemical and pharmaceutical industry is 
especially interesting due to process economics that allow the application of more 
expensive oxidants. In contrast to oxygen, hydrogen peroxide is a mild oxidant, thereby 
more suitable for performing selective oxidations. In addition, lower temperatures are 
required for oxidations using peroxide as an oxidant. A number of liquid phase oxidations 
with hydrogen peroxide reported in the fine chemical industry are homogeneously 
catalysed, often due to the fact that homogeneous catalysts are more selective. However, 
the application of heterogeneous catalysts such as zeolites and non-crystalline 
heterogeneous catalyst types (amorphous metallosilicalites, heteropolyacids) is known as 
well [43]. Preferably, “oxidation” processes considered to be linked to direct synthesis of 
hydrogen peroxide should be homogeneously catalysed if the same type of catalyst is 
retained for hydrogen peroxide synthesis (Au-Pd nanoparticles supported on silica). The 
advantages of the application of microreactors in homogeneous and phase-transfer 
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catalysis related to enhancement of reaction rates and better heat management compared 
to standard reactor types are well known [44,45]. Liquid phase oxidation reactions performed 
in microreactors using hydrogen peroxide as an oxidant [46–48] confirm this proposition. 
Heterogeneously catalysed liquid phase oxidations, such as propene oxide production 
process that uses TS-1 as an active catalyst can be considered, although this would require 
design of a bi-functional catalyst able to catalyse both peroxide synthesis and propene 
epoxidation. However, for a bulk process like the propene oxide production, microreactor 
technology might be too expensive. The most facile approach in that case would be 
deposition of Au-Pd colloidal nanoparticles on TS-1 layer grown directly inside the 
microchannel.  

One of the factors that has to be considered when linking the direct synthesis of hydrogen 
peroxide with a subsequent chemical reaction is the effect of acid and halogen ions fed in 
the liquid phase. In some cases such as propene epoxidation, an acidic environment results 
in an epoxy-ring opening lowering the selectivity toward desired product. Only if the rate of 
coupled oxidation reaction would be faster than the peroxide hydrogenation and 
decomposition under given conditions, the use of such additives could be avoided. 
However, this is often not the case, therefore the influence of stabilizers on the overall 
process needs to be assessed. Removal of those components, if necessary, would represent 
an additional step in the overall process. Separation could be achieved through the 
application of ion exchange resins. Sodium ions can be removed by contacting the peroxide 
containing solution with acidic cation exchange resin. Bringing the solution further into 
contact with basic type ion exchange resin ensures exchange of anions SO4

2- and Br- for 
hydroxide ions and neutralization of acid thereby (2R+OH-+ H2SO4 = R2

+SO4
2- + 2H2O and 

R+OH- + HCl = R+Cl- + H2O). Ion exchange technology has been already applied in preparation 
of purified aqueous peroxide solutions [49] . In case of anion exchange resins, preference is 
given to a carbonate or a bicarbonate ion type , since the peroxide can be decomposed in 
contact with a strongly basic OH- type anion exchange resin.  

An interesting alternative to avoid usage of acidic solutions is the application of the solid 
acid as catalyst support through functionalization of coated silica support with sulfonic 
groups. The effect of halide addition on selectivity was not part of this study. However, there 
are indications that the role of halides is similar to the role of Au or Pt. Therefore, it is not 
quite clear if addition of halides additionally enhances selectivity towards the peroxide 
when a bimetallic catalyst is used, since the mechanism of halide action is not fully 
understood yet. Some experiments recently done in our group show that halide addition 
can be completely avoided, at least under conventionally explosive synthesis conditions. 



One of the factors that still limits the application of this technology is the channel 
“numbering-up” in order to extend the capacity. The work previously done in our group on 
developing the design protocols to control gas-liquid distribution inside the parallel 
microchannels under Taylor flow regime which is a prerequisite for microreactor scale-up 
brings the multiphase microreactor technology closer to its industrial application [50–52]. An 
important issue that has to be considered when applying the concept of modular 
microreactors in direct synthesis of hydrogen peroxide with concentrated H2-O2 mixtures is 
that the dimensions of all the mini-plant (set up) elements in contact with such a mixture 
have to be of certain diameter that allows for safe operation. Otherwise, it is necessary to 
dilute the gas mixture before it comes into contact with parts of the equipment of larger 
dimensions or environment. In practise this can be prevented by operating the overall 
process at full conversions. The design of microreactor units would need to include a micro 
gas-liquid separator at the end of each microchannel. The unreacted gas phase collected 
from parallel channels containing undiluted H2-O2 mixtures can be utilized in a secondary 
reactor operating at somewhat lower pressure placed downstream allowing full 
consumption of the residual H2. 

To completely optimize the direct synthesis reaction and describe microchannel 
performance with corresponding mathematical model, detailed kinetic study needs to be 
performed. The kinetic model of the overall reaction besides the direct synthesis has to 
include the kinetics of hydrogenation and/or decomposition reaction involved in 
transformation of hydrogen peroxide into water. Further understanding and quantification 
of kinetics of direct synthesis reaction is desired for estimating potential applications of in-
situ generated peroxide.  

4.4. Conclusions 

The potential of the wall-coated capillary microchannel to be applied in direct synthesis of 
hydrogen peroxide as a reactor system was evaluated. The effect of the gas and liquid flow 
rates as well as the catalyst loading on the hydrogen conversion and the concentration of 
hydrogen peroxide in liquid phase were studied. This allowed us to optimize the reaction 
conditions and to assess the range of peroxide concentrations that can be generated inside 
the microchannel. A decrease in the liquid flow rate leads to higher peroxide concentrations 
generated in the liquid phase. However, the generation of higher peroxide concentrations 
is accompanied by a faster peroxide conversion due to the subsequent hydrogenation and 
decomposition under those conditions and low selectivity. An increase in catalyst amount 
has a very similar effect. A decrease in the gas flow rate on the other hand results in higher 
conversions due to longer residence times, but lower hydrogen peroxide concentrations 
compared to higher flow rates. Although less hydrogen peroxide is converted at shorter 
residence times, the overall concentration of hydrogen peroxide in liquid phase is higher 
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due to the higher throughput of reactants. The maximum hydrogen peroxide concentration 
in liquid phase is accomplished when H2 and O2 ratio in the gas phase is equal to 1. Increase 
in oxygen content leads to higher selectivity due to suppression of peroxide hydrogenation 
reaction, reaching even 100 % selectivity at low H2/O2 ratios. Nevertheless, the exposure of 
the catalyst to O2/H2>1 over a longer period of time leads to a partial loss of the selectivity, 
although the hydrogen conversion remains the same. Higher H2 partial pressures compared 
to O2 result in a loss of selectivity and a drop in the hydrogen peroxide content as a 
consequence of the hydrogenation of the desired product.  

The final goal of this study was to assess the advantages and drawbacks of a microchannel 
as a reactor system for producing concentrated solutions of hydrogen peroxide that could 
be consumed on site in a specific local application. The dependence of H2O2 concentration 
in liquid phase and H2 selectivity on WHSV was studied for two different G/L ratios. The 
results show a tremendous selectivity loss if one decides to operate the direct synthesis 
reaction at high H2 conversions and high H2O2 concentrations in liquid phase. This implies 
that coupling the direct synthesis of hydrogen peroxide with consecutive reaction in which 
peroxide is consumed is necessary in order to prevent peroxide conversion to water.  
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ABSTRACT  

The kinetics for direct synthesis of hydrogen peroxide out of hydrogen and oxygen has been 
studied over AuPd colloidal nanoparticles, which were prepared using a two-phase 
synthesis protocol. Reactions of direct formation of peroxide and peroxide reduction in the 
presence of hydrogen were studied separately to obtain the overall kinetic model, which 
was suitable to predict peroxide concentration at the outlet of the wall-coated 
microchannel reactor. The decomposition reaction was eliminated by the addition of 
sulfuric acid. The kinetic model of the direct formation of hydrogen peroxide from hydrogen 
and oxygen assumes hydrogen adsorption, pairwise dissociation, but not spill-over of H-
species over the bimetallic AuPd surface. Peroxide concentration values predicted with an 
overall kinetic model and values experimentally measured at the outlet of the microchannel 
with a catalytic layer deposited on the wall are in acceptably good agreement. 

 
  

Direct synthesis of H2O2 
over Au-Pd catalyst- Kinetic 
study 
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5.1. Introduction 

Hydrogen peroxide is one of the most important and versatile commercial chemicals today 
with application in the paper and pulp industry as a bleaching agent, disinfectant, in semi-
conductors for surface cleaning and in production of chemicals (peroxy compounds, 
oxidations, epoxidation, hydroxylation agent)[1–3]. Such a wide variety of applications is 
influenced by the green nature of the chemical. Water is the only by-product of the peroxide 
decomposition, making the hydrogen peroxide an environmentally friendly reagent. 
Hydrogen peroxide is generated as a side product via the oxidation of hydroquinone 
suspended in organic solvent, followed by the extraction to the aqueous phase containing 
stabilizers in a process known as Anthraquionone autooxidation process (AO). Recently built 
AO plants for H2O2 production reach an annual production capacity of 300kt. The economic 
feasibility of the AO process requires large scale operations if one has in mind the 
complexity of the process and the number of downsteam unit operations (extraction, 
distillation) used to concentrate acidified aqueous peroxide solutions to commercial grades 
(50 or 70 wt%) suitable to be transported over large distances. End users of hydrogen 
peroxide typically require concentrations in a range of 1-10 wt%. Considering the end-user 
requirements and safety hazards associated with transport and storage of peroxide 
solutions, the development of small scale on-demand process for hydrogen peroxide 
production is of significant interest [4]. Among the alternatives, the direct synthesis of 
hydrogen peroxide has been recognized as the best option. In contrast to the AO process, 
the direct synthesis combines directly hydrogen and oxygen gas in one reaction step. The 
major setback for the direct synthesis to be operated using conventional reactor technology 
(semi-continuous stirred tanks, fixed-bed and slurry bubble columns) relates to the safety 
requirements, which dictate that the H2 and O2 concentrations in the gas stream stay below 
the explosive limits. In practise this means less than 4 vol% of hydrogen in the gas feed. 
Novel reactor technologies, such as membranes or microreactors diminish the safety risks 
associated with reacting directly H2 and O2. Although the main advantage of membranes is 
to keep reacting gasses separate, their cost is rather high. The reduction in dimensions of 
reactive channels in case of microreactors and high heat dissipation allow for direct 
synthesis of hydrogen peroxide to be operated safely using concentrated hydrogen and 
oxygen mixtures. Extensive calculations performed by Chattopadhyay and Veser [5], 
indicated that channel diameters below 300 µm are intrinsically safe. Still, taking into 
account that reaction is performed at elevated pressures, the safety margin for this 
particular channel diameter will be shifted towards lower temperatures. The modular 
nature of microreactors makes them applicable for on-site on demand production of 
chemicals. In addition, considering fast heat and mass transfer rates, associated with a high 
surface to volume ratio which varies between 10000-50000 m2/m3, in comparison to 
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conventional reactors which reach up to 1000 m2/m3[6], makes them suited for fast and 
exothermic reactions.  

Micro-packed beds are nowadays commonly used in catalyst testing [7] or kinetic studies of 
heterogeneously catalyzed reactions [8–10], since they simply allow application of already 
optimized or conventional catalysts available on the market. Typically, catalyst particles 
used are in a range of 50–150 µm [7,10]. Those randomly packed structures often result in a 
high pressure drop and flow maldistribution as a consequence of packaging non-uniformity 
throughout different channels. In case of specific reactions, such as direct synthesis of 
hydrogen peroxide, due to improper bed dilution with inert material, hot spots can be 
formed followed by explosions [7]. By deposition of a catalytic layer on the reactor wall, a 
high pressure drop can be avoided as well as poor catalyst wetting and contacting [11] typical 
for micro-packed beds. Karim et al. showed that temperature gradients present in micro 
packed-beds during methanol steam reforming can be eliminated by coating the catalyst on 
the reactor wall, thus resulting in higher catalytic activity [12]. In addition, it has been 
reported that simply switching from a packed-bed to a wall-coated microreactor can lead 
to a significant difference in selectivity, as a result of difference in distribution of reactant 
concentration [13]. In comparison to micro-packed beds, three-phase reaction in wall-coated 
microchannels can be operated in conventional Taylor flow. Three-phase reactions in wall-
coated microchannels are typically performed in Taylor flow because of the high mass 
transfer rates that can be achieved. A particularly fast step that coexists with other G-L and 
L-S mass transfer steps in Taylor flow operation is the transfer of the gas to the solid catalyst 
through the thin liquid film present between the bubble and the wall (gas-to-solid) [14,15]. In 
micro-packed bed liquid slugs are continuously broken by the solid particles present in the 
channel, therefore Taylor flow as such does not exist in micro packed-beds [10,16]. Still, this 
flow regime is known to enhance G-L mass transfer [17].  

A number of publications by Inoue et al. report the successful application of microreactor 
technology in the production of H2O2 by direct synthesis reaction in the required range (1-
10wt%)[7,18–20]. The highest peroxide concentrations observed are achieved using Au-Pd 
supported catalyst in a form of a micro-packed bed [19]. Their earlier publications also hinted 
to potential concerns in relation with direct synthesis in packed-bed microreactors. Beside 
elimination of hot-spots via proper catalyst loading along the channel bed, potential catalyst 
elution as a consequence of overoxidation of the active catalytic phase at higher oxygen 
content also needs to be excluded [7]. This is a prerequisite for safe and long-term operation. 
Voloshin et al. studied in detail the kinetics of direct synthesis of hydrogen peroxide over a 
Pd catalyst by isolating and separately studying direct synthesis [10], hydrogenation[9] and 
decomposition [8]reaction in a packed-bed microchannel. Their work also indicated that the 
catalyst activity is highly influence by the reaction environment. They showed that exposure 
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of the catalyst to higher peroxide concentrations (1.02 mol/L) modified the catalyst 
resulting in both lower hydrogenation and hydrogen peroxide formation rates [9]. This 
observations were in agreement with results observed in decomposition of H2O2 (0.2wt%) 
solutions over Pd/C catalyst which indicated 6-8% lower catalytic activity after each 
successive use of the catalyst [21].  

Our approach was to apply a wash-coated silica layer embedded with Au-Pd colloidal 
nanoparticles as a catalytic layer for the direct synthesis of hydrogen peroxide inside a wall-
coated microchannel [22,23]. We demonstrated that a concentration as high as 5 wt% of 
hydrogen peroxide can be generated in an acidified aqueous phase using a pure H2 and O2 
at 1:1 ratio. Moreover, these catalytic layers proved to be stable even after several weeks 
of operation under the given reaction conditions.  

An increase in reactant concentration in the gas phase or a high(er) reactant partial pressure 
proved to be highly beneficial for the selectivity [22]. The effect of addition of Au to Pd is 
often assigned to the dilution of the Pd surface and blockage of O2 or H2O2 dissociation sites. 
It is believed that ensembles of Pd active sites are needed to dissociate oxygen bond 
forming water non-selectively [24–26].The increase in selectivity towards peroxide at higher 
H2 and O2 partial pressures is associated with the blockage of side reactions on the catalyst 
surface at high surface coverage with reacting gas molecules. In general, with higher 
reactant concentration and higher fraction of active sites occupied, adsorption effects are 
becoming increasingly important. To account for the effect of adsorption, the L-H type of 
kinetic models are more accurate (appropriate). Considering all the above, to understand 
the direct synthesis reaction, our goal was to isolate the reactions involved in the peroxide 
formation and determine the kinetic expressions taking into account that adsorption of 
reactants on the catalyst surface might play an important role in the overall kinetics of 
peroxide formation. 

5.2. Materials and Methods 

The AuPd catalytic phase inside the microchannel can be deposited either by deposition of 
active metal on a pre-coated support layer or by directly coating a ready-made catalyst [27]. 
To create a surface area for deposition of the active metallic phase (wall material is non-
porous), it is necessary to first deposit a porous layer of support such as silica. Knowing that 
some of the binder material used in preparation of coating slurry might close the pores with 
active metal if a ready-made catalyst is directly coated onto the microchannel walls, the 
active phase was deposited afterwards on the coated catalyst support layer, allowing full 
accessibility of the active phase to reactant molecules.  
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5.2.1. Deposition of silica layer 

The silica layer used to support the catalyst nanoparticles inside the microchannel was 
deposited using a dynamic displacement procedure. The dynamic coating involves 
displacement of the coating fluid by means of another fluid, typically a gas. After a solution 
is forced through the microchannel, a thin liquid film remains on the wall. A silica composed 
coating fluid supplied to a capillary by means of a syringe pump is displaced using a flow of 
N2 gas which is fed through the mass flow controller. The slurries used for coating our 
capillaries typically contained Ludox AS 30 colloidal silica and sodium silicate 
solution((Sigma-Aldrich, SiO2~26.5 wt%, Na2O, ~10.6%) as binders, the silica slurry typically 
contained fumed silica (~4wt%, Sigma Aldrich) and larger particles in a form of Davisil silica 
gel (8wt%, 10-14 µm particle size). The slurry suspension contains large particles and smaller 
binder particles (typically two orders of magnitude smaller in size), which act as a “glue” 
between large particles improving the contact and cohesion. Details on the coating 
procedure and coating set-up used are given in our earlier publication [22] . 

5.2.2. Deposition of Au-Pd catalyst 

Capillaries wash-coated using the slurry method or silica powder (Davisil) were used to 
deposit the Au-Pd colloidal nanoparticles active in direct synthesis of hydrogen peroxide. 
Au-Pd nanoparticles were used as active metallic phase in both the direct synthesis and 
hydrogen peroxide hydrogenation kinetic experiments. Colloidal nanoparticles with a 1:2 
Au/Pd ratio in this case were generated in dichloromethane as a solvent. The application of 
dichloromethane in the catalyst preparation enables a fast evaporation of solvent, thus 
making the catalyst preparation process particularly in a microchannel faster and more 
efficient. In general the two-phase synthesis approach involves the dissolution of required 
amounts of anionic Au and Pd precursors in a water phase (HAuCl4 and K2PdCl4 respectively), 
after which they are transferred to an organic phase by means of a phase-transfer agent. 
Separate dichloromethane solutions containing tetrachloropalladate and tetrachloroaurate 
anions in a desired ratio are mixed prior to reduction with NaBH4. The exact protocol for 
synthesis of Au-Pd alloy nanoparticles is taken from Serpell et al. [28] . The dichloromethane 
solution containing stabilized Au-Pd colloidal nanoparticles was subsequently used to 
impregnate the silica support either in a form of a layer deposited inside the microchannel 
or as silica powder. For the deposition of these nanoparticles, the capillary is filled with the 
colloidal solution of Au-Pd nanoparticles and the solvent is slowly evaporated. After 
deposition of the Au-Pd alloy nanoparticles inside the wash-coated capillary and solvent 
removal, the capillary was calcined at 380 °C for 4 hours in static air. The same 
calcination/heating procedure was applied on Au-Pd nanoparticles supported on silica 
powder.  
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5.2.3. Direct synthesis of hydrogen peroxide in a microchannel–kinetic experiments 

The scheme of the microchannel set-up used to conduct the kinetic experiments is given in 
Fig. 5.1. A wall-coated catalytic capillary was placed in a thermostated water bath. The liquid 
phase is supplied to the system by means of a syringe pump (Teledyne ISCO 500D) typically 
at a flow rate of 0.05 ml/min. The total gas flow through the capillary is set at 5 mlN/min, 
while the flow of reactant in excess was always kept at 2.5 mlN/min. 

 

Figure 5.1. Scheme of the microchannel set-up used in direct synthesis of hydrogen 
peroxide. 

Partial pressure of limiting reactant was varied by adjusting limiting reactant flow rate and 
flow rate of nitrogen. In order to maintain a constant pressure at 20 bar, a back-pressure 
regulator is placed downstream after a gas–liquid separation unit. Considering that 
concentrated H2/O2 mixtures are used, the gas flow is diluted with N2 gas at the capillary 
outlet to assure a non-explosive gas mixture in the larger tubing downstream of the capillary 
reactor. The pressure in the system was monitored before the inlet and after the 
microchannel outlet. The pressure drop during the kinetic experiments was not exceeding 
0.1 bar, which is a typical value observed when non-coated silica capillary of the same 
diameter is placed in the set-up. Gas samples were analyzed with an online compact GC 
(column: Molsieve plot 5m 0.32 mm) equipped with a TCD detector to calculate the 
conversion of hydrogen and oxygen. Liquid samples were collected and immediately 
titrated with a standard solution of cerium (IV) sulfate to determine to concentration of 
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hydrogen peroxide. Typically, 2-3 drops of ferroin indicator are added to the ice cold 
solution of sulphuric acid (1:19 v/v) and titrated dropwise to a pale blue color prior sample 
addition. Upon addition of the weighed sample the solution turns red. The solution is stirred 
during the course of titration. A cerium sulphate standard solution is added until the blue 
end point appears.  

Knowing that the hydrodynamics affect the performance of the multiphase reactor, flow 
visualization experiments were conducted prior to starting the kinetic experiments. For this 
purpose, an empty fused silica capillary of the same dimensions as reactive capillary was 
used. Under the reaction conditions applied in the kinetic study, Taylor flow with alternating 
gas and liquid slugs was observed. For gas-liquid-solid reactions in microchannels, Taylor 
flow has been shown to enhance mass transfer significantly [15,29]. 

5.2.4. Hydrogenation of hydrogen peroxide in semi-batch reactor-kinetic experiments  

The reduction of hydrogen peroxide in the presence of H2 was investigated using semi-
continuous operation with a titanium Gr2 300 ml autoclave (i.e. as batch for the liquid phase 
with a continuous gas flow, Fig. 5.2). The gas mixture used in these experiments contained 
H2 in nitrogen as an inert and was fed by means of mass flow controllers. The autoclave is 
equipped with an overhead stirrer which provides stirring in a range of 0-3000 rpms. 
Typically, 150 ml of the liquid phase containing Au-Pd supported catalyst, promoters (H2SO4 
and NaBr) and water was charged in the autoclave. Gas is supplied to the liquid phase 
through the stirrer shaft (gas inducing stirrer) at a total flow rate of 500 ml/min. After 
charging the liquid phase and the catalyst, the autoclave was purged with N2 and 
thermostated at the desired temperature before adding hydrogen peroxide and starting 
pressurization with the reaction gas mixture. Temperature control of the slurry reactor is 
achieved using a heating jacket. The desired gas flow rates were controlled using mass flow 
controllers. In order to maintain a constant pressure at 20 bar, a back pressure regulator 
was used at the gas outlet just before the GC. Liquid samples were collected manually at 
the liquid sampling point and titrated with a standard solution of cerium (IV) sulphate to a 
blue end-point. Samples collected were weighed to account for a decrease in liquid volume 
in the reactor over time. As soon as the desired pressure was reached, the stirrer was 
started designating the start of the reaction and the first sample was collected to determine 
the initial concentration of peroxide (at t=0). 

The effect of acids and halides was investigated by Liu and Lunsford[30] as well as by the 
group of Choudhary[31] concluding that there will be hydrogenation and decomposition at 
the same time in the reactor immediately after exposure of hydrogen to hydrogen peroxide 
in the absence of acid. In the absence of halide or the presence of fluoride anions, 
decomposition reaction is pronounced whereas in the presence of chloride or bromide 
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anions, the hydrogenation reaction is prominent. For this reason the decision was made to 
add 0.05M H2SO4 and 10ppm NaBr to the liquid reactants in the experiments in order to 
suppress the decomposition reaction during peroxide hydrogenation experiments. Under 
these condition, it was experimentally verified that the decomposition reaction is entirely 
suppressed.  

 

Figure 5.2. Scheme of the semi-batch set-up used in hydrogenation of hydrogen peroxide. 

5.2.5. Parameter determination 

Values of kinetic parameters are obtained by applying non-linear regression analysis. The 
fit functions are derived assuming different elementary reaction steps on the surface (see 
Appendix). To reduce the number of constants fitted, surface reaction mechanisms are 
somewhat simplified. The software iterated through values for the constants until it 
obtained values that minimized the sum of the squares of the residuals. Hydrogenation 
rate data were fitted using Polymath 6.10, while oxygen conversion rates were fitted in 
Matlab using the NLINFIT function with the confidence intervals calculated from the 
residuals and Jacobian using the NLPARCI function. For calculation of the activation energy 
(Ea) and adsorption enthalpies (∆H) linearized Arrhenius plots were used (ln(k) vs. 1/T). 

5.3. Results and Discussion 

5.3.1. Characterization of Au-Pd catalysts 

In order to determine the surface composition of the freshly calcined Au-Pd (1:2) 
nanoparticles supported on silica material, XPS analysis was performed. Analysis revealed 
that 38% of surface atoms are Au, which corresponds to an initial molar ratio used in the 
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synthesis procedure. It is evident that the Au-Pd nanoparticles are alloys. In addition, 74.7 
% of surface Pd is in a form of PdO.   

The nature of the metal sites for the silica supported catalysts was investigated by FTIR 
spectroscopy of adsorbed CO. Carbon monoxide is a well-established probe molecule for 
the characterization of the metal state in solid catalysts [32]. CO was gradually adsorbed until 
a complete saturation of active sites was reached. The saturation point is accompanied by 
the appearance of a band at ca. 2140 cm-1, characteristic of physically adsorbed CO. For 
comparison purposes, the CO adsorption experiments were performed over reference Au 
and Pd nanoparticles supported on silica. The results obtained are shown in Fig. 5.3a. The 
appearance of bands at ca. 2156, 2138, 2108, 2000, 1976 and 1888 cm-1 (Fig. 5.3a) observed 
with adsorption of CO on Pd/SiO2, is typical for Pd supported on silica samples [33]. The band 
at 2138 cm-1 is assigned to physically adsorbed CO, while the band at 2156 cm-1 can be 
attributed to the vibrations of CO adsorbed on the Si-OH surface groups of the support. 
Bands at 2108 and 2000 cm-1 correspond to linear and bridging carbonyls of the Pd+ surface 
species, correspondingly, whereas bands at lower frequencies (1976 and 1888 cm-1) can be 
ascribed to the adsorption of CO over metal Pd sites with the formation of (Pd2)0CO and 
(Pd3)0CO surface species.  

 
 

Figure 5.3. a) IR bands resulting from CO adsorption at 100 K on Pd/SiO2, Au-Pd/SiO2 and 
Au/SiO2 (Chapter 6, Fig. 6. 11) b) SEM image of silica wash-coated layer and TEM of silica 
layer embedded with Au-Pd (1:2) nanoparticles. 
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The Au/SiO2 catalyst reveals a simpler spectrum: bands at 2156 and 2138 cm-1, similar to 
Pd/SiO2 and a band at 2108 cm-1, which corresponds to the adsorption of CO over Au+ 
defects [34]. 

In the case of the Au-Pd/SiO2 sample, new bands at 1994 and 1971 cm-1 were detected. 
These bands can be attributed to the interaction of CO with Au-Pd sites in surface alloys, 
which can be formed during the synthesis of bimetallic particles. CO adsorption results 
indicate a strong interaction between Au and Pd. Comparison of the spectra for Pd/SiO2 and 
Au-Pd/SiO2 shows that the addition of gold leads to a disappearance of the bands 
corresponding to (Pd2)0CO and (Pd3)0CO species, pointing to the presence of Au atoms in 
the Pd environment. In fact, the results imply that Pd is strongly diluted by Au on the 
surface, since there are almost no Pd-Pd centers (no bridged CO over Pd). This observation 
is in line with the XPS data, which showed that the surface Au/Pd ratio is close to that of the 
bulk, calculated from the synthesis procedure (Chapter 6).  

Due to the high external mass transfer rates in microchannels, fast reactions might be 
limited by diffusion of reactants through the support layer. The thicker the layer, the higher 
the catalyst hold-up in the microchannel. In contrast, thinner layer ensures a more efficient 
catalyst usage. In order to ensure that the kinetic data are collected under in kinetically 
limited regime, it is necessary to ensure that the catalyst efficiency η is equal to 1 meaning 
that 100 % of the catalyst deposited inside the microchannel is utilized. Knowing that 
thickness of the coating plays a significant role, the silica layer thickness was estimated from 
SEM images of coated capillaries. The typical thickness of the layer used in the kinetic 
experiments is estimated to be around 2 µm (Fig. 5.3b). 

5.3.2. Reaction 

The direct synthesis of hydrogen peroxide involves a two-step reaction series (Fig. 5.4), with 
two parallel reactions in each step. Oxygen, in the presence of hydrogen, is directly 
converted either to hydrogen peroxide or to water. Hydrogen peroxide formed in the first 
step is an intermediate product, which can be easily decomposed or hydrogenated to water.  

 

 

 Figure 5.4. Direct synthesis of hydrogen peroxide-reaction scheme. 



Chapter 5 

105 

 

The problem of peroxide decomposition, which easily occurs even in the absence of catalyst 
as a consequence of base catalyzed decomposition [35], can be successfully eliminated by 
introducing acid and/or halides [30,36–39]. It has been confirmed that besides the proton, the 
associated anion of the mineral acids also has an influence on observed reaction rate and 
selectivity. Typically non-coordinating anions, such as sulfate, phosphate, nitrate, etc., are 
assumed not to block the catalytically active sites in the direct synthesis[36,40], while 
coordinating anions, such as chloride, bromide and iodide are responsible for catalyst 
poisoning[41]. Although phosphoric acid is suitable due to the low corrosiveness and low 
leaching in case of Pd catalysts [42], there are reports claiming a deteriorating inhibiting 
effect of the phosphate anion in the direct synthesis of hydrogen peroxide over Au-Pd 
catalyst[43]. We observed that at a sulfuric acid content of 0.05M and a NaBr content of 
approximately 10 ppm, the decomposition reaction is completely inhibited. The water 
produced upon addition of acid and halide at the required concentration during the direct 
synthesis can originate either from peroxide reduction by hydrogen or direct formation of 
water from H2 and O2. In our earlier publication [23]it was observed that at high oxygen and 
low hydrogen partial pressures, the selectivity towards H2O2 is reaching 100%. This means 
that the water formation over a Au-Pd catalyst during the direct combination of H2 and O2 
is a result of peroxide reduction by H2, leading to a significant simplification of the reaction 
scheme considered.  

The simplified reaction scheme implies that all the oxygen reacts in the first step with 
hydrogen to form hydrogen peroxide, which is, in the second step, in the excess of H2 
reduced to water. So following expressions are considered in the rate analysis:  

 

 
R

H2O2
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H2O2,hydrogenation
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As already discussed in the introduction, exposure of the Pd catalyst to hydrogen peroxide 
even at low concentrations of hydrogen peroxide might result in catalyst deactivation 
[9,21]ascribed to the oxidation of Pd. Due to an undesired gradual loss of activity in 
continuous operation, the hydrogen peroxide hydrogenation reaction was isolated and 
studied in semi-batch reactor using initial rate analysis. The initial reaction rates were 
determined by a differential method with ∆t of 1-2 min within the first 5-10 min from the 
reaction start (≤15 % peroxide converted). 
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5.3.3. Catalyst oxidation state alternation and activity 

In general, the overoxidation of Pd and potential loss of catalytic activity can occur when 
operating the catalyst under prevailing oxidative conditions. Inoue et al.[7] reported that at 
higher oxygen contents in the gas phase the activity of Pd catalyst is gradually decreasing as 
a consequence of oxidation and leaching. To measure the intrinsic kinetics of the direct 
synthesis reaction, one needs to ensure a stable catalyst performance. Au-Pd nanoparticles 
deposited on a silica wash-coated layer do not show signs of deactivation even after several 
weeks of operation when using a 1:1 H2:O2 ratio. However, the alteration of catalytic activity 
is observed after exposing the catalyst to a higher H2 and/or higher O2 content for a longer 
period of time (Fig. 5.5). Fig. 5.5a. Illustrates that exposure of the Au-Pd catalyst to a low 
H2/O2 ratio for over 100 h results in a partial loss of activity. To further investigate if the loss 
of activity is reversible or not, the catalyst was reduced in a H2 flow. Considering that the 
catalytic activity was completely restored when comparing to the initial values obtained 
with 1:1 H2:O2 mixtures, it was concluded that the most likely cause of such behavior is the 
change in the oxidation state of Pd. In addition, leaching of Pd was excluded.  

In contrast, catalyst exposure for a number of hours to a higher H2 content improves the 
catalytic activity (Fig. 5.5b). However, after applying an equimolar H2/O2 ratio again, with 
time on stream the catalytic activity as determined from the peroxide concentration is 
decreasing towards the initially observed value. The alteration of the catalyst activity with 
catalyst exposure to different oxidant/reductant ratios has a significant influence in case of 
long term reaction/reactor performance and in our case was mainly observed when limiting 
reactant content was in depletion. Nevertheless, it is difficult to say if similar effect would 
occur for any O2/H2 ratio for longer reaction times than considered in our study. Knowing 
that higher selectivity values are observed at O2/H2>1, one would possibly choose to 
operate direct synthesis using higher oxygen content in the gas phase with cyclic catalyst 
reduction to avoid permanent catalyst deactivation. Our goal was to determine the intrinsic 
kinetics of reaction without taking into account kinetics of deactivation or reactivation. 
Considering all the above, the kinetics of direct synthesis reaction was studied avoiding the 
long catalyst exposure to either H2 or O2 reach environment. Hydrogen and oxygen flow 
rates were alternated, using 1:1 H2:O2 mixture intermittently between the two 
measurements as a standard to detect any changes in catalyst performance typically 
overnight. 
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5.3.4. External and internal mass transfer in microchannel 

To verify the conclusions related to the effect of the studied process parameters on the 
reaction kinetics, the potential influence of mass transfer has to be evaluated. It is known 
that in case of Taylor flow in microchannels mass transfer of a gas component proceeds 
through the following 3 steps: (1) From gas bubble directly to the solid catalyst through thin 
liquid film (gas-to-solid) (2) from the bubble caps to the liquid (gas-to-liquid) and (3) from 
the liquid to the catalyst for dissolved gas (liquid-to-solid). Mass transfer from gas-to-liquid 
and liquid-to-solid proceeds via resistances in series and occur in parallel to mass transfer 
directly from gas-to-solid. In case of a catalytic reaction occurring on the reactor wall such 
as direct synthesis of hydrogen peroxide, gas-to-solid mass transfer is the dominant step. In 
comparison to kGSaGS, under the given operating conditions for direct synthesis reaction 
contribution of other two steps to overall mass transfer rate is negligible. Calculation of 
mass transfer coefficient from gas-to solid kGSaGS was performed using well established 
correlations available in literature [15,29]. For gas and liquid flow rates used in kinetic 
experiments the kGSaGS, value is approximately reaching 50 s-1(46.7). To evaluate if the 
overall volumetric reaction rate Rv,ov is fully determined by external mass transfer rate the 
following criterion was established which corresponds to criteria widely used in literature 
[44,45] : 

 External mass transfer is not significant if Rv,ov ≤ 0.1 kGSaGSCH2
sat   

 

Figure 5.5. Changes in catalyst activity with H2/O2 ratio a) effect of catalyst exposure to 
H2/O2 <1 b) effect of catalyst exposure to H2/O2 >1 (Total gas flow rate 5 ml/min, liquid flow 
rate 0.05 ml/min, aqueous phase 0.05M H2SO4 and 10 ppm bromide; total pressure 20 bar. 

b) a) 
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 Reaction is mass transfer limited if Rv,ov ≥ 10 kGSaGSCH2
sat  

The saturated concentration of H2 is considered limiting, since oxygen typically exerts an 
order of magnitude higher solubility than hydrogen. Calculated values of the mass transfer 
rates show that these are already more than an order of magnitude higher than highest 
observed overall volumetric reaction rates (at 50°C), indicating that external mass transfer 
is not the limiting step. 

To determine whether mass transfer limitations within the catalyst layer might be 
significant, the Wheeler –Weisz modulus was calculated: 

15.0
2,2

,
2

 sat
effH

coatingv

HCD
RL

 

Rv,coating represents the reaction rate per unit volume of the catalytic layer. For calculation of 
the effective diffusivity DH2,eff and DO2,eff typical values for porosity of coating layer of 0.4 and 
tortuosity value of 6 were used. The thickness of the catalyst layer L is estimated to be close 
to 2 µm. For the highest reaction rates observed in the above experiments, calculated values 
for Weisz modulus are Φ<0.15. According to Weisz-Prater criterion[46], this is a good 
indication that pore diffusion effects are absent and that the catalyst effectiveness η = 1.  

5.3.5. Hydrogenation kinetics 

Initially considering the reports related to the potential deactivation of the catalyst in the 
presence of higher H2O2 concentration observed in hydrogenation reaction by Voloshin et 
al.[9], the decision was made to evaluate kinetics of H2O2 hydrogenation in an autoclave 
using the initial rate method. 

A series of tests has been performed to determine the operating conditions in kinetically 
limited regime and to ensure absence of both external and internal mass transfer 
limitations. External mass transfer limitations were determined by variation in the stirring 
speed and catalyst amount or loading while keeping all the other parameters constant such 
as concentration of hydrogen peroxide and partial pressure of hydrogen. As the reaction 
rate remains unchanged at the stirring speed of 1600 rpms or higher for the upper range of 
H2 partial pressures and H2O2 concentrations, a stirrer speed of 1600 rpms was required to 
reduce the external mass transfer limitations.  
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Figure 5.6. Hydrogenation kinetics (a) Effect of the H2O2 concentration (at constant 
pH2=2bar) (b) Effect of hydrogen partial pressure (at constant H2O2 concentration of 0.25 
wt%). 

a) 

b) 
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The set of experiments carried out with different support particle sizes was used to 
investigate the presence of internal mass transfer limitations. The absence of the rate 
change with decreasing particle size indicates the absence of diffusion limitations. The 
internal mass transfer limitations were eliminated for support particle sizes in the range 
tested (≤72 µm). Results obtained in the kinetic experiments (Fig. 5.6) by varying hydrogen 
partial pressure while using the same starting peroxide concentration or using different 
initial peroxide concentrations at the same H2 partial pressure were fitted with the 
expression derived based on the mechanism proposed by Choudhary & Samanta[41] (Table 
5.1) assuming the surface reaction step as a rate determining (the rate is influenced both 
by hydrogen and peroxide concentration). This mechanism assumes a hydrogenation of an 
adsorbed peroxide species with a dissociated hydrogen species. The maximum partial 
pressure of hydrogen used is 2 bars, which corresponds to hydrogen concentration of 10 
vol% in the gas feed. 

Kinetic model H2 + ** = 2H* 

H2O2 + * = H2O2* 

H2O2* + 2H*= 2H2O+3H* 

3

2222
222222 











++
=

OHOHH2H2
HHOHOH CKPK1

1PKCkKR  

Kinetic 
parameters 

k (molg-1h-1) KH2(bar-1) KH2O2(mol dm-3) 

30°C 323 ( ±195*) 0.367 (±0.414*) 0.118 (±0.0323*) 

40°C 498 (±190*) 0.383 (±0.25*) 0.122 (±0.030*) 

50°C 1039 (±268*) 0.40 (±0.0.20*) 0.143 (±0.0165*) 

Activation energy 
and enthalpies of 

adsorption 

Ea (kJ/mol) ΔHKH2 (kJ/mol) ΔHKH2O2 (kJ/mol) 

44.3 (±8.5) 3.3 (±0.1) 7.1 (±3.3) 

* Parameter confidence intervals are computed using the inverse of Student's t cumulative distribution 
function. 

Table 5.1. Surface reaction mechanism describing hydrogen peroxide hydrogenation 
reaction with rate expression, values of kinetic constants fitted using non-linear regression 
analysis by minimizing the residual sum of squares with 95% confidence intervals and 
Arrhenius parameters. 
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The parameter values obtained after applying non-linear regression are presented in Table 
5.1, including 95% confidence intervals for parameter estimates. In addition, the values of 
activation energy and enthalpy of adsorption are determined assuming validity of Arrhenius 
relationship for kinetic parameters. Although the goodness of fit was comparable with the 
mechanism suggested by Choudhary & Samanta, the mechanism involving both hydrogen 
and hydrogen peroxide dissociation was disregarded taking into account that fitted values 
of hydrogen and oxygen adsorption coefficients showed a maximum and a minimum 
respectively at 40°C. 

5.3.6. Kinetics of direct formation reaction 

Kinetic data for the direct formation reaction is presented in Fig. 5.7. The oxygen conversion 
was monitored as a function of the hydrogen and oxygen partial pressure applied at 
differential conditions. The partial pressure of the limiting reactant was varied, while 
maintaining the pressure of the reactant in excess and at constant total pressure. The 
variation of the partial pressure is achieved by changing the flow rate of the limiting reactant 
using nitrogen as make-up gas, keeping the gas flow through microchannel constant. As 
discussed earlier, the direct formation of water from hydrogen and oxygen can be 
disregarded as a side reaction (H2 selectivity at high O2 and low H2 content is ~100%), 
meaning that all the oxygen is converted initially to hydrogen peroxide and further to water 
only in a consecutive hydrogenation step. For fitting the oxygen conversion rates, many 
expressions derived on the bases of L-H and E-R reaction mechanisms were considered. 
Most of the considered mechanisms in literature starting with the mechanism proposed by 
Pospelova et al. [47] in 1960 assume dissociation and spill-over of hydrogen on the catalyst 
surface to react with non-dissociatively adsorbed oxygen. Both one-site and two- catalytic 
site mechanisms were analyzed assuming reaction step as rate determining (see Appendix 
5B). Dissociative adsorption and “splitting” of hydrogen on the surface implies that there 
should be a square root dependence for the oxygen conversion rate on the hydrogen partial 
pressure. Although satisfactory fittings were obtained assuming different mechanisms 
involving hydrogen dissociation and migration over AuPd surfaces to react with oxygen 
adsorbed species, further analysis of activation energy and adsorption enthalpies indicates 
that the energy needed to dissociate H2 would be higher than the activation energy, which 
disagrees with the rate determining step assumption. Therefore, it was concluded that such 
a mechanism would be highly unlikely. XPS and CO adsorption analysis (Fig. 5.3a) performed 
to characterize the surface of our AuPd alloy nanoparticles revealed that Pd surface is highly 
diluted by Au. The DFT calculations on H2 adsorption and dissociation over Au-Pd alloy 
surfaces suggests that in the presence of neighboring Au atoms on Pd surface H2 spill-over 
is impossible [48]. The formation of Pd ensembles is crucial for dissociative adsorption of 
hydrogen, considering that Had is the most stable on Pd3 threefold hollow sites, less stable 
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on Pd2 bridge sites and least stable on Pd monomers [49]. Surface diffusion of H species 
between isolated Pd ensembles is inhibited considering the high energy of Had adsorbed on 
Au surface sites. This further implies that dissociative adsorption of H2 molecules is only 
possible if both H species can be stably adsorbed on the same Pd ensemble, in a way that 
hydrogen adsorption occurs pairwise [49]. TPD and STM imaging studies show that H2 uptake 
mainly occurs on Pd islands. In addition, the isotopic studies using deuterium/hydrogen 
exchange revealed that a small portion of the D2 is able to dissociate on the H-precovered 
Pd−Au surface [50] . It is believed that in similar fashion continuous Pd sites are responsible 
for dissociative adsorption of oxygen [24,50]. In case of the direct synthesis, this results in non-
selective formation of water. Therefore, it is widely accepted that “dilution” of Pd surface 
with Au is a cause of higher selectivities in the direct synthesis observed over Au-Pd catalysts 
in comparison to traditional Pd.  

Kinetic model H2 + ** = H**H                

O2 + ##= O2## 

H**H + O2##= H2O2+ **+ ## 

 

Kinetic 
parameters 

k (mol g-1h-1) KH2(bar-1) KO2(bar-1) 

30°C 13.8 (±2.9*) 0.0682 (±0.0149*) 0.0838 (±0.0164*) 

40°C 33.6 (±20.0*) 0.0908 (±0.0417*) 0.0507 (±0.0316*) 

50°C 62.9 (±26.3*) 0.1404 (±0.0325*) 0.0336 (±0.0169*) 

Pre-exponential 
factor  

5.3*1011  7.3*103 3.2*10-8 

Activation energy 
and enthalpies of 
adsorption 

Ea (kJ/mol) ΔHKH2 (kJ/mol) ΔHKH2O2 (kJ/mol) 

61.9 (±5.8) 23.9 (±4.6) -39.7(±1.6) 
 

*Parameter confidence intervals are computed using the inverse of Student's t cumulative distribution 

function. 

Table 5.2. Surface reaction mechanism describing the hydrogen peroxide direct formation 
reaction with the best fitted rate expression, values of kinetic constants fitted using non- 
linear regression analysis by minimizing the residual sum of squares with 95% confidence 
intervals and Arrhenius parameter. 












)1)(1(

1

2222
2222

OOHH
OOHH PKPK
PKPkKR



Chapter 5 

113 

 

0 2 4 6 8 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

O
2 c

on
ve

rs
io

n 
ra

te
 (m

m
ol

/h
)

O2 partial pressure (bar)

 30C,measured
 30C,predicted
 40C,measured
 40C,predicted
 50C,measured
 50C,predicted

 

0 2 4 6 8 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

O
2 c

on
ve

rs
io

n 
ra

te
 (m

m
ol

/h
)

H2 partial pressure (bar)

 30C,measured
 30C,predicted
 40C,measured
 40C,predicted
 50C,measured
 50C,predicted

 
Figure 5.7. Kinetics of hydrogen peroxide direct formation reaction (a) Effect of the O2 
partial pressure at constant pH2=10 bar (b) Effect of H2 partial pressure at constant pO2 =10 
bar (total gas flow rate 5 ml/min, total pressure 20 bar, aqueous phase (0.05 M H2SO4 +10 
ppm NaBr) at flow rate 0.05 ml/min). 
 

a) 

b) 
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The kinetic data presented in Fig. 5.7.are fitted with the proposed mechanism, which 
assumes the dissociative adsorption of H2 without spill-over on the catalyst surface on one 
type of catalytic sites and non-dissociative adsorption of O2 on different type of active site. 
It is believed that two metal surface atoms in contact (associated surface atoms) are 
involved in each adsorption step. Those two neighbouring sites represent one type of active 
site, since they are in close proximity. The positive enthalpy of adsorption for H2 indicates 
that the process involves the dissociation of the hydrogen bond and formation of a Had 
species pairwise on two neighbouring surface atoms, which are accounted for as one active 
site. However those two hydrogen atoms are unable to spill over the surface in a random 
fashion in order to further react with O-O species, meaning that reaction rate is not 
inversely proportional to square route of hydrogen partial pressure. The positive enthalpy 
of adsorption in case of hydrogen is accompanied by the positive entropy change (∆S=74 
J/molK). In cases of dissociative chemisorption, adsorption may be characterized by an 
increase in the translational freedom of the molecule and a positive entropy change. In 
contrast oxygen adsorption results in restriction in the translational freedom and a negative 
entropy change (∆S=144 J/molK). 
The pairwise hydrogen dissociation mechanism indicated as is indicated by the good 
agreement with the experimentally collected kinetic data is in agreement with the 
conclusion made by Takehiro et al. [49] on hydrogen dissociation on AuPd surfaces. The 
enthalpy of adsorption is also influenced by the surface coverage i.e. at low surface 
coverage species adsorbing are attracted to the surface stabilizing it, however at high 
surface coverage molecules approaching to the surface repel each other leading to 
higher/positive enthalpy of adsorption (endothermic) [51].  
 
In comparison to two-site L-H mechanism, non-linear regression analysis performed 
assuming only one type of active sites for hydrogen and oxygen adsorption on the catalyst 
surface does not a give satisfactory fitting (R2). 
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Figure 5.8. Influence of hydrogen and oxygen partial pressures on the hydrogen peroxide 
concentration at the reactor outlet (a) at constant pO2=10 bar (b) at constant pH2 =10 bar 
(total gas flow rate 5 ml/min, total pressure 20 bar, aqueous phase (0.05 M H2SO4 +10 ppm 
NaBr) at flow rate 0.05 ml/min). 

b) 

a) 
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5.3.7. Hydrogen peroxide concentration –the validation of kinetic expressions 

The concentration of hydrogen peroxide as an intermediate product was monitored at the 
reactor outlet during the direct synthesis experiments performed at 30, 40 and 50°C while 
varying the reactant partial pressures. 

Fig. 5.8 shows the peroxide concentrations determined experimentally and the peroxide 
concentrations predicted by the overall kinetic model applying the kinetic rate expressions 
derived for direct formation and hydrogenation reaction. From Fig. 5.8a it can be concluded 
that a good agreement exists between the observed and predicted peroxide concentration 
values. The higher degree of disagreement between the experimental and predicted values 
is the most evident at high hydrogen partial pressure at 50°C (9-10 bar), however somewhat 
higher hydrogenation rates than expected by the model are observed also at lower 
temperatures (Fig. 5.8b) for a high hydrogen partial pressure. The peroxide concentration 
observed at the microchannel outlet is lower than predicted by kinetics.  

The cause for this mismatch cannot be associated with the catalyst oxidation state under 
specific reactive conditions and corresponding activity. Typically the reaction was operated 
alternating high H2 and O2 partial pressures, using a 1:1 H2 to O2 ratio between the 
measurements as a reference gas mixture to avoid over-oxidation or over-reduction of the 
catalyst. 

Kinetic data for the hydrogenation reaction were collected at 20, 30 and 40 °C at H2 partial 
pressures up to 2 bar, which might result in the deviations observed at the H2 partial 
pressure of 10 bar applied in direct synthesis of hydrogen peroxide in the microchannel 
reactor. The values of the reaction rate constants as well as adsorption constants for 
hydrogenation reaction at 50°C are extrapolated using Arrhenius plots from the those 
values obtained for lower H2 partial pressures at lower temperature.   

Therefore, the error in one of parameter estimates might lead to the observed level of 
discrepancy between predicted and measured data at 50°C. In addition, it is likely that at 
higher H2 partial pressures and higher temperature reaction, the trace impurities present in 
the liquid phase, in the reactor material or downstream set-up parts are able to catalyze 
peroxide reduction to water, leading to lower peroxide concentration than expected based 
on the model prediction. 

5.4. Conclusions 

In this work, the expressions obtained in fitting separately reactions of direct formation of 
peroxide and peroxide reduction in the presence of hydrogen were combined to obtain the 
overall kinetic model suitable to predict peroxide concentration at the reactor outlet. The 
direct synthesis reaction is performed over Au-Pd nanoparticles prepared using two-phase 
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synthesis protocol. Catalyst characterization revealed that the surface of those 
nanoparticles consist of a mixture of Au and Pd atoms, resulting in unique catalytic 
properties. CO adsorption experiments confirmed absence of Pd-Pd indicating strong 
interaction of Au with Pd. The rate of direct water formation from hydrogen and oxygen 
was a priori neglected, considering that observed H2 selectivity in direct synthesis at high 
oxygen partial pressures was 100% in our previous study. The decomposition reaction was 
eliminated by the addition of sulfuric acid. Addition of acid is generally practiced in direct 
synthesis of hydrogen peroxide as well as in conventional AO process not only for 
preventing the decomposition catalyzed by the catalyst itself, but also hindering the 
decomposition caused by equipment material. As established by the kinetic model, direct 
formation of hydrogen peroxide from hydrogen and oxygen seems to involve hydrogen 
adsorption, dissociation, but not spill-over of H-species over the AuPd surface. It is most 
likely that reaction occurs between non-dissociated oxygen and hydrogen species adsorbed 
pairwise as suggested by several studies on hydrogen adsorption over AuPd surfaces [48,49]. 
The comparison of our results with kinetic studies earlier published for Pd catalysts [10] on 
direct formation of hydrogen peroxide indicate entirely different surface reaction 
mechanism on AuPd surfaces in comparison to Pd catalyst, ascribed to difference in surface 
properties of the two type of catalysts. The peroxide concentration values predicted with 
an overall model and experimentally measured are in acceptably good agreement. A 
somewhat larger discrepancy between the model and experiments in comparison to overall 
data is observed at high H2 partial pressures at 50°C. This can be ascribed to the 
extrapolation of hydrogenation rate constants or presence of impurities able to catalyze 
peroxide reduction. 

 

 

 

 

 

 

 

 

 

 



  Kinetic study 

118 

 

Appendix 5A: Derivation of L-H kinetic expressions for hydrogenation of hydrogen 
peroxide 

Mechanism Proposed by Choudhary and Samanta [41]: 

 

 

 

 

 

              Reaction 1      Reaction 2           Site Balance 

r1 = r−1 r2 = r−2 1 = θ����  + θ�� + θ∗ 

k1PH2θ∗² = k−1θH
² k2CH2O2

θ∗ = k−2θH2O2
∗ 1 = θ∗ + �K��P��θ∗ + K����C����θ∗ 

 

θH
² = KH2

PH2
θ∗² θH2O2

∗ = KH2O2
CH2O2

θ∗ θ∗ =
1

1 + �KH2
PH2

+ KH2O2
CH2O2

 
 

Reaction 3 

This is the rate determining step 

r3 = k3θH2
∗2

θH2O2
  

�� =
�� �����

�����
���

���

(� + ����
���

+ �����
�����

)
� 

 

Mechanism involving both hydrogen and hydrogen peroxide dissociation: 

Reaction 1            H� + 2∗ ↔ 2H∗ 

Reaction 2             H�O� + 2∗ ↔ 2OH∗ 

Reaction 1        H� + 2∗ ↔ 2H∗ 

Reaction 2        H�O� + ∗ ↔  H�O�
∗ 

Reaction 3         2H∗  +  H�O�
∗  →       2H�O + 3∗ 
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Reaction 3             H∗ + OH∗ → H�O + 2∗                    

 

              Reaction 1   Reaction 2     Site Balance 

r� = r�� r� = r�� 1 = θ��  + θ� + θ∗ 

k�P��θ∗² = k��θ�
² k�C����θ∗� = k��θ��

� 1 = θ∗ + �K��P��θ∗ + �K����C����θ∗ 

 

θ�
² = K��P��θ∗²  θ��

� = K����C����θ∗² θ∗ =
1

1 + �K��P�� + �K����C���� 
 

Reaction 3 

This is the rate determining step 

r� = k�θ� θ��  

�� =
��(����������������)�/�

(� + ������� + �����������)� 

 

Appendix 5B: Derivation of main L-H kinetic rate expressions for direct formation reaction 

Mechanism 1: Non-dissociative adsorption of oxygen with dissociative adsorption of 
hydrogen on single type of active site 

Reaction 1            H� + 2∗ ↔ 2H∗ 

 Reaction2             O� +  ∗  ↔ O�
∗ 

Reaction3             2H∗ + O�
∗ → H�O� + 3∗                    

 

              Reaction 1   Reaction 2         Site Balance 

r� = r�� r� = r�� 1 = θ��  + θ� + θ∗ 
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k��P��θ∗² = k���θ�
² k��P��θ∗ = k���θ��

∗ 1 = θ∗ + �K��P��θ∗ + K��P��θ∗ 

 

θ�
² = K��P��θ∗² θ��

∗ = K��P��θ∗ θ∗ =
1

1 + �K��P�� + K��P�� 
 

Reaction 3- the rate determining step 

r� = k�θ�
∗�

θ��  

�� =
�� ������������

(� + ������� + ������)� 

 

Mechanism 2: Non-dissociative adsorption of oxygen with dissociative adsorption of 
hydrogen on two different types of active sites 

Reaction 1            H� + 2∗ ↔ 2H∗ 

 Reaction 2             O� +  #  ↔ O�
# 

 Reaction 3             2H∗ + O�
# → H�O� + 2∗ +  #                     

 

                Reaction 1      Reaction 2         Site Balance(s) 

r� = r�� r� = r�� 1 = θ� + θ∗ and 1 = θ��
# + θ# 

k��P��θ∗² = k���θ�
² k��P��θ# = k���θ��

#                 1 = θ∗ + �K��P��θ∗and  

1 = θ# + K��P��θ# 

 

 

θ�
² = K��P��θ∗² θ��

# = K��P��θ# θ∗ =
1

1 + �K��P�� 
  

θ# =
1

(1 + K��P��) 
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Reaction 3-rate determining step 

r� = k�θ�
∗�

θ��
#  

�� =
�� ������������

(� + +������)(� + ���� ���)� 

 

Mechanism 3: Non-dissociative adsorption of oxygen on two active sites with dissociative 
adsorption of hydrogen (single type of active site) 

Reaction 1            H� + 2∗ ↔ 2H∗ 

 Reaction 2             O� + 2 ∗  ↔ O�
∗∗ 

 Reaction 3             2H∗ + O�
∗∗ → H�O� + 4∗                    

 

              Reaction 1            Reaction 2                     Site Balance 

r� = r�� r� = r�� 1 = 2θ��  + θ� + θ∗ 

k��P��θ∗² = k���θ�∗
²  k��P��θ∗� = k���θ��

∗∗ 1 = θ∗ + �K��P��θ∗ + 2K��P��θ∗� 

 

θ�
² = K��P��θ∗² θ��

∗ = K��P��θ∗ θ∗

=
−(1 + �K��P��) ± ���1 + �K��P����

�
+ 8K��P��

4K��P��

  

Reaction 3-rate determining step 

r� = k�θ�
∗�

θ��
∗∗  
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Mechanism 4: Non-dissociative adsorption of oxygen on two active sites with dissociative 
adsorption of hydrogen (two different types of active site) 

Reaction 1            H� + 2∗ ↔ 2H∗ 

Reaction 2             O� + 2 #  ↔ O�
## 

Reaction 3             2H∗ + O�
## → H�O� + 2∗ + 2 #                    

 

                Reaction 1        Reaction 2           Site Balance 

r� = r�� r� = r�� 1 = θ� + θ∗ and 1 = 2θ��
## + θ# 

k��P��θ∗² = k���θ�
² k��P��θ#� = k���θ��

## 1 = θ∗ + �K��P��θ∗and  

1 = θ# + 2K��P��θ#� 

θ∗ =
1

1 + �K��P�� 
 

θ�
² = K��P��θ∗² θ��

## = K��P��θ#2
 θ# =

−1 ± �1 + 8KO2PO2

4KO2PO2

 

  

Reaction 3-rate determining step 

r� = k�θ�
∗�

θ��
##  

�� = �� ������������ �
�

� + ���� ��� 
�

�

�
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Mechanism 5: Non-dissociative adsorption of oxygen on two neighbouring active sites 
with dissociative adsorption of hydrogen (two different types of active sites for H2 and O2 
adsorption) 

Reaction 1            H� + 2∗ ↔ 2H∗ 

 Reaction 2             O� +  ##  ↔ O�
## 

Reaction 3             2H∗ + O�
## → H�O� + 2∗ +  ##                   

 

                Reaction 1      Reaction 2        Site Balance(s) 

r� = r�� r� = r�� 1 = θ� + θ∗ and 1 = θ��
## + θ## 

k��P��θ∗² = k���θ�
² k��P��θ## = k���θ��

##                1 = θ∗ + �K��P��θ∗and  

1 = θ## + K��P��θ## 

 

 

θ�
² = K��P��θ∗² θ��

## = K��P��θ## θ∗ =
1

�1 + �K��P��)��   

θ## =
1

(1 + K��P��) 
 

 

  

Reaction 3-rate determining step 

r� = k�θ�
∗�

θ��
##  

�� =
�� ������������

(� + +������)(� + ���� ���)� 
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Mechanism 6: Non-dissociative adsorption of oxygen on two neighbouring active sites 
with pairwise dissociative adsorption of hydrogen on two neighbouring active sites (two 
different types of active sites for H2 and O2 adsorption) 

Reaction 1            H� +  ∗∗ ↔ H∗∗H 

Reaction 2             O� +  ##  ↔ O�
## 

Reaction 3             H∗∗H + O�
## → H�O� +  ∗∗ +  ##                   

 

              Reaction 1  Reaction 2    Site Balance(s) 

r� = r�� r� = r�� 1 = θ��∗∗ + θ∗∗ and 1 = θ��
## + θ## 

k��P��θ∗² = k���θ�
² k��P��θ## = k���θ��

##                  1 = θ∗∗ + K��P��θ∗∗and  

1 = θ## + K��P��θ##  

 

 

θ�
² = K��P��θ∗² θ��

## = K��P��θ## θ∗∗ =
1

�1 + K��P��
�

   

θ## =
1

(1 + K��P��) 
 

Reaction 3-rate determining step 

r� = k�θ��∗∗θ��
##  

�� =
�� ������������

(� + ������)(� + ������ )
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ABSTRACT  

The direct synthesis is a realized highly attractive novel green route for hydrogen peroxide 
production. This reaction is performed as a three-phase reaction, which besides solid 
catalyst and gas reactants involves a liquid phase to collect hydrogen peroxide formed 
from the catalyst surface. The choice of solvent and/or addition of promoters has a 
significant effect on the reaction rates observed as well as selectivity towards peroxide. 
Besides water, as the greenest solvent, short chain alcohols are very attractive due to 
good solubility of reacting gases. Here we report an extensive study on the influence that 
different groups of solvents have on the direct synthesis reaction when applied alone or as 
a co-solvent under non-explosive and conventionally explosive reaction conditions. 

 6.1. Introduction 

Hydrogen peroxide is one of the most important chemicals produced worldwide with a 
market of around 3000 kt/year constituting to 12-15% of global chemical revenues. It is 
mainly consumed in paper and pulp industry as a bleaching agent, as a disinfectant in 

Direct synthesis of H2O2 
over Au-Pd catalyst- Effect 
of co-solvent addition 
This chapter is accepted for publication as: 

V. Paunovic, V. Ordomsky, V. Sushkevich, J. C. Schouten, T. A. Nijhuis, Direct 
synthesis of hydrogen peroxide over Au-Pd catalyst- Effect of co-solvent 
addition. ChemCatChem, 2015, 7, 1161. 
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pharmaceutical and cosmetic industry, oxidant in water treatment or selective oxidant in 
chemical synthesis [1,2]. The state of the art process to produce hydrogen peroxide is a 
two-stage cyclical anthraquinone auto-oxidation process (AO), which involves the 
hydrogenation of an anthraquionone working solution over a hydrogenation catalyst and 
thereafter the oxidation of the anthraquinone working solution giving the hydrogen 
peroxide in the organic phase containing the anthraquinone. The major disadvantages of 
the AO process are its complexity and the waste generation caused by accumulation of 
permanently hydrogenated alkylanthraquinone products hydroanthrahydroquinones, 
oxanthrones and anthrones[3]. For these reasons, in order to be economically viable, the 
process needs to run on a large scale of at least 40kt/year for each production unit. The 
world’s largest plants situated in Antwerp and Thailand are designed to produce 230 and 
330 kt/year of hydrogen peroxide respectively. Besides the complexity of such a large 
scale process, the transportation of concentrated peroxide solutions to the customer sites 
requires special precautions related to safety. For safe handling, the concentration of 
hydrogen peroxide is lowered to 50 wt% in water, while 70 wt% is used if transported over 
the large distances due to reduction of transportation costs. Eventually, the various 
application of hydrogen peroxide on the customer site requires a concentration in a range 
of 1-10 wt%.  

The direct synthesis of hydrogen peroxide in a single catalytic reactor from hydrogen and 
oxygen is a green alternative for the current Anthraquinone autoxidation (AO) process. 
The major challenges associated with the direct synthesis of hydrogen peroxide (DS) are 
the explosiveness of the hydrogen-oxygen mixtures over a very wide range of 
concentrations (4-96%) and the selectivity towards hydrogen peroxide as the desired 
product. To achieve a high selectivity towards peroxide, it is necessary to design a catalyst 
that favours the direct synthesis reaction over the thermodynamically favoured direct 
formation of water from H2 and O2. In addition, the catalyst should catalyse as little as 
possible the further transformation of the hydrogen peroxide to water through a 
hydrogenation or a decomposition reaction. A major step forward made in this direction 
was the introduction of alloyed noble metal catalysts. It has been shown that addition of 
Au to Pd leads to a significant enhancement in the selectivity compared to Pd catalysts 
only [4], which is most often attributed to a reduction in the O-O bond dissociation on the 
catalytic surface. Nevertheless, the effect of gold is not fully understood yet. 
Unfortunately, depending on the type of support, Au-Pd catalysts might show the 
tendency to enhance hydrogenation of hydrogen peroxide as well [5]. 

The direct synthesis is a three-phase process which involves a H2-O2 mixture as gas-phase, 
a solvent and the solid catalyst phase. The role of the liquid phase used is to collect and 
solubilize the hydrogen peroxide formed, since pure hydrogen peroxide is highly unstable 
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and decomposes to water and oxygen. Besides water, short chain alcohols or mixtures of 
alcohols and water are typically used in the direct synthesis as a liquid phase. In a recent 
review on direct synthesis, the authors [6] discuss the cost analysis/economics of the AO 
and the DS process, concluding that the DS process can compete with the AO process only 
if it is able to reduce CAPEX by avoiding the typically applied concentration steps in the AO 
process (extraction, distillation) and produce hydrogen peroxide solutions directly in a 
concentrations required for further applications. It was estimated that the H2O2 
concentration required would be 15 wt% of H2O2 in case of aqueous solutions and 9 wt% 
for methanol/alcohol solutions. They further emphasize that the reactor technology needs 
to provide high conversions (>99%) with a selectivity over 20 %. In our previous 
publication [7], we have shown that an increase in the hydrogen peroxide concentration in 
a microreactor system from 0.8 to approximately 5 wt % leads to a tremendous selectivity 
drop (down to 20 %), which leads to the conclusion that the in-situ consumption of 
peroxide produced is highly desired in order to prevent consumption of peroxide through 
hydrogenation and/or decomposition and maintain selectivity values high. On the other 
hand, it can also be argued that if one designs a direct synthesis process in which the 
hydrogen peroxide concentration produced in the reactor is lower (say about 1 wt%) at 
much higher selectivities, one can afford to add concentration steps to the process and 
still be competitive with the AO process. The overall economics will very much depend on 
the needs of the application. For applications requiring a low peroxide concentration 
aiming for a DS process producing high concentrations at the expense of selectivity does 
not make much sense. For this reason, in our research we focus primarily on obtaining the 
highest possible peroxide selectivities and have a high peroxide concentration only as the 
secondary objective. 

Water is most often applied as a solvent in direct synthesis considering that it is non-
flammable and non-toxic, allowing the safest operation. However, it has been reported 
that organic solvents such as methanol, ethanol or acetone show far better performance 
in direct synthesis[8,9]. The low solubility of reacting gasses in the water phase in 
comparison to organic media is most often emphasized as the motivation to employ 
alcohols as solvents or co-solvents in the direct synthesis [10–12]. Krishnan et al. ascribed the 
higher concentration of H2O2 in acetone or methanol compared to water to a higher mass 
transfer mainly on the gas-liquid interface, which they identify as the rate determining 
step [8]. In addition, they show a strong positive halide effect on the direct synthesis only in 
the case of synthesis in an aqueous phase in contrast to organic solvents. Addition of 
toluene or hexane, solvents which are known to increase the solubility of the reactants in 
the liquid phase, proved not to be efficient in the direct synthesis reaction despite high 
conversions achieved [9] ,due to poor selectivity. The authors explained that the cause of 
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the poor catalytic performance lies in the inability of those water non-miscible solvents to 
wet the hydrophilic catalyst surface. Poor wettability of the catalyst with the organic 
phase limits the benefits of a high hydrogen concentration in the organic phase. 
Application of a hydrophobic instead of a hydrophilic support would allow an efficient 
contact of the catalyst with the water immiscible solvent, however the problem that might 
arise is associated with promoters soluble in the aqueous phase and as such unable to 
reach the catalyst and stabilize the peroxide formed on the catalyst surface. In general, 
water miscible solvents such as different alcohols and acetone are identified as effective 
solvents for the direct synthesis in several industrial patents[13][14]. Alcohols are suitable 
solvents for the direct synthesis from the aspect of on-site application in epoxidation 
reactions as well[13]. In general, besides for epoxidations, hydrogen peroxide can also be 
used as an oxidant in a number of oxidation reactions involving different organic 
substrates, often water non-soluble. Considering the scenario which involves its in-situ or 
on-site application, it is clear that hydrogen peroxide should be preferably produced in a 
desired organic solvent for its consecutive usage instead of aqueous phase. Here we 
report the study on the influence of the solvent on the direct synthesis reaction 
performed using bimetallic Au-Pd catalysts both in a slurry reactor and in a wall-coated 
microchannel. 

6.2. Materials and Methods 

6.2.1. Catalyst preparation 

For testing the effect of solvent on the direct synthesis of hydrogen peroxide in a slurry 
reactor, hydrophobic carbon or silica (Davisil) support were functionalized with an active 
Au-Pd metallic species by impregnating the support with stabilized Au-Pd (1:2), Pd or Au 
colloidal nanoparticles prepared using a two-phase synthesis method. For microchannel 
experiments, the silica wash-coat layer was embedded with the same type of active 
metallic species.  

The metal precursors used in catalyst preparation were HAuCl4 and K2PdCl4. Their 
concentrations were adjusted to give approximately 5 wt% total loading of Au, Pd or 
bimetallic Au-Pd in a given molar ratio with respect to a support used (carbon, silica, SiO2 
wash-coat material). Those compounds were dissolved in the aqueous phase separately. 
Tetrachloropalladate and tetrachloroaurate ions from water were extracted with 
dichloromethane by means of tetraoctylammonium chloride as a phase transfer agent. 
Separated organic phases containing gold and palladium precursors in case of bimetallic 
nanoparticles were mixed together and reduced using NaBH4. The phase transfer agent 
provides in addition stabilization of nanoparticles formed in the organic phase. To ensure 
complete reduction, excess of NaBH4 was used. After colloidal nanoparticles had been 
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generated in the organic solvent, the aqueous and organic phase are separated, followed 
by additional washing of the organic phase. The exact protocol used for the synthesis of 
colloidal Au-Pd nanoparticles is known in literature as a two-phase synthesis of 
nanoparticles [48]. This type of colloidal nanoparticles with a Au:Pd ratio of 1:2 proved to 
be both, most active and most selective when tested in the direct synthesis reaction [35]. 
Pre-formed Au-Pd colloidal nanoparticles are supported on carbon or silica support. In 
case of a powder catalyst, support material was impregnated with a suspension of 
nanoparticles. In case of the microchannel, the channel initially coated with a silica layer, 
was filled with a nanoparticle suspension followed by evaporation of the solvent. After 
solvent removal, both types of the prepared supported catalyst (wash-coated silica layer 
or powder) were additionally dried and calcined at 380 °C in static air. More details on the 
microchannel wash-coating procedure is given in our previous publication [35] 

6.2.2. Catalyst characterization 

Supported Au, Pd and Au-Pd catalysts were characterized using X-ray photoelectron 
spectroscopy (XPS) and FTIR adsorption of CO, CD3CN and CH3OH. To understand the 
surface composition of Au, Pd and Au-Pd catalysts supported on C or SiO2, XPS was used. 
The characterization has been performed ex-situ on freshly prepared catalyst. The powder 
samples were supported on conductive carbon type. The spectra were recorded using a 
Thermo Scientific K-Alpha spectrometer with monochromatic Al Kα sources. Analysis and 
quantification of the measured data was performed using CasaXPS software. 

IR spectra were recorded with a Nicolet Protégé 380 FT-IR spectrometer with a 4 cm-1 
optical resolution. Prior to the measurements, the catalysts were pressed in self-
supporting discs and activated in the IR cell attached to a vacuum line at 523 K for 4h. 
Adsorption of CO was carried out in a low-temperature cell at 100 K. In the experiments of 
acetonitrile adsorption, deuterated CD3CN was dosed to the cell with a catalyst sample at 
298 K to attain the pressure of 1 torr, afterwards the physisorbed molecules were 
desorbed at 298 K for 40 min. Methanol was adsorbed in the same way with subsequent 
evacuation with an increase of the temperature. The pressure was measured by a Barocell 
gauge. Difference spectra were obtained by the subtraction of the spectra of the activated 
catalyst samples from the spectra of the samples with adsorbate. The subtraction was 
carried out using OMNIC 7.3 package 

6.2.3. Direct synthesis of hydrogen peroxide and peroxide decomposition experiments  

The direct synthesis reaction in the presence of an organic co-solvent was investigated 
using both a titanium Gr2 300 ml autoclave and a wash-coated microchannel reactor. The 
autoclave experiments were operated as half batch, i.e. as batch for the liquid phase with 
a continuous gas flow. The gas mixture used in these experiments contained 4 vol% of H2 
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and O2 in nitrogen as an inert and was fed by means of mass flow controllers. The 
autoclave is equipped with an overhead stirrer which provides stirring in a range of 0-3000 
rpms. Typically a stirring rate of 1300 rpms was used. Typically, 125 ml of the liquid phase 
containing catalyst, promoters (H2SO4 and NaBr) and water or a water/co-solvent mixture 
was charged in the autoclave. Gas is supplied to the liquid phase through the stirrer shaft 
at a total flow rate of 500 ml/min. After charging the liquid phase, the autoclave is 
normally purged with N2 before starting pressurization with the reaction gas mixture. In 
case of the microchannel experiments, the reactor is operated using pure hydrogen and 
oxygen mixtures at a 1:1 ratio. The catalyst was deposited in the form of a thin catalytic 
film on the reactor wall (320 µm in diameter fused silica capillary). The diameter of 
capillary is carefully chosen taking into account safety considerations, which were 
discussed in our previous publications [7,35] To additionally minimize the hydrogen peroxide 
decomposition, sulphuric acid was added to the liquid phase (0.05 M) if not stated 
differently. Acids such as sulfuric or phosphoric decelerate base-catalyzed decomposition 
of peroxide, while bromide ions even at very low concentrations poison catalytic sites that 
promote O2 dissociation and direct formation of water [11,49].  

Temperature control of the slurry reactor is achieved using a heating jacket, while the 
catalytic capillary was placed in a thermostated water bath. The desired gas flow rates 
were controlled using mass flow controllers. In order to maintain a constant pressure at 
20 bar, a back pressure regulator was used in both systems at the gas outlet just before 
the GC. Since in some of the experiments conventionally explosive H2/O2 mixtures were 
used in the microchannel, for this reactor the gas is diluted with N2 at the capillary outlet 
to stay below the explosive H2 and O2 concentrations avoiding any safety risks. The flow 
pattern typically observed in a microchannel was segmented gas-liquid flow (Taylor slug 
flow). Gas samples were analysed online using GCs equipped with TCD detector. Liquid 
samples were collected manually at the liquid sampling point and immediately titrated 
with a standard solution of cerium (IV) sulphate to a blue end-point. Typically, 2-3 drops of 
ferroin indicator are added to the ice cold solution of sulphuric acid (1:19 v/v) and titrated 
dropwise to pale blue color prior sample addition. Upon addition of a weighed sample the 
solution turns red. The solution is stirred during the course of titration. A cerium sulphate 
standard solution is added to the blue end point appearance.  

Decomposition experiments performed with hydrogen peroxide were done in the titanium 
autoclave, the same which was used in direct synthesis experiments. After introduction of 
the liquid phase with the catalyst suspended, the reactor was purged with N2 gas and 
thermostated at the desired temperature. The reaction was started upon H2O2 addition to 
the liquid phase. When testing the decomposition kinetics in water over the Au-Pd/C 
catalyst, with or without co-solvent (acetonitrile and methanol) added, no promoters 
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were added to the liquid phase. Although the titanium grade 2 material of the autoclave 
should be inert towards hydrogen peroxide, decomposition of hydrogen peroxide in pure 
water phase was still observed. The decomposition was most probably caused by reactor 
material or impurities. In order to quantify the decomposition caused by material itself, 
blank experiments were done in addition to decomposition experiments with a Au-Pd 
supported catalyst. Typically, an amount of catalyst used in kinetic experiments was 
0.025g. 

6.3. Results and Discussion 

6.3.1. Catalyst characterization  

In order to determine the surface composition of the calcined Au-Pd, Pd and Au catalysts, 
XPS analysis was performed. The analysis revealed the presence of a PdO phase in the Au-
Pd catalysts, both supported on carbon and on silica, while the surface of the catalysts 
prepared by support impregnation with Pd colloidal nanoparticles after calcination 
consisted purely of PdO. It is also evident that Au-Pd nanoparticles are alloys (Table 1). 
The surface composition of carbon supported nanoparticles shows a higher Au content in 
comparison to the silica supported catalyst, and a lower PdO content. 

6.3.2. Direct synthesis of hydrogen peroxide in presence of a co-solvent 

Considering the negative effect that the consecutive hydrogenation and decomposition 
reactions have on the hydrogen peroxide yield, theinitial strategy to improve the reactor 
performance was to carry out the direct synthesis reaction in a two-phase liquid medium, 
with the catalyst suspended in a water non-miscible phase and hydrogen peroxide 
extracted to the aqueous phase during the course of reaction. Au-Pd bimetallic 

Catalyst Au/Pd surface ratio PdO content, % 

Au-Pd (1:2)/C 0.48 66 

Pd/C 0 100 

Au/C 1 0 

Au-Pd (1:2)/SiO2 0.38 74.7 

Pd/SiO2 0 100 

Au/SiO2 1 0 
 

Table 6.1. Surface composition of Au-Pd, Pd and Au catalysts determined by XPS analysis 
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nanoparticles were supported on hydrophobic carbon in order to ensure that the catalyst 
remains suspended only in organic solvent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Effect of co-solvent addition in direct synthesis of hydrogen peroxide over Au-
Pd catalyst supported on hydrophobic carbon in (a) water non-miscible co-solvents (b) 
water miscible protic solvents (c) water miscible aprotic solvents (d) conversion vs. 
selectivity relationship with for liquid phase containing methanol as a co-solvent (gas 
phase: 4 vol% of H2 and O2, total gas flow rate 50 ml/min; p=20 bar, T=30 °C, liquid phase: 
water, 0.05 M H2SO4, 9 ppm NaBr, 20 vol% organic co-solvent, stirring speed 1300 rpms). 

 

The hydrogen peroxide generated during the course of reaction would be repelled from 
the hydrophobic support and transferred to the water phase, thus its consecutive 
decomposition and/or hydrogenation on the catalyst surface would be disabled. The 
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solubility of H2 and O2 is often higher in organic solvents, such as hexane, in comparison to 
water, allowing the higher hydrogen conversion, reaction rates or hydrogen peroxide 
yields. A range of solvents with different polarities and miscibility with water were tested 
as a co-solvent in the direct synthesis reaction. Typically the reaction mixture contained 20 
vol% of organic solvent. 

Fig. 6.1. displays the initial conversion against selectivity relationship and productivities 
achieved with a Au-Pd bimetallic catalyst supported on hydrophobic carbon in an aqueous 
phase or a mixture of aqueous phase and different co-solvents, including water non-
miscible (Fig. 6.1a), water miscible protic (Fig. 6.1b) and aprotic (Fig. 6.1c) solvents under 
identical operating conditions. With water non-miscible solvents added to the aqueous 
phase, two-phases are present in the liquid medium. The catalyst, since it is supported on 
hydrophobic carbon, is in that case suspended in the organic phase solely. It is clear from 
the results shown that the H2 conversion in water non-miscible solvents MIBK, chloroform 
and hexane is somewhat higher than in the aqueous phase, but opposite to our 
expectations, the catalyst performance in terms of selectivity is rather poor. Among the 
given water non-miscible solvents, H2 solubility is highest in hexane (molar fraction of H2-
XA,H2=0.000699 at 1 atm), almost 3 times higher than in chloroform or 4.5 times higher 
than in 1-pentanol. Nevertheless, the selectivity is significantly lower compared to other 
two water non-miscible solvents, although H2 conversion is only slightly higher. A similar 
observation with addition of hexane as a co-solvent was made by Burch et al. [9], although 
a hydrophilic catalyst was used. The low selectivity, in this case, could have been a 
consequence of a poor contact of the aqueous phase with the catalyst and the organic 
phase in general due to low miscibility with water. The extraction of hydrogen peroxide 
formed during the course of reaction from the organic to the water phase is evidently 
rather poor. In addition, acid added to the liquid phase is not able to reach the peroxide in 
the organic phase and stabilize it against decomposition on the catalyst surface. If the 
productivity, H2 conversion and selectivity towards H2O2 are plotted for water non-
miscible or partially miscible co-solvents against H2 solubility in pure solvent and solvent 
solubility in aqueous phase, the following trends are observed (Fig. 6.2); The co-solvent 
with the highest solubility in water (1-butanol) and low H2 solubility shows the highest 
productivity at relatively high conversions with still relatively high selectivity. In contrast, 
the addition of a co-solvent which exerts a high H2 solubility with a low solubility in water 
results in a low selectivity and a productivity at moderate hydrogen conversions.  
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Figure 6.2. a) H2 conversion, b)H2O2 selectivity and c)productivity vs. H2 solubility in pure 
co-solvent and co-solvent solubility in water (gas phase: 4 vol% of H2 and O2, total gas 
flow rate 500 ml/min; p=20 bar, T=30 °C, liquid phase: water, 0.05 M H2SO4, 9 ppm NaBr, 
20 vol% organic co-solvent water non-miscible and partially miscible, hydrophobic Au-
Pd/C; stirring speed 1300 rpms). 

Despite the expectations, experimental results given here indicate that in order to achieve 
higher rates of hydrogen peroxide formation it is necessary for the co-solvent to be water 
miscible. Transport of peroxide from the organic to the water phase and accessibility of 
promoters that stabilize peroxide formed is crucial for achieving a higher selectivity and 
indirectly higher reaction rates. A high hydrogen conversion, if not accompanied by a fast 
peroxide removal from the catalyst surface or its stabilization, is not necessarily beneficial. 

The results presented in Fig. 6.1 confirm the conclusion made previously by several other 
authors that water soluble alcohols are good solvents for the direct synthesis reaction 
[9,14]. Among the given alcohols, the best performance in terms of conversion and 
selectivity is observed with i-propanol. Methanol and ethanol under identical operating 
conditions give a lower selectivity than i-propanol, but at higher H2 conversion. From the 
initial conversion-selectivity relationship (Fig. 6.1d) it is clear that at lower H2 conversion 
levels, the selectivity observed after addition of methanol as a co-solvent can be much 
higher. In fact, the selectivity observed in the aqueous phase only is almost twice lower 
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compared to for the aqueous/methanol (4:1) mixture at the same H2 conversion level (~15 
%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Initial H2 conversion as a function of (a) solubility of H2 in different solvents; 
(b) solubility of H2 in water/co-solvent mixtures (20 vol% of co-solvent; the co-solvent is 
indicated on the X-axis). 
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The highest selectivity values, in addition to a high conversion, were obtained after adding 
acetone, acetonitrile or DMSO as a co-solvent to the aqueous phase (Fig. 6.1c). Benefits of 
addition of acetone [15] and acetonitrile [16] as a co-solvent in the liquid phase used in the 
direct synthesis reaction were recognized in several earlier publications as well. As already 
mentioned in the introduction, a higher H2 solubility in organic solvents in comparison to 
water is often used to explain higher rates of hydrogen peroxide formation or to justify 
the application of solvents different as water in the direct synthesis reaction.  

In Fig. 6.3a and 6.3b the solubility of H2 in pure solvents and the co-solvent/water mixture 
used in the experiments is given respectively. Strictly considering the H2 solubility in pure 
solvents, acetone, followed by isopropanol or tert-butanol would be chosen as the best 
solvent for the direct synthesis reaction. Still, the highest H2 conversion is observed with 
methanol and ethanol as a co-solvent. However, it is well known according to the 
‘solubility theory’ that the gas solubility in solvent mixtures is influenced by the solvent-
co-solvent interaction through the solubility parameter [17]. In order to account for this 
interaction, the solubility of H2 in the solvent-co-solvent mixture was calculated (Fig. 6.3b) 
[17–19].  

Fig. 6.3b indicates that acetone is actually as good co-solvent as i-propanol, ethanol or 
acetonitrile for the direct synthesis reaction on the bases of the H2 solubility in the 
solvent/co-solvent mixture. The mixture of DMSO and water can be considered ideal, 
since it is resulting in the highest H2 solubility, followed by methanol-water solvent 
mixture. However, if we observe the H2 consumption obtained experimentally with the 
addition of the above mentioned co-solvents, DMSO gives a lower H2 conversion than 
methanol, ethanol, acetone, t-butanol, isopropanol or acetonitrile, while the conversion 
observed with tert-butanol is somewhat higher compared to isopropanol, acetone or 
acetonitrile as well, despite the lower H2 solubility. In addition, exceptionally high 
selectivity values exceeding 95% were obtained after addition of acetonitrile or acetone in 
comparison to other co-solvents tested. The superior behaviour of those two aprotic 
solvents in terms of yield cannot be simply explained by the solubility of reacting gases. 

6.3.2.1. Reactant-co-solvent interaction 

To further understand the effect of the co-solvent and the results obtained, the solvent 
dipole moment (µ) anddielectric constants (ε) (Fig. 6.4) were considered. Those properties 
often determine the ability of the solvent to dissolve or provide a suitable reaction media 
for the corresponding solute. Some authors have attempted to make a correlation 
between the hydrogenation rates and solvent polarity, µ or ε [20–22]. The effect of the 
nature of the solvent (protic/aprotic) and polarity (dielectric constant) on the reaction rate 
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and selectivity has been recognized in oxidation reactions with H2O2 over Ti-containing 
zeolites [23,24]. The influence of the external medium on the adsorption of olefins, alkanes 
and alcohols is related to the partition coefficient, defined as a ratio of intra-porous to 
extra-porous concentration, which is directly dependant on solvent polarity and for a 
given solvent, on hydrophobicity of the molecular sieve [25].  

In regard to this claim, the intra-porous concentration of olefins and other apolar 
reactants is higher inside TS-1, since TS-1 is more hydrophobic than Ti, Al-β. In a similar 
fashion, the concentration of more apolar compounds (gases dissolved in less polar 
solvent) is expected to be higher inside the pores of hydrophobic carbon. This effect of the 
solvent on the reaction was also reported by Corma et al, who showed that the initial rate 
of epoxidation of 1-hexene follows the trend of solvent polarity for a homogeneous 
serious of solvents, however the rate is much higher in acetonitrile when compared to 
methanol as solvent, despite the very similar values for dielectric constants and the 
reported positive effect that protic solvents exert due to the stabilization of the Ti-peroxo 
complex through hydrogen bonding[23]. In some cases, such as cyclohexanol oxidation, the 
solvent is tailoring the reaction rate mainly through competitive adsorption with reacting 
molecules on the catalyst surface.  

The hydrogen conversion, hydrogen peroxide formation rate and selectivity are plotted 
against the values for the dielectric constant and the dipole moment of the solvent found 
in literature (Fig. 6.4). For water miscible solvents, the general trend that can be seen is 
that an increase in the dipole moment from protic to aprotic solvents seems to lead to a 
decrease in H2 conversion, but to a higher selectivity and reaction rates, although this 
correlation is not very precise, since a group of alcohols with almost identical dipole 
moment is showing different catalytic performance. The dependence of H2 conversion, the 
peroxide formation rate and the selectivity on the dielectric constant seems to be 
completely random and an apparent relation is missing, indicating that the solvent polarity 
is not determining the catalyst performance.  

6.3.2.2. Solvent/co-solvent-catalyst interactions 

Adsorption of the solvent or co-solvent molecule on a catalyst surface, either on the 
support or on the active metal, might alter the observed reaction rate. Beside solvent co-
adsorption [23], examples where the addition of non-reactive reaction modifiers, such as 
quinoline, lead to a selectivity improvement, due to co-adsorption on the catalyst surface 
are reported [26]. The effect of quinoline co-adsorption is ascribed to the modification of 
adsorption frequency and the adsorption strength of reactants and products. 
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Figure 6.4. Initial H2O2 productivity, H2 conversion and H2O2 selectivity as a function of 
dipole moment (µ) and dielectric constant (ε). 

Among the small molecules, alcohols and acetone are known to be adsorbed by 
heterolytic dissociation at room temperature on transition metal oxide surfaces [27] p.66. 
Spitz et al. proved the hypothesis that the relative strength of adsorption of different 
solvent molecules on ZnO and MgO follows the same order as aqueous pKa values of 
considered solvents [27,28]. As a stronger acid, methanol was able to replace more pre-
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adsorbed ethanol on MgO than vice versa, indicating a stronger interaction with the oxide 
surface. In those experiments the oxide ion served as a Bronsted base. It is expected that 
the same analogy applies in the case of hydroxyl groups as a Bronsted acid, since the same 
mechanism is involved in charge stabilization. Analogously, the relative adsorption 
strength of solvent molecules on the hydroxylated transition metal surface should follow 
the order of relative basicity in aqueous phase.  

The role of the oxidation state of palladium in the direct synthesis reaction is not quite 
clear yet. Some studies suggest that supported PdO catalysts show lower 
hydrogenation/decomposition rates when compared to their metallic analogues [29], while 
some authors made a contradictory conclusion that metallic palladium is responsible for 
high activity and selectivity [9]. Considering that under those reaction conditions the 
catalyst is exposed to both an reductive and an oxidative environment, it is reasonable to 
assume that different palladium atoms have different oxidation states [30], which can be 
also dependant on the H2/O2 ratio applied [7]. Nyberg et al. [31] showed that when an 

 

Figure 6.5. The effect of the pKa value of the co-solvent on productivity, conversion, 
selectivity (gas phase: 4 vol% of H2 and O2, total gas flow rate 500 ml/min; p=20 bar, T=30 
°C, liquid phase :water, 0.05 M H2SO4, 9 ppm NaBr, 20 vol% of organic co-solvent in 
water, stirring speed 1300 rpms); solvents methanol (pKa=15.5), water (pKa=15.9), 
ethanol (pKa=16.5), i-propanol (pKa=18), acetone (pKa=24.2), acetonitrile (pKa=25) and 
DMSO (pKa=33) . 
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oxygen pre-covered Pd (100) surface is exposed to water vapour hydroxyl (PdOH) is 
formed. XPS analysis performed confirmed that our fresh Au-Pd bimetallic catalyst, when 
supported on carbon, contains Au, Pd and PdO phases. Moreover, approximately 66% of 
Pd is in the form of PdO (Table 1), indicating that in the water medium the palladium 
surface might be covered with hydroxyl species, representing Bronsted acid type of sites 
on the actual active metal. Solvents such as acetonitrile or ethanol are recognized to be 
able of co-ordinating to palladium [9]. Therefore, in a potential solvent interaction, both 
acidic properties of the support as well as hydroxyl groups on the palladium surface may 
play a role, in addition to potential solvent co-ordination to the reduced metal surface. 

The initial reaction rate, H2 conversion and H2O2 selectivity plotted versus the co-solvent 
aqueous pKa value is presented in Fig. 6.5. With an increase of the pKa value of the co-
solvent, the H2 conversion is decreasing while the selectivity and productivity values are 
increasing reaching the apparent maximum. Presumably, the effect of the pKa of the co-
solvent is a measure of its ability to coordinate/adsorb to the catalyst surface or of the 
strength of such an interaction. A drop in conversion is observed with solvents that show a 
more basic character (acetone, acetonitrile), which can be an indication that those 
solvents adsorb more strongly compared to more acidic lower alcohols. If, indeed, the co-
solvent is coordinating to the active metal (Pd), the higher the pKa value of the co-solvent, 
the corresponding anion adsorbed on catalyst surface is more Bronsted basic and less 
electron withdrawing. This results in a lower electrophylicity of the surface metal (ion), 
which as a final consequence has a weaker adsorption and interaction with the reactant 
molecule. It is widely believed that the oxygen molecule has to be non-dissociatevely 
adsorbed on the catalyst surface in order to form hydrogen peroxide. Should the O2 
molecule be dissociated on the catalyst, only water is generated. Therefore, it is expected 
that in case of a weaker interaction with molecular oxygen, less oxygen will be 
dissociatively adsorbed, meaning that hydrogen peroxide formation will be favoured over 
water. This is exactly the trend observed if we disregard the effect of DMSO. With an 
increase in pKa value, the selectivity is significantly increasing as well. However, it is also 
indicative that using a stronger base as a co-solvent, such as DMSO, results in a somewhat 
lower selectivity and productivity. It has been previously shown that in the presence of a 
strong base such as triethanolamine (TEA), the direct synthesis reaction can be even 
completely suppressed [9].  
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Figure 6.6. (a) The effect of co-solvent on initial productivity, conversion, selectivity on Pd 
and Au-Pd supported catalysts with and without addition of co-solvent (20 vol% of MeCN 
added) (b) effect of amount of acetonitrile on productivity, conversion, selectivity over 
Au-Pd supported catalysts (gas phase: 4 vol% of H2 and O2; total gas flow rate 500 
ml/min; p=20 bar; T=30 °C; liquid phase: water, acetonitrile, 0.05 M H2SO4, 9 ppm NaBr, 
stirring speed 1300 rpms). 
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One of the potential explanations offered is that TEA is strongly coordinating to the 
transition metal catalyst. It seems that in case of stronger bases such as DMSO or TEA the 
interaction between the co-solvent and the catalyst is becoming rather more complex, 
leading eventually to this apparent maximum in productivity and selectivity observed in 
the direct synthesis. Generally speaking, the adsorption of a co-solvent molecule on a 
catalyst surface may influence the activity of metal active site(s) or intermediate complex 
formed in the reaction, modifying thereby the activation energy. However, the 
competitive adsorption of reactant and co-solvent is expected to modify the frequency of 
reactant adsorption on an active site or the pre-exponential factor in Arrhenius equation 
lowering the reaction rate.  

Therefore, competitive adsorption of co-solvent on oxygen adsorption sites that 
participate in hydrogen peroxide formation would lead to a lower reaction rate and 
circumstantially to a lower selectivity. The situation becomes additionally complicated if 
we consider that hydrogen peroxide is in fact an intermediate product which undergoes 
hydrogenation and/or decomposition on the catalyst surface. The accurate interpretation 
of the results is difficult, considering that acidic properties of the support material may 
also play a role. It is not possible to exclude or distinguish the effect of co-solvent 
adsorption on the support material and decomposition sites potentially present on the 
support from co-solvent adsorption or co-ordination to active metal itself, and influence 
this might have on observed catalytic activity. 

The phenomenon of potential selective poisoning and a modification of the electronic 
structure of the palladium surface was already suggested to explain the role of halides in 
the direct synthesis reaction [32,33]. Samanta et al. [32] attributed the strong poisoning effect 
of I- ions to their strong affinity to Pd surface, while F- is not-coordinating to the Pd 
surface. Among the halogen ion series, the highest reaction rate and selectivity in halogen 
group of ions was observed after addition of Br-, followed by Cl -[33]. 

6.3.2.3. Type of metal affected and the amount of solvent 

The direct synthesis reaction was tested in a slurry reactor using Au, Pd and Au-Pd 
nanoparticles supported on hydrophobic carbon as a support with and without the 
addition of 20 vol% of acetonitrile as a co-solvent to the aqueous phase. Unfortunately 
monometallic Au seemed to be very inactive in the direct synthesis reaction resulting in a 
very low peroxide concentration that was insufficient for a precise determination of the 
hydrogen peroxide. Addition of acetonitrile did not seem to make a difference. However, t 
is clear that the addition of acetonitrile has a tremendous effect on the selectivity and 
productivity both in case of Pd and Au-Pd nanoparticles (Fig. 6.6a). The XPS analysis 
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performed on the same type of catalyst used in the given experiments confirms the 
difference in catalyst surface composition in terms of the PdO phase. A fresh palladium 
catalyst used in the reaction is in fact 100% PdO, after calcination performed, while in case 
of Au-Pd catalyst approximately 66% of surface palladium is in the form of PdO (Table 1). 
Initial selectivity values observed in case of the Au-Pd catalyst supported on carbon after 
addition of acetonitrile reach almost 100% as given in Fig. 6.6a. Although both catalysts, 
Au-Pd and Pd, show a selectivity increase towards peroxide (which is not evident for the 
Au catalyst), Au-Pd catalyst additionally shows a higher H2 conversion after the addition of 
acetonitrile. This might indicate that co-adsorption of acetonitrile on the Au-Pd surface 
alters the electronic properties of the active metal(s). The acetonitrile interaction with the 
catalyst is supported by a study of acetonitrile adsorption on evaporated palladium films 
by XPS which suggests that acetonitrile adsorbs onto the palladium surface via CN [34]. 
Even a concentration of acetonitrile additive of a few vol% leads to a significant increase in 
conversion and yield (Fig. 6.6b), which implies strong interaction with the catalyst. A 
further increase in acetonitrile content in the liquid phase (to approx. 10 vol%) does not 
increase the conversion further, but the impact on the selectivity is tremendous. 
Increasing the amount of solvent on the other hand from 10 to 20 vol% does not seem to 
have a significant influence on the catalyst activity (Fig. 6.6b), so it is reasonable to assume 
that with this solvent content saturation of the effect is already achieved. In addition, the 
catalytic activity is not hampered with addition of higher amount of acetonitrile, meaning 
that the co-solvent does not poison the active sites needed to form hydrogen peroxide at 
higher concentrations when conventional diluted mixtures of H2 and O2 are used (4 vol% 
of each reactant).  

6.3.2.4. Direct synthesis of hydrogen peroxide in a wall-coated microchannel 

Previously we showed that the major benefits of having the possibility to perform a direct 
synthesis reaction under conventionally explosive conditions, using pure H2 and O2 

mixtures in a microchannel reactor, are significantly higher selectivity values observed in 
comparison to diluted H2-O2 mixtures as well as higher reaction rates[35].  

It is believed that at high surface coverage with reactant molecules, active sites that would 
be otherwise available for O2 dissociation or peroxide decomposition on the catalyst 
surface are occupied, resulting in a higher selectivity. Having in mind the previously made 
conclusions that certain solvents added might show an interaction with the catalyst 
through adsorption or competitive adsorption on catalyst surface, the question can be 
raised if the solvent effect is similar under conventionally explosive conditions. Therefore, 
the direct synthesis reaction was performed in a wall coated microchannel with 
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embedded Au-Pd nanoparticles using pure H2 and O2 mixtures with an addition of 
acetonitrile or methanol as a co-solvent to the aqueous phase containing promoters.  

 

Figure 6.7. Direct synthesis in microreactor using MeCN as a co-solvent (gas phase: 50 
vol% of H2 and O2; p=20 bar; T=30 °C; flow rate 5 ml/min; liquid phase:water, 0.05 M 
H2SO4, 9 ppm NaBr, with or without acetonitrile as a co-solvent, flow rate 0.05 ml/min). 
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Addition of acetonitrile as a co-solvent to the aqueous phase in the direct synthesis 
reaction at a high concentration leads to gradual decrease in the H2O2 concentration in 
liquid phase with time on stream as well as to a drop in conversion, until the synthesis 
reaction is completely stopped (Fig. 6.7a). Lowering the acetonitrile concentration from 
the initial 67 to 12 vol% of acetonitrile as a co-solvent results in a recovery of the catalyst 
activity, however the concentration of peroxide observed in the iquid phase remains 
lower in comparison to the concentration observed using a pure aqueous phase, although 
the selectivity values reach almost 100%. In the second experiment performed using 
significantly lower concentrations of acetonitrile than in the initial experiment indicates 
that concentrations as high as 2-3 vol% of acetonitrile are needed to maximize the H2O2 
production.  

A somewhat higher or lower acetonitrile content as given in Fig. 6.7b gives a lower 
peroxide content in the liquid phase. The effect of the acetonitrile content on the peroxide 
productivity with pure H2-O2 mixtures is in accordance with the assumption that solvent 
molecules coordinate to active sites on the catalyst surface (Au-Pd) allowing no 
adsorption/dissociation of reactive molecules. At very high concentrations, acetonitrile 
inhibits the active catalytic sites unselectively by suppressing the direct synthesis reaction 
almost completely. At lower concentrations only the most active catalytic sites involved in 
O-O bond dissociation or H-O-O-H dissociation are blocked leading to a higher selectivity. 
It is likely that in order to dissociate the O-O bond, an ensembles of vacant sites is needed. 
With co-adsorption of solvent molecules and a somewhat higher surface coverage, fewer 
ensembles would be available to dissociate hydrogen peroxide leading to a higher 
selectivity. In general, at a higher reactant concentration and higher fraction of active sites 
occupied, adsorption effects are becoming rather relevant. This in principle also explains 
the higher selectivity observed with increasing H2 and O2 partial pressure [35]. As 
mentioned earlier, with a high solvent content, all active sites on the catalyst surface, 
including those involved in O2 and/or H2 adsorption and dissociation are blocked by the 
solvent making the catalyst inactive.  

Taking into account the fact that in case of microchannel Au-Pd nanoparticles are 
deposited on a SiO2 wash-coat layer instead of on carbon, a comparison between 
performance of Au-Pd nanoparticles supported on silica and carbon with addition of 
acetonitrile as a co-solvent in the autoclave is given in Fig. 6.8. It is clear that despite the 
fact that Au-Pd catalyst supported on carbon gives less side reactions than for the same 
bimetallic catalyst supported on silica, after addition of acetonitrile to Au-Pd/SiO2 the 
selectivity increase is tremendous reaching a selectivity of over 90%. We can conclude that 
in terms of selectivity enhancement acetonitrile as a co-solvent is even more effective in 
case of the catalyst supported on silica than on carbon. This finding can be correlated with 
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the fact that XPS analysis of a freshly prepared Au-Pd (1:2) catalyst supported on SiO2 

shows that 75% of surface palladium is in the form of PdO in comparison with 66% for the 
carbon supported catalyst and/or with more surface hydroxyl groups expected on silica in 
comparison to carbon support. Interestingly, both silica and carbon supported Au-Pd 
catalysts besides higher selectivity, show an increase in H2 conversion after acetonitrile 
addition, which definitely implies the interaction of co-solvent with the active metal(s), 
not only with the support. 

The same strategy was applied to test the effect of methanol which is often considered as 
a solvent of choice for the direct synthesis reaction besides water. Methanol is a solvent 
which is compatible with processes potentially considered to be directly linked to direct 
synthesis of hydrogen peroxide such as the HPPO process [1]. In addition, considering the 
application of the direct synthesis reaction in the oxidation of fine chemicals in -situ, 
methanol is an excellent solvent for many organic substrates that could be considered. In 
contrast to acetonitrile, addition of methanol at high concentrations does not have a 
detrimental effect on the direct synthesis reaction when pure H2-O2 mixtures are applied 
in the wall-coated microchannel reactor. The liquid phase applied in the direct synthesis 

 

 

 

 

Figure 6.8. Direct synthesis in presence of Au-Pd/C and Au-Pd/SiO2 with or without 
addition of acetonitrile in autoclave (gas phase: 4 vol% of H2 and O2; total gas flow rate 500 
ml/min; p=20 bar; T=30 °C; liquid phase :water, 0.05 M H2SO4, 9 ppm NaBr, stirring speed 
1300 rpms, with or without 20vol% of acetonitrile). 

0

20

40

60

80

100

MeCN

AuPd/SiO2

Pr
od

uc
tiv

ity
, C

on
ve

rs
io

n,
 S

el
ec

tiv
ity

 Productivity (gH2O2/gcath)
 Conversion (%)
 Selectivity (%)

AuPd/C

MeCN



  Effect of co-solvent addition 

150 

 

consisted of 97 vol% of methanol (Fig. 6.9). From Fig. 6.9 we can see that with methanol 
addition, almost the same selectivity is retained although the conversion and peroxide 
concentration clearly increased. In case of acetonitrile addition at concentration of 67 
vol%, the hydrogen peroxide formation was entirely inhibited (Fig. 6.7a). Therefore, it is 
reasonable to assume that the strength of methanol interaction with the catalyst is 
weaker in comparison to acetonitrile, considering that methanol is not adsorbing 
competitively with reactants in high concentrations.  

As mentioned earlier in the introduction, Krishnan et al. attributed the difference in rate 
of H2O2 formation in water and methanol to differences in the gas-liquid mass transfer 
rate [8].Their calculation showed that the mass transfer rate from gas to liquid was 15 
times higher in methanol than in water mainly due to the higher H2 solubility. In parallel, 
the resistance to solid-liquid mass transfer was calculated to be much lower compared to 
gas-liquid under their reaction conditions. The reaction rates in the liquid phase containing 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. Direct synthesis of hydrogen peroxide in a microreactor using 
methanol/water(acid) as a solvent (gas phase: 50 vol% of H2 and O2; p=20 bar; T=30 °C; 
flow rate 5 ml/min; liquid phase: 0.05 M H2SO4, 9 ppm NaBr, water or methanol/water 
(97/3), flow rate 0.05 ml/min). 
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water with sulphuric acid was significantly lower than in a methanol/sulphuric acid 
medium. Still, initial reaction rates in methanol and water with halides present were 
almost identical, meaning that a liquid film mass transfer does not play a crucial role after 
all. Certainly, the difference in the H2 solubility in the liquid phase (O2 is typically an order 
of magnitude more soluble than H2 and thereby less likely to be limiting) is the most 
obvious explanation for higher reaction rates obtained in methanol. However, 
microreactors are recognized for their very high mass transfer rates, primarily due to their 
higher surface to volume ratios. It is known that in case of the Taylor flow in 
microchannels mass transfer of a gas component proceeds through following 3 steps: (1) 
From gas bubble directly to the solid catalyst through thin liquid film (gas-to-solid) (2) 
from the bubble caps to the liquid (gas-to-liquid) and (3) from the liquid to the catalyst for 
dissolved gas (liquid-to-solid). Mass transfer from gas-to-liquid and liquid-to-solid 
represent resistances in series and occur in parallel to mass transfer directly from gas-to-
solid. In case of a catalytic reaction occurring on the reactor wall, gas-to-solid mass 
transfer is the dominant step, being considerably faster than the other two. Typically, gas-
to-solid mass transfer through the thin liquid film wetting the catalytic wall is so fast that 
the probability that reactions are affected by internal mass transfer is much higher. This 
fast mass transfer through this thin liquid film is enhanced further by the very high 
geometric surface area available for mass transfer in the microchannel (12500 m2

catalyst 

external surface/m3
reactor). Calculation of the mass transfer coefficient from gas-to-solid kGSaGS 

performed using well established correlations available in literature [36], gives a value of 
approximately 40 s-1, which is pretty close to a 45 s-1 calculated for the water phase. 
Values of mass transfer rates obtained in methanol and in water are more than an order 
of magnitude higher than observed overall volumetric reaction rates (Rv,ov_solvent ≤ 
0.1kGSaGSCH2,solvent

 sat), indicating that the reaction supposedly is not limited by the H2 
transfer. In addition, it is clear that despite that the H2 conversion is much higher than in 
case of aqueous solvent, the selectivity values are retained. Clearly, the biggest advantage 
achieved with methanol as a solvent is the high selectivity towards peroxide in respect to 
water with already remarkably high peroxide concentrations in the liquid phase. The 
hydrogen conversion in the water/methanol mixture observed in the experiments 
performed in the autoclave (Fig. 6.1) is more than twice higher than those in the water 
phase, which could not be expected based on the H2 solubility values solely (Fig. 6.3 b). 

For many applications, such as in fine chemical industry [37,38], the development of a small 
scale on demand direct synthesis process for production of ultra-pure grade hydrogen 
peroxide in desirable concentrations without the addition of stabilizers and preservatives 
is of significant interest, thus avoiding the risks of transportation and storage of hydrogen 
peroxide and possible effects of the stabilizers on the downstream processes. Detrimental 
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effects that the addition of acid and halides might have on equipment need to be 
considered, but also on the secondary reaction coupled to direct synthesis (HPPO 
process). Therefore we decided to perform the direct synthesis reaction over the Au-Pd 
bimetallic catalyst using pure methanol as a solvent in the absence of these additives in 
the microchannel reactor with pure H2 and O2 mixtures. 

 

 

 

 

 

Figure 6.10. Direct synthesis of hydrogen peroxide in a microreactor using pure 
methanol as a solvent(gas phase: 50 vol% of H2 and O2; p=20 bar; T=30 °C; flow rate 5 
ml/min; liquid phase: liquid phase: 0.05 M H2SO4, 9 ppm NaBr, water or pure methanol, 
flow rate 0.05 ml/min). 

From Fig. 6.10. it is clear that H2 conversion is approximately 5-6 times higher in pure 
methanol than in the aqueous phase with promoters added. The peroxide concentration is 
almost twice as high as in the aqueous phase, however the drop in selectivity in pure 
methanol towards peroxide is evident. The presence of promoters plays a very important 
role in the peroxide production, preventing hydrogen peroxide transformation to water.  
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6.3.3. FTIR adsorption of CO, acetonitrile and methanol over Au, Pd and Au-Pd catalysts 
supported on silica 

The nature of the metal sites in silica supported catalysts was investigated by FTIR 
spectroscopy of adsorbed CO. Carbon monoxide was selected for this study, since it is a 
well-established probe molecule for the characterization of the metal state in solid 
catalysts [39]. In a typical experiment, CO was gradually adsorbed dose by dose until a 
complete saturation of active sites was reached accompanied by the appearance of a 
bandat ca. 2140 cm-1, characteristic of physically adsorbed CO. The results obtained are 
shown in Fig. 6.11. The adsorption of CO on Pd/SiO2 leads to the appearance of bands at 
ca. 2156, 2138, 2108, 2000, 1976 and 1888 cm-1 (Fig. 6.11), typical for Pd supported on 
silica samples [40]. The band at 2138 cm-1 is due to physically adsorbed CO, while the band 
at 2156 cm-1 can be attributed to the vibrations of CO adsorbed on the Si-OH surface 
groups of the support. Bands at 2108 and 2000 cm-1 correspond to linear and bridging 
carbonyls of the Pd+ surface species, correspondingly, whereas bands at lower frequencies 
(1976 and 1888 cm-1) can be assigned to the adsorption of CO over metal Pd sites with the 
formation of (Pd2)0CO and (Pd3)0CO surface species.  

 

Figure 6.11. IR bands resulting from CO adsorption at 100 K on Pd/SiO2, Au-Pd/SiO2 and 
Au/SiO2 
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The Au/SiO2 catalyst reveals a simpler spectrum: bands at 2156 and 2138 cm-1, similar to 
Pd/SiO2 and a band at 2108 cm-1, which corresponds to the adsorption of CO over Au+ 
defects [41]. 

In the case of the Au-Pd/SiO2 sample, new bands at 1994 and 1971 cm-1 were detected. 
These bands can be attributed to the interaction of CO with Au-Pd sites in surface alloys, 
which can be formed during the synthesis of bimetallic particles. CO adsorption results 
indicate strong interaction between Au and Pd. Comparison of the spectra for Pd/SiO2 and 
Au-Pd/SiO2 shows that addition of gold leads to a disappearance of the bands 
corresponding to (Pd2)0CO and (Pd3)0CO species, pointing to the presence of Au atoms in 
the Pd environment. In fact, results imply that Pd is strongly diluted by Au on the surface, 
since there are almost no Pd-Pd centers(no bridged CO over Pd). This observation is in line 
with XPS data, which showed that the surface Au/Pd ratio is close to that of the bulk, 
calculated from the synthesis procedure.  

Also, the addition of Au to Pd leads to a decrease of Pd+ cationic sites in the catalyst, 
which are most probably unselective in the H2O2 synthesis reaction.  

 

Figure 6.12. FTIR spectra of acetonitrile adsorption on Pd/SiO2, Au-Pd/SiO2 and Au/SiO2 at 
r.t. 
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6.3.3.1. FTIR of adsorbed CD3CN 

For the FTIR experiments deuterated acetonitrile was used to avoid the excitation of Fermi 
resonances of ν(C-C) and δs(CH3) vibrations, which overlap with the characteristic ν(C-N) 
bands and impede the interpretation of the spectra. When deuterated acetonitrile was 
adsorbed on silica supported catalysts, several bands in the 2000-2300 cm-1 IR region 
could be observed. For Au/SiO2 and Au-Pd/SiO2, five bands at ~2275, 2234, 2220, 2120 
and 2064 cm-1 are observed (Fig. 6.12). An intense band at 2275 cm-1 is associated with 
acetonitrile coordinated with silanol groups of silica, a band at 2120 is due to the δs(CD3) 

 

 

Figure 6.13. FTIR spectra of methanol adsorption on Pd/SiO2 (a) and Au/SiO2 (b) at 
different temperatures of evacuation. 
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vibration. Weak bands at 2234, 2220 and 2064 cm-1 appears in liquid acetonitrile and can 
be attributed to nonspecifically bonded CD3CN.  

 After the adsorption of acetonitrile on Pd/SiO2 besides the above mentioned bands a new 
band at 2166 cm-1 appears. This band can be associated with the dissociation of 
acetonitrile on Pd particles with formation of Pd-CN adsorbed species [42]. Comparison of 
this data with FTIR of adsorbed CO shows that dissociation of CD3CN occurs only over 
defect sites with the Pd environment. The FTIR results correlates with the catalytic data. It 
can be suggested, that acetonitrile can be adsorbed on unselective defect Pd sites, 
resulted in its blocking and increasing the selectivity of the H2O2 synthesis.  

6.3.3.2. FTIR of adsorbed CH3OH 

The strong interaction of solvents with Pd has been supported by additional analysis of 
methanol adsorption over Pd/SiO2 in comparison with Au/SiO2. Difference spectra of 
methanol adsorbed on Pd/SiO2 and Au/SiO2 are shown at Fig. 6.13. After MeOH 
adsorption over all catalysts the characteristic bands of molecularly adsorbed methanol 
appear [43]. An intense negative peak at 3745 cm-1 appears in the OH stretching region as a 
result of the interaction of the surface Si-OH groups with methanol. A broad band 
centered at approximately 3500 cm-1 is characteristic for the O-H stretching vibration of 
hydrogen-bonded Si-OH groups and suggests that MeOH molecules are hydrogen bonded 
to the surface. In the C-H bond vibration region, the following bonds are observed: 3000 
(ν´´asCH3), 2955 (ν´asCH3), 2860 (ν´sCH3). Evacuation of methanol at different temperatures 
leads to gradual decrease of the intensity of these bands, which point to a weak 
interaction of CH3OH with the surface and confirms the suggestion of H-bonding of 
methanol with Si-OH groups.In case of methanol adsorbed over Pd/SiO2 an additional 
band at 2761 cm-1 and a shoulder at 3400 appears in the spectra, at the intensity at 2761 
increases upon evacuation. These bands clearly can be assigned to the development of a 
ν(C-H) vibration in formate species [44], which can be formed via dissociation of methanol 
H-OCH3 over Pd with subsequent dehydrogenation. This mechanism has been earlier 
proposed during methanol adsorption over Pd based catalysts [45,46]: 

 

 

Scheme 6.1. Methanol adsorption with decomposition over Pd surface. 
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Analysis of the region of lower wavenumbers supports this assumption (Fig. 6.13). 
Adsorption of methanol over Au/SiO2 demonstrates only weak bands at 1475 cm-1 
attributed to deformation vibrations of adsorbed methanol δas(CH3) and δs(CH3) [46]. 
Methanol adsorption over Pd/SiO2 at r.t. results in the appearance of intensive bands at 
1957, 1903, 1670 and 1490 cm-1. The bands at 1957 and 1903 cm-1 can be assigned to 
strong adsorption of CO (Fig. 6.12) due to partial decomposition of methanol. The broad 
band at 1670 cm-1 might be assigned to δ(HOH) of adsorbed water most probably formed 
due to decomposition of methanol: CH3OH+OH =CO +H2O+3/2H2 [46]. The strong bands at 
1490 cm-1 are attributed to deformation vibrations of dissociated methanol [46]. Those 
bands are present both at 293 and 323 K, which is a range of temperatures typically 
intended to be applied in the direct synthesis. Temperatures of 303 K used in semi-batch 
synthesis experiments with a co-solvent applied pertains to this range. The bands assigned 
to water and CO adsorption disappear in the spectrum at 373 K due todesorption. The rest 
band at 1710 cm-1 can be attributed to vibration of the carbonyl group of formyls 
chemisorbed onto the Pd metal [46] which correlates with appearance of a strong band C-H 
at 2761 cm-1. Thus, these results show a strong interaction of Pd with adsorbed methanol 
with its dissociation, dehydrogenation with formation of formate species and 
decomposition with formation of CO and H2O. The same sites can be responsible for the 
decomposition of hydrogen peroxide. Addition of methanol or forming an alloy with Au 
should lead to suppression of this activity according to the FTIR results.   

6.3.4. Hydrogen peroxide decomposition in water/co-solvent mixture 

Decomposition of hydrogen peroxide over the catalyst surface is, besides its 
hydrogenation, the main side reaction responsible for water formation from H2O2. 
Although the synthesis experiments presented were typically performed with the addition 
of acid if not stated differently to ensure that the decomposition of hydrogen peroxide is 
minimized, it is of importance to establish if this step can be avoided in the presence of 
the co-solvent. The decomposition of hydrogen peroxide was tested initially over a Au-Pd 
and a Pd catalyst supported on carbon with or without acetonitrile (20 vol%) added as a 
co-solvent (Fig. 6.14a).  

In general, decomposition of hydrogen peroxide in pure water is often caused by the 
presence of traces of ions or impurities and often dependent on slight changes in pH of 
the distilled water used, which is also observed in our experiments. After addition of 
acetonitrile as a co-solvent to pure water, the decomposition reaction over the Pd/C 
catalyst seems to be completely blocked. The decomposition reaction over the Au-Pd 
catalyst is also significantly inhibited after acetonitrile addition in comparison with pure 
water. Decomposition experiments performed separately with the Au/C catalyst, showed 
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no difference in decomposition curves obtained in pure water without catalyst added 
(blank) and after catalyst addition, proving that the monometallic Au/C catalyst was 
inactive both in the decomposition of hydrogen peroxide as well as in the synthesis 
reaction. We believe based on those decomposition experiments that solvent molecules 
indeed might adsorb on Pd or PdO sites blocking the O-O bond dissociation. The presence 
of water miscible alcohols as co-solvents (methanol, isopropanol, 1-butanol) seems to 
reduce the decomposition of hydrogen peroxide, however alcohols do not seem to be as 
efficient as acetonitrile (Fig. 6.14b.).  

To test this hypothesis on a potential solvent interaction with the catalyst surface further, 
the kinetics of hydrogen peroxide decomposition over the Au-Pd catalyst was studied in 
pure water, water-methanol and water-acetonitrile mixtures (Appendix Fig.S1).  

The solvent effects considered might be a consequence of solvent interaction with the 
solute, hydrogen peroxide in this case, or with the catalyst itself. The solvent-solute 
interaction can be quantified via an activity coefficient. When modelling the 
decomposition of hydrogen peroxide in a water/methanol liquid medium taking into 
account the activity coefficient (see supporting information), values of the activity 
coefficient obtained at 20 and 30 °C were 0.998 and 0.997 respectively. This confirms that 
methanol is not interacting (strongly) with the catalyst, but presumably with the solute 
itself. In contrast to methanol, it is evident that acetonitrile hinders the decomposition 
reaction even at a very small concentration, which is indicative for a competitive solvent 
adsorption on catalyst sites responsible for H2O2 decomposition. Kinetic fitting indicates 
that competitive adsorption of acetonitrile on the catalyst surface can explain the 
decomposition results, meaning that acetonitrile is indeed able to strongly interact with 
the catalyst altering therefore its activity in the decompositionreaction (Supporting 
Information). Taking into account the effect of acetonitrile on hydrogen peroxide 
decomposition and hindrance of the direst synthesis reaction under explosive conditions, 
it is reasonable to conclude that acetonitrile is able to interact strongly with the catalyst 
surface. 
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Figure 6.14. (a) Decomposition of hydrogen peroxide in an autoclave over a Au-Pd/C and 
a Pd/C catalyst with and without addition of 20 vol% of acetonitrile as a co-solvent (b) 
Decomposition of hydrogen peroxide in an autoclave over a Au-Pd/C catalyst with 
addition of various co-solvents (T=30 °C; liquid phase: H2O2, pure water, 20 vol% of co-
solvent with or without 0.2 g catalyst added). 
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6.4. Conclusions 

The solvent nature strongly affects the observed catalytic activity of the catalyst in the 
direct synthesis of hydrogen peroxide. Besides the effect on the H2 conversion, some 
solvents added to typicallyused aqueous phase can significantly modify the selectivity 
towards peroxide. Despite the fact that some water non-miscible solvents show a high H2 
solubility, they are not suitable for the direct synthesis reaction. In fact, addition of 
hexane, the solvent with the highest H2 solubility, results in poor selectivity. Our results 
suggest that suitable solvents for the direct synthesis are water miscible. Lower alcohols, 
among those show pretty high selectivity at moderate to high conversions, and as such are 
suitable for the direct synthesis reaction. With the group of aprotic polar solvents 
(acetone, acetonitrile, DMSO) a very high selectivity can be achieved, probably due to the 
solvent interaction with the catalyst surface. However, as is evident from the microreactor 
experiments, at high concentrations of the solvent and reacting gases, the aprotic solvent 
can completely poison the catalyst. The strength of solvent adsorption for the group of 
water miscible protic and aprotic solvents can be correlated with its pKa value. With an 
increase in the pKa value of the solvent, although the conversion slightly drops, the 
selectivity is increasing significantly. Still, the results suggest that solvents with a very high 
pKa value are less selective poisons of the catalytic surface. The positive effect of 
acetonitrile on selectivity is even more pronounced with a silica supported catalyst, which 
can be ascribed to both higher PdO content in case of the silica supported Au-Pd catalyst, 
but also to higher amount of surface hydroxyl groups available on the silica surface. 
Considering that the Au-Pd catalyst both supported on carbon and silica, in addition to 
higher selectivity gives higher H2 conversion upon addition of acetonitrile, a possibility of 
solvent coordination to the active metal seems to be likely. The FTIR measurements of 
adsorbed CO proves the strong interaction of Au and Pd through alloy formation resulting 
in the unique nature of a Au-Pd bimetallic catalyst. The CD3CN adsorption experiments 
indicate that acetonitrile adsorbs on unselective defect Pd sites, which could be 
responsible for peroxide decomposition on the catalyst surface. Eventually, the selective 
poisoning of the catalyst surface with an aprotic solvent was confirmed via decomposition 
of hydrogen peroxide in the presence of a catalyst. Decomposition in the presence of co-
solvent (acetonitrile) was either blocked (at higher acetonitrile content) or decelerated 
(lower acetonitrile content). Although FTIR studies of methanol adsorption show a strong 
interaction with Pd, the addition of methanol does not significantly affect the hydrogen 
peroxide decomposition kinetics over the Au-Pd catalyst itself in comparison with pure 
water. The effect of methanol addition on the hydrogen peroxide decomposition seems to 
correlate with the interaction of methanol with the peroxide, rather than with the 
catalytic sites responsible for cleavage of an O-O bond. 
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In case of the application of microreactors with concentrated hydrogen and oxygen 
mixtures, the addition of only small amounts of aprotic solvents such as acetonitrile (up to 
a few percent) leads to a significant improvement in selectivity and yield, but high 
concentrations are detrimental for the catalytic activity assumingly due to a non-selective 
adsorption on active catalytic sites. Addition of methanol, however, as a solvent or co-
solvent when using concentrated H2 and O2 gas feed does seem to be a much better 
option, considering that the yield observed can be several times higher than in aqueous 
solutions. Methanol is a suitable solvent from the aspect of direct consumption of 
peroxide produced in selective oxidations, considering that many organic substrates show 
a good solubility in methanol. Still, the addition of acid as a peroxide stabilizer which 
prevents its decomposition is difficult to avoid considering the impact on the selectivity. 
The presence of acid in peroxide solutions is not only needed during the course of the 
reaction, but during the post-processing, in contact with pipelines or storage. If the Au-Pd 
catalyst would be the only cause of its decomposition, reaction solutions could be simply 
neutralized after the reaction step. Specifications of commercially available standard 
grade peroxide solutions indicate that those are also acidified with the aim to prevent 
rapid decomposition. Addition of metal chelating agents as stabilizers is not sufficient to 
prevent peroxide decomposition, since it is believed that peroxide decomposition 
proceeds via formation of HO2

- species [47]. Having in mind that in an earlier publication we 
showed that it is possible to reach peroxide concentrations up to 5 wt% in aqueous media 
and that here we show that application of methanol as a solvent instead of water can 
improve the yield by factor of 3-4 (with acid present), it is reasonable to assume that the 
concentration of 9 wt% set as objective by economic evaluation is possible to attain.  
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Appendix 6A: Decomposition of H2O2 in the presence of co-solvent 
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Figure S1. Kinetics of decomposition of hydrogen peroxide in autoclave over Au-Pd 
catalyst (a) In pure water at 20 and 30 °C (b)In water-methanol (20 vol%) mixtures at 20 
and 30 °C (c) In water-acetonitrile mixtures (different acetonitrile content) at 20°C (d) In 
water-acetonitrile mixtures (different acetonitrile content) at 30°C 

b) 
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Blank experiments, involving the decomposition of hydrogen peroxide without catalyst, 
were performed before each of the catalytic experiment due to the sensitivity of the 
decomposition reaction on the presence of impurities or stabilizers in H2O2 solution, 
material of the autoclave itself or quality of distilled water used.  

Comparing the H2O2 decomposition over time (Fig. S1) in the presence of catalyst in pure 
water, water/methanol (20 vol%) and water/acetonitrile mixtures suggests complete 
inhibition of peroxide decomposition after addition of 20 vol% of acetonitrile to the pure 
water, while decomposition in water/methanol compared to pure water is only slightly 
slower. Lowering the acetonitrile concentration in the liquid medium results in a faster 
peroxide decomposition as well. Interestingly, even at an acetonitrile content as low as 0.2 
vol% in pure water, the decomposition rates are slower than in a pure water at a given 
temperature. The kinetics of hydrogen peroxide decomposition in a pure water over Au-
Pd/C catalyst was modelled using the following surface reaction mechanism: 

 
(1) 2H2O2+*=2H2O+2O* 
(2) 2O*=O2+2* 

 

Constant 20°C 30°C 

k (mol/dm3h) 0.049 0.1115 

Kads (dm3/mol) 24.2 8.99 

The formation of O2 molecule has been assumed to be the rate determining step. The 
expression obtained with this mechanism was describing accurately the experimental data 
observed. The values for the reaction rate and adsorption constants are given in Table.   
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Several different predictive thermodynamic models are available for calculation of activity 
coefficients, among which UNIFAC-based method is particularly versatile and handy. Our 
attempt to assess activity coefficients for H2O2 in water-methanol or water-acetonitrile 
mixture was not successful, since specific parameters used to describe interaction 
between different functional groups of those molecules were not available. However, 
when decomposition of hydrogen peroxide in water/methanol mixture was modelled 
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using the expression (2) with reaction rate and adsorption constants obtained for pure 
water and introducing the peroxide activity aH2O2= γ*CH2O2 instead of concentration as 
follows: 
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the values obtained for γ at 20 and 30 °C were 0.998 and 0.997 respectively. In contrast to 
methanol, it is evident that acetonitrile hinders the decomposition reaction even at very 
small concentration, which is indicative for competitive solvent adsorption on catalysts 
sites responsible for H2O2 decomposition. Therefore, following mechanism was proposed 
to describe acetonitrile interaction with the catalyst and H2O2 in the liquid phase: 

2H2O2 + *= 2H2O + 2O* 

2O* = O2 + 2* 

Co-Solvent + * = Co-Solvent* 
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Due to inability to distinguish between the decomposition of peroxide in 
water/acetonitrile phase in the presence and absence of the catalyst at 20°C, the 
decomposition results obtained at 30°C were used to test this hypothesis. After fitting the 
experimental results with corresponding expression, values for Kco-sol were 29.7 L/mol for 2 
vol% MeCN and 37.4 L/molMeCN for 0.2 vol% MeCN added to the pure water. The 
discrepancy between the values observed could be ascribed to inaccuracy caused either 
by the blank experiments or acetonitrile dilution at very small concentrations. 
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7.1. Conclusions 

The research done in this thesis focuses on development and testing of wall-coated capillary 
microchannels for the synthesis of hydrogen peroxide using the direct combination of 
hydrogen and oxygen over an Au-Pd heterogeneous catalyst as the most green and direct 
route.   The most important aspect of microreactors that justifies their application in the 
direct synthesis of hydrogen peroxide is the elimination of potential explosive hazards of 
hydrogen and oxygen mixtures. Heat removal from microchannels is fast, while small 
channels diameters prevent the development of radical chain reactions (quenching). 
Channels with relatively small dimensions (i.e. 300 µm) are considered safe to work with 
pure hydrogen and oxygen mixtures, which would be explosive in conventional chemical 
reactors. In addition, microchannel operation in the gas-liquid Taylor flow regime improves 
safety additionally by compartmenting the gas phase between the liquid slugs.  
  

Conclusions  

                      &Outlook 
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Deposition of support layer and preparation of catalytic films inside microchannels 

Deposition of the catalyst in the form of catalytic film on microchannel walls is 
advantageous because of lower pressure drops and better catalyst wetting and contacting. 
To increase the surface area to deposit the active catalyst on the microchannel wall it was 
necessary to coat the capillary with a stable and uniform layer of silica support material. 
The main factor controlling the uniformity of the deposited layer was the control over the 
velocity of the displacing plug during the wash-coating procedure.  The initially estimated 
thickness of the catalytic film inside the microchannel that assumes an efficient catalyst 
usage was roughly in a range of 1-10 µm for a reaction performed in aqueous phase.  Later 
calculations showed that at the reaction rates observed with our AuPd catalyst, the desired 
thickness of catalytic layer should remain below 4 µm for reaction in aqueous medium.  This 
implies that a variation in the layer thickness over the channel length of higher than ±1 µm 
would result in differences in diffusion of reacting molecules in different channel sections.  
The stability of the wash-coated layer under reaction conditions is essential for long term 
microchannel performance. The adherence of the silica layer is mainly influenced by surface 
and chemistry of coating fluid.  

Testing catalyst performance 

The second step in the development of catalytic coatings is to successfully implement the 
active phase, metallic Au and Pd in our case. In order to ensure that all AuPd is available for 
reacting molecules, the metallic phase is deposited on a pre-coated silica support layer. 
Various methods for catalyst preparation have been tested. In chapter 3 a comparison 
between conventional impregnation catalyst and colloidal nanoparticles is given, showing 
that nanoparticles are significantly more active than traditional impregnated catalysts 
under identical conditions. This was ascribed to the random presence of a bulk metal phase 
in case of impregnation due to poor dispersion.  In addition, we were able to show that the 
activity of colloidal nanoparticles supported on silica powder and inside the microchannels 
is identical, meaning that the preparation procedure is successfully translated to 
microchannel. The possibility to apply pure instead of diluted hydrogen and oxygen 
mixtures in the microreactor proved to be not only beneficial in terms of productivity, but 
in terms of selectivity as well. Clearly, at higher reactant partial pressures adsorption effects 
on the catalyst surface become rather relevant. Due to less vacant sites available on the 
surface, less side reactions occurs (decomposition and hydrogenation).Reactant molecules 
adsorbed on neighbouring active sites responsible for catalyzing side reactions and non-
selective peroxide transformation to water are blocked under those conditions, leading to 
observed selectivity enhancement. 
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A wall-coated microchannel performance study 

The performance of the wall-coated microchannel was investigated.  This allowed us to 
assess the range of peroxide concentrations that can be generated inside the microchannel. 
The maximum hydrogen peroxide concentration in the liquid phase is accomplished when 
the H2 and O2 ratio in the gas phase is equal to 1.An increase in the oxygen content leads to 
a higher selectivity due to the suppression of the peroxide hydrogenation reaction, reaching 
even 100 % selectivity at low H2/O2 ratios.  Nevertheless, the exposure of the catalyst to 
O2/H2>1 over a longer period of time leads to partial loss of the selectivity, although 
hydrogen conversion remains the same. This is ascribed to a change in the catalyst oxidation 
state and further on it has been shown that catalyst activity can be recovered upon 
reduction. Higher H2 partial pressures compared to O2 results in a loss of selectivity and a 
drop in hydrogen peroxide content as a consequence of the hydrogenation of the desired 
product.   

The most important goal of this study was to assess the advantages and drawbacks of a 
microchannel as a reactor system for producing concentrated solutions of hydrogen 
peroxide that could be consumed on site in a specific local application. The dependence on 
WHSV of the concentration in the liquid phase and the H2 selectivity was studied for two 
different G/L ratios. The results show a tremendous selectivity loss if one decides to operate 
the direct synthesis reaction at high H2 conversions and high H2O2 concentrations in the 
liquid phase. By using the current set-up configuration, it is possible to achieve peroxide 
concentrations as high as 5 wt% at the reactor outlet, but with a selectivity drop to 
approximately 20%. This implies that coupling the direct synthesis of hydrogen peroxide 
with a consecutive reaction, in which peroxide is consumed in a desired reaction thus 
keeping its concentration low, is necessary in order to prevent peroxide conversion to 
water. 

Kinetic study 

To obtain the overall kinetic model suitable to predict the peroxide concentration at the 
reactor outlet, expressions obtained by fitting separately the reactions of direct formation 
of peroxide and peroxide reduction in the presence of hydrogen were combined. The 
addition of acid is generally practiced in the direct synthesis of hydrogen peroxide as well 
as in conventional AO process not only for preventing the H2O2 decomposition catalyzed by 
the catalyst itself, but also hindering the decomposition caused by equipment material. 
Catalyst characterization revealed that the surface of Au-Pd colloidal nanoparticles consist 
of a mixture of Au and Pd atoms, resulting in unique catalytic properties. CO adsorption 
experiments confirmed the absence of Pd-Pd indicating a strong interaction of Au with Pd. 
The rate of direct water formation from hydrogen and oxygen was a priori neglected, 
considering that the observed H2 selectivity in the direct synthesis at high oxygen partial 
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pressures was 100% in our previous study. The decomposition reaction was eliminated by 
the addition of sulfuric acid. As established by the kinetic model, the direct formation of 
hydrogen peroxide from hydrogen and oxygen seems to involve hydrogen adsorption, 
dissociation, but not spill-over of H-species over the AuPd surface. It is most likely that the 
reaction occurs between non-dissociated oxygen and hydrogen species adsorbed pairwise 
as suggested by several studies on hydrogen adsorption over AuPd surfaces. The 
comparison of our results with kinetic studies earlier published for Pd catalysts on the direct 
formation of hydrogen peroxide indicate somewhat different surface reaction mechanism 
on AuPd surfaces in comparison to Pd catalyst, ascribed to difference in surface properties 
of the two type of catalysts. The peroxide concentration values predicted with an overall 
model and experimentally measured are in acceptably good agreement.  

Application of organic solvents in direct synthesis of hydrogen peroxide 

The coupling of the direct synthesis reaction with an oxidation reaction would often require 
the application of organic solvents instead of a pure aqueous phase. Therefore, the effect 
of different organic solvents on the direct synthesis was evaluated. The solvent nature 
strongly affects the observed catalytic activity of the catalyst in the direct synthesis of 
hydrogen peroxide. Besides the effect on the H2 conversion, some solvents added to the 
typically used aqueous phase can significantly modify the selectivity towards peroxide. 
Despite the fact that some water non-miscible solvents show a high H2 solubility, they are 
not suitable for the direct synthesis reaction. In fact, addition of hexane, the solvent with 
the highest H2 solubility, results in a poor selectivity. Our results suggest that suitable 
solvents for the direct synthesis are water miscible. In particular, lower alcohols show a 
pretty high selectivity at moderate to high conversions, and as such are suitable for the 
direct synthesis reaction. With the group of aprotic polar solvents (acetone, acetonitrile, 
DMSO) a very high selectivity can be achieved, probably due to the solvent interaction with 
the catalyst surface. However, as is evident from the microreactor experiments, at high 
concentrations of the solvent and reacting gases, the aprotic solvent can completely poison 
the catalyst. CD3CN adsorption experiments indicate that acetonitrile adsorbs on 
unselective defect Pd sites, which could be responsible for peroxide decomposition on the 
catalyst surface. Eventually, the selective poisoning of the catalyst surface with an aprotic 
solvent was confirmed via decomposition of hydrogen peroxide in the presence of a 
catalyst. Decomposition in the presence of co-solvent (acetonitrile) was either blocked (at 
higher acetonitrile content) or decelerated (lower acetonitrile content). Although FTIR 
studies of methanol adsorption show a strong interaction with Pd, the addition of methanol 
does not significantly affect the hydrogen peroxide decomposition kinetics over the Au-Pd 
catalyst itself in comparison with pure water. The effect of methanol addition on the 
hydrogen peroxide decomposition seems to correlate with the interaction of methanol with 
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the peroxide, rather than with the catalytic sites responsible for cleavage of an O-O bond at 
the surface. 

If the direct synthesis of hydrogen peroxide is performed in a conventional reactor system 
using diluted mixtures of reacting gases, addition of aprotic solvents such as acetonitrile or 
acetone can be highly beneficial in terms of yield and selectivity. Among the lower alcohols, 
isopropanol seems to be particularly suitable as a co-solvent/solvent. Researchers working 
on the direct synthesis reaction in conventional reactors besides traditional solvents, water 
and methanol, should also consider other lower alcohols or aprotic solvents such as 
acetonitrile. Particularly acetonitrile at higher content (20 vol%) is highly efficient in 
preventing peroxide decomposition. This implies that the required acidification of aqueous 
solutions used in the direct synthesis can be avoided if acetonitrile is applied as a solvent or 
co-solvent. Moreover, the role of solvent should be observed in a broader context, not only 
through solubility of reacting gases, but also the potential interaction of solvent functional 
groups with the catalyst as well. 

In case of the application of microreactors with concentrated hydrogen and oxygen 
mixtures, the addition of only small amounts of aprotic solvents such as acetonitrile (up to 
a few percent) leads to a significant improvement in selectivity and yield, but high solvent 
concentrations are detrimental for the catalytic activity assumingly due to a non-selective 
adsorption on active catalytic sites. Addition of methanol, however, as a solvent or co-
solvent when using concentrated H2 and O2 gas feed does seems to be a much better option, 
considering that the yield observed can be several times higher than in aqueous solutions. 
Methanol is a suitable solvent from the aspect of direct consumption of peroxide produced 
in selective oxidations, considering that many organic substrates show a good solubility in 
methanol. However, also with methanol as a solvent the addition of acid as a peroxide 
stabilizer which prevents its decomposition is difficult to avoid considering the impact on 
the selectivity.  

The presence of acid in peroxide solutions is not only needed during the course of the 
reaction, but also during the post-processing, in contact with pipelines or storage. If the Au-
Pd catalyst would be the only cause of its decomposition, reaction solutions could be simply 
neutralized after the reaction step. Specifications of commercially available standard grade 
peroxide solutions indicate that those are also acidified with the aim to prevent rapid 
decomposition.  Addition of metal chelating agents as stabilizers is not sufficient to prevent 
peroxide decomposition, since it is believed that peroxide decomposition proceeds via 
formation of HO2- species. Considering we showed that it is possible to reach peroxide 
concentrations up to 5 wt% in aqueous media and that here we show that application of 
methanol as a solvent instead of water can improve the yield by factor of 3-4 (with acid 
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present), it is reasonable to assume that the concentration of 9 wt% set as objective by 
economic evaluation is attainable. 

7.2. Outlook 

The economic evaluation performed earlier [1] suggests that hydrogen peroxide by direct 
synthesis (DS) can compete with the conventional AO process only if it is possible to produce 
peroxide in the concentration range required by the user (1-10wt% typically) without 
applying additional concentration steps such as vacuum distillation. This reduction in 
concentration costs would compensate for the high CAPEX caused by high pressure 
equipment required assuming the case where direct synthesis is conducted in conventional 
reactors. Due to low H2 content of gas phase, to increase its partial pressure high total 
pressures are required in the system (~several hundreds of bars). In contrast to 
conventional reactors, the possibility to use pure hydrogen and oxygen mixtures in a 
microchannel eliminates the need for high pressures (lower CAPEX), meaning that the 
production of hydrogen peroxide in microreactors even at concentrations lower than 10 
wt% could be economically feasible if the costs of microreactor fabrication would be lower 
than that of the conventional high pressure equipment required in case of conventional DS. 
In general, the estimated CAPEX for a direct synthesis plant to be competitive with AO 
process is around 40-50 milion US dolars for a plant capacity of 10 kt/year. To have better 
idea on the complexity and costs of microreactor units for the direct synthesis reaction on 
the small/medium scale, it is necessary to design a multichannel unit involving reaction 
channels, gas-liquid separators, manifolds for proper gas-liquid distribution integrated with 
heat-exchangers. The extensive research has been already done in our group in relation to 
(micro/mili) channel numbering up for applications in multiphase reactions [2]. Although 
process intensification generally reduces the size of equipment, costs per unite vessel 
volume are generally higher. The cost of microchannel fabrication is mainly influenced by 
channel sizes and fabrication tolerances. The channel sizes cannot be significantly 
manipulated in this case due to safety restrictions. One of the techniques considered for 
the massive production of microchannel plates is 3D printing, which is becoming more and 
more affordable and suitable for massive production. 

Within the DEMIS project [3], successful microchannel scale-up (achieved through internal 
numbering up) from lab scale multi-channel modules with a production capacity of 1kg/h 
directly to 1000-2000kg/h has been already reported. This pilot plant is used to produce 
propylene oxide from propylene and liquid phase hydrogen peroxide over a wall-coated TS-
1 catalyst. The channel diameter in this case is smaller than 1 mm, due to the safety 
requirements and the residence time reported is in the range of seconds.  Modules are 
equipped with cross-flow heat exchangers using water as a cooling fluid. The direct 
synthesis process would potentially make savings in the manufacturing costs. Raw materials 
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used are in essence the same in both the DS and AO processes as well as the additives 
needed, nevertheless due to a lower number of operations, the direct synthesis will lower 
labor costs. Direct synthesis in a microchannel reactor in comparison to conventional 
reactors does not require a high excess of oxygen. In addition, energy consumption 
(electricity) will be lower due to a lower total pressure required.  This will lead to a further 
cost reduction and a higher competitiveness of the direct synthesis with the conventional 
AO process.  

 

Figure 7.1. Hydrogen peroxide decomposition over time in pure water, aqueous phase with 
additives and in aqueous phase after addition of various sulfonated silicas (T=30°C). 

 

7.2.1. Application of solid acid as a catalyst support 

Some of applications of hydrogen peroxide require ultra-pure peroxide grades. Typically, 
the direct synthesis process involves acidification of the liquid phase to prevent peroxide 
disproporciation to water. Acid is also added in the conventional process in the extraction 
phase in order to prevent peroxide decomposition during downstream processing and 
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storage. Ultra-pure grades of hydrogen peroxide are obtained after an additional 
purification step involving ion-exchange columns.  

In case of the on-site application of hydrogen peroxide, the addition of mineral acids can be 
overcome by the application of a solid acid as a catalyst support. Following this approach, 
in our group the attempt has been made to sulfonate the conventionally used silica support. 
The effect of sulfonated silicas obtained by varying the silica to MPTS ratios (affecting the 
pH of solution) on peroxide decomposition is given below (Fig. 7.1): 

From those results obtained in batch testing we can conclude that the application of solid 
acids is rather effective in preventing peroxide decomposition inside the reactor.  

The next step would involve the sulfonation of the silica-washcoated layer inside the 
microchannel and testing its ability to inhibit the decomposition in the direct synthesis of 
hydrogen peroxide. In this case, all downstream parts of the set-up would need to be 
passivated to avoid peroxide decomposition catalysed by equipment fabrication material. 

7.2.2. Polyelectrolyte multilayers (PEM) AuPd catalyst as an upgrade in the catalyst 
preparation procedure 

The method used throughout this thesis for the preparation of an AuPd catalyst in 
microchannels was a two-phase synthesis. Although significantly faster and effective than 
conventional impregnation due to the higher vapour pressure of dichloromethane in 
comparison to water, preparation of catalytic layers via this method is still time consuming 
considering that solvent removal needs to be done at relatively mild conditions to ensure a 
uniform catalyst distribution along the channel. Recently, we identified the method known 
as polyelectrolyte multilayer (PEM) deposition for preparation of AuPd catalytic layers. This 
method involves cyclic deposition of a polyanionic (polyacrylic acid) layer and a polycationic 
layer (polyethylene imine) followed by ion exchange with AuCl4 and PdCl4 ions from solution 
and NaBH4 reduction. Results from microchannel testing are given in Fig. 7.2. One of the 
main advantages of this method is that the catalyst loading can be tuned by choosing the 
number of layers deposited (Fig. 7.2a). Besides shortening in the preparation procedure 
(one week to one day), this method resulted in a highly active catalyst. It is interesting to 
notice that when comparing the performance of the AuPd PEMs (1 and 3 layers) catalyst 
with the AuPd colloidal nanopraticles in terms of the conversion-selectivity-peroxide 
concentration relationship (Fig. 7.3), both type of catalysts behave rather similar.  
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Future work on the direct synthesis of hydrogen peroxide in a microchannel with respect to 
the catalysis aspect should incorporate a detailed study on the long-term stability of PEMs 

 

Figure 7.2. Performance of AuPd PEM’s in a wall-coated microchannel (a) H2 conversion as 
a function of number of AuPd PEM layers and (b) Peroxide concentration and selectivity as 
a function of number of PEM layers (Total gas flow rate 5 mlN/min, H2/O2 =1, liquid phase 
0.05M H2SO4+10 ppm NaBr, liquid flow rate 0.05 ml/min, p=20bar). 
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and the effectiveness of sulfonated silica inside the microchannel as solid acid able to 
suppress peroxide decomposition. Application of PEMs would significantly simplify catalyst 
preparation procedure, while application of solid acids instead of mineral acids would 
enable production of ultra-pure peroxide grades inside the microchannels. Eventually, the 
techno-economical evaluation is needed to assess advantages and disadvantages of 
microreactor application for the direct synthesis of hydrogen peroxide and economic 
competitiveness of the direct synthesis process in microreactor with the conventional 
process.  

 

Figure 7.3. Comparison of microchannel performance of AuPd colloidal nanoparticles and 
PEMs. 
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new carbon feedstock on the door of our office (it could be it’s still there and no one knows 
why) ... you are a true marketing genius  among scientists. I also need to thank Jovan and 
Ivana for giving me first instructions how to survive as a Serbian in the Netherlands  … 

I must thank all other people that I shared many nice moments with in SCR and SFP groups: 
my office mates Michiel, Ana and Shamayita, Qi, Ivana, Minjing, Bruno, Jun, Lana, Anto, 
Frans, Jiaqi, Christine, Stefan, Elnaz, Bhaskar, Carlos, Lida, Marco, Tom, Serdar, Narendra, 
Jack, Halabi, Wim, Joost, Miguel, Aleksandra…and some others I might have forgotten to 
mention here. Tom thank you for trying to teach me Dutch and for organizing the SCR outing 
together with me … 

Almost five years ago, I replanted myself on the Dutch soil … In the meantime, I feel here 
like at home thanks to my Dutch-Serbian family, Dada and Martijn, Aleksandar and Natasa, 
and mostly of all thanks to Tobias, who kept loving me despite all my curves and edges and 
supporting me throughout. Now I know that it would be worth the journey to here just to 
meet you. Finally, I want to thank my parents for giving me always a lot of love and 
freedom and for never disputing my choices. To my brother, for always being my 
accomplice, even in chemical and most recently in catalysis engineering. Hvala Vace! 
Hvala mama I tata sto ste nas uvek podrzavali u svemu, bez obzira na velicinu snova. I sto 
ste nas naucili da za velike cipele moramo da porastemo. 
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