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Summary 

As a green oxidant H2O2 is widely applied because of its high atom economy. Its high 
reactivity at high concentrations (30-50%) has drawn attention to use in flow chemistry 

typically realized with application of microreactors. A great deal of oxidation processes 

such as epoxidation and further oxidation of double bonds with H2O2 as an oxidant were 

conducted in microreactors which provide low heat and mass resistance and ensured safety. 
However, even on a laboratory scale, still relatively long reaction times (> 30 min) and tube 

lengths (several 10 m) were needed. This thesis describes the application of continuous 

micro-flow reactors for the direct synthesis of adipic acid from cyclohexene and H2O2 

under harsh conditions, with the goal of significantly reducing reaction times, improving 
H2O2 utilization efficiency and process efficiency.   

First, H2O2 decomposition is a major threat towards above mentioned efficiencies. 

Therefore, the reaction kinetics of the H2O2 decomposition catalyzed by Na2WO4 was 

studied in capillary microreactors with 50 wt. % initial concentration at high temperatures 
(up to 105 °C). A factorial analysis in a PFA capillary microreactor was conducted in order 

to distinguish the impact of process and material parameters on the H2O2 utilization 

efficiency. A new approach for deducing the reaction order was proposed, which considers 

the influence of the produced gas phase on the residence time. In the PFA microreactor, the 
reaction was confirmed to be zeroth order with respect to H2O2 and first order with respect 

to Na2WO4 with the H2O2 concentration in the range of 8 - 15 mol/ml. The activation 

energy of this decomposition process in the PFA microreactor was found to be 106 kJ/mol. 
The accuracy of the proposed reaction model was proven with the good agreement between 

the simulated data from the kinetic expressions and experimental data in the PFA 

microreactor. The H2O2 conversion in the stainless steel capillary microreactor was much 

higher compared to that in the PFA capillary microreactor, quantifying the supposed action 
of stainless steel as heterogeneous catalyst. The decomposition study gives the hint to use 

specific reaction conditions for various microreactors fabricated with different materials in 

the synthesis of adipic acid from cyclohexene and H2O2.  

Next, the synthesis of adipic acid from H2O2 and cyclohexene was to the best of the authors’ 
knowledge for the first time carried out in a glass micro-flow packed-bed reactor at 

atmospheric pressure. The interstices among the packing materials (glass beads) form a 

‘microchannels’ network which also can provide flow passages for the in situ produced gas 

bubbles from H2O2 decomposition. In addition, the packing materials result in continuous 
redispersion of the biphasic mixture, which further improves the mass transfer between the 

immiscible liquid phases. The maximum isolated yield of adipic acid reached almost 50% 

with adding a proper amount of sulfuric acid at 100 ˚C and a residence time of only 20 
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minutes. The feasibility of process intensification concepts in this direct synthesis process 

was preliminarily demonstrated.   

Furthermore, in order to tailor reaction temperatures for the different six elementary 

reaction steps, 2- and 3-stage temperature ramping were applied for this oxidation process. 
The 2-stage temperature ramping was realized with the use of two tandem micro-flow 

packed-bed reactors. A lower temperature was set for the first reactor in order to reduce any 

unfavorable consumption of H2O2. The maximum yield 63% was obtained at the 

temperature combination of 70 °C-100 °C. 3-stage temperature ramping was realized with 
using three tandem micro-flow packed-bed reactors, leading to further improvement of this 

reaction process with the maximum yield (66%) of adipic acid at the temperature 

combination of 70 ˚C-100 ˚C-110 ˚C. Both isolated yield and H2O2 utilization efficiency 

were effectively improved with 2- and 3-temperature ramping over the setting of a single 
reaction temperature. In-line temperature profiles along the flow axis in micro-flow 

packed-bed reactors showed that harsh reaction conditions did not lead to huge hot spots 

inside reactors, indicating the ensured safety with the application of continuous-flow 

reactors. Remarkably, the space-time yields with multi-stage temperature ramping in 
continuous-flow processes are more than one order of magnitude higher than those 

obtained in batch reactors. 

The gas phase produced from the decomposition of hydrogen peroxide has a negative 
impact in this direct synthesis process, e.g., greatly reducing the residence time and 

weakening the contact of the two immiscible reactive liquid phases. In order to address 

these negative effects on the microfluidics, a high pressure was applied. Using a stainless 

steel microcapillary, a higher pressure as well as longer theoretical residence time were 
found to increase the yield of adipic acid. With variation of the capillary length, the effect 

of flow rates on the reaction process was studied. At constant residence times higher flow 

rates (longer capillaries) improved the yield due to intensified mass transfer efficiency. 

Interestingly, the strategy of 2-stage temperature ramping was also found to be effective for 
this advanced high-pressure processing, leading to the best yield of 59% at the temperature 

combination of 70 ˚C-115 ˚C and 70 bar. In addition, several methods were proposed to 

avoid the appearance of clogging phenomena encountered in such reaction processes. 

Concerning scale-up, using capillary microreactors opens the door to true internal 
numbering-up, showing extra advantages over the packed-bed reactor concept which is 

based on smart scale-out and external numbering-up. 

Life cycle assessment was performed to determine the environmental sustainability of two 

synthesis methods, i.e. the direct synthesis of adipic acid and the industrial synthesis of 
adipic acid. The results shows that the formation of H2O2 plays a dominant role in most of 

the impacts in the direct route. Also, the raw materials contributes dominantly for most 



xi 

impact categories in the industrial synthesis process. Even though the direct synthesis route 

has better performance when regarding the green metrics due to its simplicity and 

superiority. As an expansion towards a double-direct synthesis, two different methods were 

tested for producing adipic acid from cyclohexene, H2 and O2. In the first approach, an 
integral setup with two tandem capillary microreactors was built, which allows to couple 

the in-situ H2O2 synthesis from H2 and O2 in a wall-coated microreactor with the 

subsequent adipic acid synthesis from cyclohexene. Nevertheless, both the low H2O2 

concentration obtained from the wall-coated microreactor and the short residence time due 
to the dilution with nitrogen resulted in no adipic acid production. The other approach was 

based on literature evidence concerning a plasma synthesis. Simulated in-situ produced 

H2O2 with a pretty high concentration (50%) was employed. The quality of this type of 

H2O2 was experimentally proven to reach the same performance as that of commercial 
H2O2 in the adipic acid synthesis. Finally, a process was proposed to connect the direct 

synthesis of H2O2 in a plasma reactor from H2 and O2 with the adipic acid production in 

microreactors. 
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1.   Introduction 

1.1 Industrial process for synthesizing adipic acid  

Adipic acid is one of the most widely used dicarboxylic acids in the chemical industry, and 

can be used for the manufacture of nylon 6,6 polyamide, polyurethanes, plasticizers as well 

as other pharmaceutical chemicals [1,2]. Nylon 6,6 polyamide is one of the most common 
building block of textile and plastics, which has high mechanical strength and good 

stability. Currently, for most industrial processes adipic acid is produced by two steps. The 

first step is the formation of cyclohexanone and cyclohexanol (KA oil) from the aerobic 

oxidation of cyclohexane, which employs cobalt salts as catalysts at 150-175 °C and 800-
1200 kPa. One alternative of obtaining KA oil is the hydrogenation of phenol developed by 

Solutia (shown in Figure 1.1) [1]. The second step was developed by Du Pont in 1940s, 

where KA oil is oxidized by 40-60% nitric acid with copper and vanadium catalysts to 

obtain adipic acid. The process flow diagrams of two oxidation processes for adipic acid 
synthesis are depicted in Figure 1.2 and Figure 1.3, respectively. However, the selectivity 

of KA oil is inversely associated with conversion of cyclohexane in the first step. In order 

to maintain high selectivity of cyclohexanone and cyclohexanol, it is necessary to keep the 

conversion of cyclohexane low (e.g. 3-8 mol %) [2], leading to the recycling of a large 
amount of unreacted cyclohexene necessary. Furthermore, this traditional process releases a 

great amount of nitrous oxide due to the utilization of nitric acid, which represents 5-8 % of 

the worldwide anthropogenic N2O emission. Nitrous oxide causes serious environmental 

problems, such as air pollution, greenhouse effect, and ozone depletion. Therefore, the 
disposal of nitrous oxide has been receiving more and more attention. Driven by 

environmental restrictions and large cost of dealing with nitrous oxide, research has been 

inspired to explore a more environmentally friendly strategy for adipic acid synthesis.  

 

Figure 1.1. Solutia benzene to phenol technology 
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Figure 1.2. Stamicarbon cyclohexane oxidation process [1] 

 

Figure 1.3. Typical nitric acid oxidation process. A: reactor; B: optional cleanup reactor; C: 
bleacher; D: NOx absorber; E: concentrating still; F: crude crystallizer; G: centrifuge or 

filter; H: refined crystallizer; I: centrifuge or filter; J: dryer; K: purge evaporator; L:purge 

crystallizer; M:,centrifuge or filter; N:ion-exchange beds; DBA=dibasic acids [1]. 
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1.2 Synthesis of adipic acid from cyclohexene and hydrogen peroxide in batch 
reactors 

One alternative routine for producing adipic acid is the oxidation of cyclohexene with H2O2. 
Although the current commercial process for producing hydrogen peroxide is an energy 

and pollution intensive process [3,4], H2O2 itself is considered as an eco-friendly chemical 

since its sole degradation product is water [5]. The first process employing hydrogen 

peroxide for producing adipic acid was reported by Sato et al. [6].  

This process employs cyclohexene as the starting material and allows to obtain 90% yield 

of adipic acid at 90 °C after 8 hours. This landmark paper has inspired several other 

research groups to develop new strategies to achieve a more efficient adipic acid synthesis 

starting from cyclohexene and H2O2. These reports have been mainly focused on the 
development of novel catalysts and the optimization of reaction processes.  

Cheng et al. modified an SBA-15 mesoporous catalyst with tungsten oxide and then used it 

to catalyze the cyclohexene oxidation to produce adipic acid [7]. In this process, the yield 

of adipic acid reached 30% after 13 h at 85 °C. Furthermore, aiming to improve the mixing 
efficiency between H2O2 (aqueous phase) and cyclohexene (organic phase), mesoporous 

oxides with built-in active tungsten oxide were applied to produce adipic acid, inside which 

the immiscible two phases contacted with each other and reacted under the effect of 
immobilized catalyst. In this operational mode, the yield of adipic acid could reach 95% at 

80 °C after 24 h, but the reusability of catalyst still needed to be improved [8]. Heteropoly 

complexes were synthesized from glycine and heteropoly acids and used to catalyze the 

oxidation of cyclohexene by H2O2 for forming adipic acid by Ren et al. [9]. They 
demonstrated that the pH value of the reaction mixture largely influenced production of 

adipic acid. Heteropoly complexes worked both as catalysts and phase-transfer agents and 

the best yield of adipic acid reached up to 95 % with glycine phosphotungstate at 90 °C 

after 12 h reaction time. Vafaeezadeh et al. developed silica-supported ionic liquid (1-
Butyl-3-methylimidazolium) catalysts for creating an amphiphilic reaction environment for 

the oxidation of cyclohexene. The maximum yield of adipic acid obtained was 87% within 

18 h at 75 °C without phase transfer agents and organic solvents [10]. Alcañiz-Monge et al. 

employed polyoxometalates’ salts to catalyze the oxidation of cyclohexene [11]. They 
found that polyoxomolybdates salts exhibited good activity and selectivity for adipic acid. 

The existence of acetic acid in solution could effectively suppress H2O2 decomposition and 

improve the yield of adipic acid. Peroxometallic intermediates were formed on the surface 

of catalyst nanoparticles and proved to be active sites for producing adipic acid.  The 
reaction with Cs3PMo12O40 as catalyst could obtain 80% yield of adipic acid at 75 °C with 6 

h reaction time. WO3 nanorods were prepared and used for adipic acid synthesis with oxalic 

acid as ligand by Sun et al. [12]. After the reaction was carried out at 73 °C for 2 h and 
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90 °C for 10 h, the yield of adipic acid could reach 79 %, which was much higher 

compared to that with commercial WO3 power. Meng et al. prepared 

H3PW4O24/PEHA/ZrSBA-15 and H3PW12O40/PEHA/ZrSBA-15 catalysts according to 

layer-by-layer deposition method [13]. Zirconium ions and PEHA together provided high 
dispersion and good stabilization. H3PW4O24/PEHA/ZrSBA-15 exhibited better catalytic 

activity for synthesizing adipic acid from cyclohexene and 30% H2O2 compared to 

H3PW12O40/PEHA/ZrSBA-15. They obtained 91% yield of adipic acid with 

H3PW4O24/PEHA/ZrSBA-15 in the absence of solvents and phase transfer agents at 80 °C 
after 8 h.  

Homogeneous catalysts can also be used for the synthesis of adipic acid. Peroxytungstate-

organic complex was used to perform the oxidation of cyclohexene by Deng [14]. They 

found that peroxytungstate-oxalic acids showed the best catalytic activity, which provided 
96.6 % yield of adipic acid at 72 °C with 3-4 h and at 94 °C with 20 h. Jin et al. have used 

peroxy tungstate as catalyst and studied the influence of reaction conditions on the adipic 

acid production [15]. They found that the proper amount of H2SO4 and temperature strategy 

were important for increasing selectivity of adipic acid. The optimum molar ratio of 
cyclohexene to sulfuric acid was determined to be 1: 0.065. The reaction temperature 

should be set as 73 °C and 87 °C at stage A and B, respectively. 95% yield of adipic acid  

was obtained under optimized reaction condition after 9 h. Wen et al. prepared a 
homogeneous catalyst complex from H2WO4, H3PO4 and H2SO4, and applied it to produce 

adipic acid in a series of continuous stirred-tank reactors (CSTRs) [16]. The active 

component was confirmed to be {PO4[WO(O2)2]4}
3-. The existence of phosphoric acid in 

reaction systems can effectively suppress H2O2 decomposition and maintain the structure of 
{PO4[WO(O2)2]4}

3- under the condition of low H2O2 concentrations. The highest yield for 

adipic acid reached 93% at 73-90 °C with 8 h reaction time. The catalyst could keep good 

catalytic activity when being recycled. For all the reactions conducted in conventional 

reactor, the space-time yield was low, because extremely long reaction times were needed 
to finish the reaction.  

1.3 Microreactor technology 

1.3.1 General concepts of microreactors  

Currently, many industrial processes are carried out in batch reactors. These processes need 

to be continuously optimized to achieve higher productivity and better economic profits, 

which is necessary for companies concerning global competition and trade. Microreactor 

technology provides a powerful approach for process intensification in continuous-flow and 
has shown its importance for chemical industry [17–20]. Extremely large surface-to-
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volume ratios of microreactors lead to a low resistance against heat and mass transfer, thus 

being beneficial for strongly exothermic reactions or mass transfer controlled reactions, 

respectively, which denotes transfer intensification. It is easy to apply harsh reaction 

conditions (e.g. high temperature, high pressure and high reactant concentration) in 
microreactors which denotes chemical intensification. Further, integrated and simplified 

process design can be achieved by proper application of microreactors, showing higher cost 

efficiency and environmental friendliness as compared with conventional technologies 

which denotes process-design intensification [21]. Both the chemical intensification and 
process-design intensification have been categorized in the Novel Process Windows (NPW) 

concept which has been proposed by our group and aims to boost chemistry and process 

design in a holistic way using flow chemistry as key enabling technology [22–24]. 

1.3.2 Safety aspects in liquid phase oxidations in microreactors 

The intrinsic safety of microreactors lies in the small inner volume, high heat transfer 
efficiency and kinetic quenching of radicals which can cause explosion. Since the power of 

an explosion is proportional to the mass of the explosive mixture with the power of 1/3 [25], 

there is no doubt that microreactors are safe to use when employing hazardous reaction 

conditions [27].  Klais et al. gave detailed information on safety of process intensification 
in microrector [28-31]. However, it is important that the reaction is immediately quenched 

upon exiting the microreactor in order to avoid the explosion propagation, in case the 

explosion is propagated to nearby storage vessels, containing larger amounts of flammable 

starting materials or products [32,33]. Continuous-flow processing also allows to generate 
hazardous intermediates in situ, which are subsequently reacted in a follow-up reaction [34]. 

This allows to minimize the total amount of hazardous material holdup in the laboratory or 

chemical plant.   

The hydrodynamics as well as heat and mass transport in the reactors also closely relate to 
the safety issues in liquid phase oxidation processes. The occurrence of local hot spots due 

to insufficient heat and mass transfer rates serves as an ignition source for explosive 

reaction mixtures (thermal explosions). This type of safety problem may be solved via 
transforming the batch process into a continuous-flow protocol. Siccama and Westerterp 

have demonstrated that the explosion region was reduced in a tube (50 mm ID) with 

continuous-flow processing as compared to batch operation (Figure 1.4) [35,36]. It was 

found that higher flow rates of gas allows the usage of higher oxygen concentrations, 
because it can avoid the occurrence of dead zones which are often the cause of the actual 

explosion. The explosion limits for reactive gas mixtures in flow were found to be 

influenced by many parameters such as flow rate, pressure and temperature, as well as by 

the shape and the size of the reactor and by the characteristics of the ignition source. In 
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general, an increase in the flow rate and a decrease in the pressure or the temperature will 

increase the minimum critical oxygen concentration above which flame propagation 

becomes possible. Continuous-flow processing lowers these upper explosion limits and 

thus widens the operational zone for liquid phase oxidations with a higher reliability than 
batch processing [37]. 

 

Figure 1.4. Critical oxygen concentration in the explosion point in the 50-mm tube [37]  

The design of reactor materials plays an important role in microreactors as a consequence 
of the high surface-to-volume ratios [38]. For exothermic oxidation processes (so-called 

thermal quenching of the reaction), the conductivity of the material is vital for efficient heat 

dissipation. In addition, the material itself can play a catalytic role. For example, stainless 

steel reactors can catalyze the decomposition and isomerization of organic peroxides 
[39,40]. Moreover, a steel reactor wall can initiate the radical formation of hydroperoxide 

intermediates in the oxidation of saturated hydrocarbons using molecular oxygen as the 

terminal oxidant and acetaldehyde as sacrificial co-reductant [41]. This demonstrates the 

heterogeneous initiation effect of steel for the production of radicals. In addition, Veser has 
described an interesting radical quenching effect in the platinum-catalyzed oxidation of 

hydrogen [42]. Kinetic explosions caused by uncontrolled formation of radical species can 

be quenched by radical chain termination, in which two radicals react to produce one stable 

molecule. This occurs typically at the catalytic reactor walls. Given the large surface-to-
volume ratios in microreactors, reactants can diffuse rapidly to the reactor walls, resulting 

in quenching efficiently the potential kinetic explosion and thus increasing the explosion 

limit. This effect allows one to utilize higher reaction temperatures and even pressure in 

microreactors. As an example, explosive behavior was observed at 420 °C and atmospheric 
pressure in a conventional reactor with 1 m diameter, while higher temperatures (up to 
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750°C) were feasible in a microreactor with a diameter of 1mm. The choice of reactor 

materials and reactor types should also take into consideration of the operational conditions, 

especially high temperatures and elevated pressures. Stainless steel microreactors can resist 

harsh reaction conditions (e.g. high temperatures and high pressures), and provide a high 
heat conductivity [43,44]. However, stainless steel is not compatible with strong acidic 

media unless the surface is treated with special processes. PFA, FEP or PTFE 

microreactors have the advantages of easy fabrication, low cost and high flexibility. And 

they can resist strong acidic and alkaline media at low to moderate temperatures and 
pressures. Because of the transparency of such polymeric materials, they can be used to  

study the hydrodynamics inside the microchannel [45]. A high transparency is also crucial 

for photochemical processes (e.g., singlet oxygen generation); PFA and FEP are transparent 

for both UV and visible light. Nevertheless, PFA microreactors cannot resist high 
temperatures and the limiting pressure decreases significantly with increasing temperatures. 

Importantly, these polymer microreactors should be carefully evaluated when they are used 

for highly exothermic reactions owning to their low thermal conductivities. Silicon 

microreactors have similar transparency properties and better thermal conductivity than 
polymer-based reactors. It can withstand high temperatures and high pressures, and offer 

chemical resistance to a broad range of chemicals [46]. However, they are not always 

resistant to strong alkaline reaction mixtures, especially at elevated temperatures. Surface 
treatments can help to overcome this limitation [47].  

1.4 Oxidation processes with H2O2 as an oxidant in microreactors 

As mentioned above, hydrogen peroxide constitutes an important oxidant in organic 

synthetic chemistry. However, the utilization of H2O2 in batch reactors is normally only 

possible with low concentrations and under mild reaction conditions due to its intrinsic 

explosive properties. Due to the advantages of microreactor technology, i.e., high mass and 
heat transfer rates and easy scale-up, the application of H2O2 in microreactors has received 

more and more attention.  

Gavriilidis et al. used hydrogen peroxide as an oxidant to facilitate epoxidation of 1-
pentene in a microchannel coated with titanium silicalite-1 zeolite (TS-1) [48,49]. Reaction 

rates increased with increasing amounts of Ti in the zeolite framework. It was also 

observed that the crystal size largely affected the reaction rate. A smaller crystal size 

resulted in a higher surface area and an improved mass transfer efficiency, providing higher 
reaction rates. The catalyst deactivated under the reaction conditions via a short-term 

reversible deactivation mechanism and a long-term irreversible deactivation mechanism. 

Dordick et al. have reported the first continuous-flow polyphenol synthesis by means of 

biocatalysis [50]. Soybean peroxidase (SBP) was used as a biocatalyst in the presence of 



8 

H2O2 and the substrate. Various phenolic substrates (e.g., p-cresol, p-methoxyphenol, and 

p-hydroxyphenyl alcohol) were introduced into the biochip (15 μm × 200 μm, 90 nL) and 

could be polymerized successfully. The poly-L-leucine (PLL)-catalyzed oxidation of 

chalcone by hydrogen peroxide was carried out in a specially designed plate reactor, which 
consisted of two staggered herringbone micromixer-microchannel sections in series [51]. A 

conversion of 87% and 88% ee could be obtained for the target compound with 16 min 

(Figure 1.5). A mathematical model was used to aid the reactor design and the results from 

the model closely resembled the experimental ones. The oxidation of 1-methylcyclohexene 
catalyzed by Candida antarctica lipase B (Novozym 435) with H2O2 in a continuous flow 

packed-bed reactor was investigated by Wiles and Watts et al. [52]. They employed a 

borosilicate glass tube (3 mm ID, 2.5 mL) packed with Novozyms 435. Ethyl acetate was 

used as the solvent and could be enzymatically hydrolyzed to form acetic acid and 
subsequently oxidized to peracetic acid, which was the final oxidant for 1-

methylcyclohexene oxidation [53,54]. Full conversion for this substrate was observed at 

70 °C with a residence time of 2.6 min (99% yield). The flow allowed one to use larger 

amounts of H2O2 (4 × higher) before deactivation of the enzyme was noticed. The catalytic 
performance of the enzyme was consistent even after 24 h of use.  

 

Figure 1.5. Asymmetric epoxidation of chalcone with H2O2, catalyzed by poly-L-leucine 

[50] 

Organic peroxides are strong oxidizers, which are widely used in the chemical industry. 
However, they are difficult to handle due to easy decomposition and risk for explosion 

hazards. Ebrahimi et al. studied the sulfuric acid catalyzed synthesis of performic and 

peracetic acids from H2O2 in a PTFE capillary (1.0 or 1.6 mm ID, 0.59–10 mL) [55]. The 
formation of performic acid could reach equilibrium within 4 min at 40 °C, while the 

synthesis of peracetic acid needed 10 min at 70 °C. Furthermore, they designed a plate 

reactor, which allowed them to work on an industrial production scale. The reactor was 

composed of alternating heat transfer and reaction channels. This unit has potential to be 
applicable for on-site or on-demand production of performic and peracetic acids due to the 

high production capacity up to 100 t/a of performic acid and up to 170 t/a of peracetic acid, 

respectively. Based on the results from flow experiments, they developed several kinetic 

models [56]. A laminar flow model with velocity distribution in the radial direction had the 
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best accuracy according to the Markov chain Monte Carlo analysis. Although sulfuric acid 

is an efficient catalyst for the synthesis of percarboxylic acids, the homogeneous catalyst 

can cause corrosion of the reaction equipment and needs to be removed for downstream 

treatment [57]. Ebrahimi et al. further investigated the formation of performic acid in the 
presence of a cation exchange resin loaded in a packed-bed micro-structured reactor [58]. 

They selected Dowex 50Wx8 as the optimal catalyst due to excellent reusability. The 

results showed that the reaction  could reach equilibrium with 2 min at 40 °C, while it 

needed at least 30 min for the corresponding batch reaction. However, Dowex 50Wx8 had 
lower activity than H2SO4, indicating that the active sites of Dowex 50Wx8 were partially 

deactivated.  Sulfoxides and sulfones are important moieties to tailor the properties of 

pharmaceuticals, pesticides and polymer stabilizers. Noguchi et al. synthesized sulfoxides 

from sulfides in a stainless steel capillary microreactor (1 mm ID, 730 mL,) without any 
catalyst by using 30% hydrogen peroxide [59]. The oxidation of thioanisole showed that 97% 

yield of sulfoxide could be reached within a residence time of 2.12 s in the microreactor. In 

a conventional batch reactor, it required 3 h to reach full conversion with only 82% yield of 

sulfoxide and 15% yield of the overoxidized sulfone. 

 

Figure 1.6. The synthesis of sulfoxide and sulfones from thioanisole and H2O2 in a 

microreactor using a peroxometalate-based polymer immobilized ionic liquid phase 
catalyst [60] 

Doherty and Hardacre et al. have developed a new catalyst [PO4{WO(O2)2}4]@PIILP based 

on the polymer immobilized ionic liquid phase (PIILP) concept, which facilitates catalyst 

recovery and allows one to minimize the amount of ionic liquid [60]. The catalyst can be 
loaded in a packed-bed microreactor and the catalyst bed is further diluted with silica. A 

high yield of sulfoxide (92%) was obtained in methanol with 4 min of residence time, while 

the corresponding sulfone could be obtained with 96% yield in acetonitrile in a 15 min 

residence time (Figure 1.6). The catalyst remained active for 8 hours under continuous-flow 
conditions. Amberlite IR-120H as a solid supported catalyst for the sulfide oxidation in 

flow has been reported as well [61]. The preparation of vitamin K3 (2-methyl-1,4-

naphthoquinone) was carried out in a stainless steel capillary microreactor (1.0 mm ID, 8 
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mL) [62]. A high concentrated H2O2 solution (60%) was safely used for the oxidation 

process of 2-methylnaphthalene at 70 °C, but led to low selectivities. Alternatively, with 

using 26 % aqueous peracetic acid, the selectivity could be improved at 80 °C (50% yield 

of vitamin K3).  

Jensen et al. have developed a continuous-flow protocol for the direct oxidative amidation 

of aromatic aldehydes using H2O2 as the oxidant [63]. In a silicon–Pyrex spiral 

microreactor (230 mL), a wide variety of aldehydes and amines were explored and the 

optimal reaction conditions for each aldehyde were rapidly selected due to the flexibility of 
microreactor assembly. Moreover, the use of elevated pressures allowed one to safely heat 

solvents above their boiling point, broadening the operational window significantly. The 

yield of the corresponding amides varied from 79–92% with 20–40 min of residence time 

at 80–110 °C (Figure 1.7). Notably, the authors found that racemization was effectively 
suppressed when chiral amino acid derivatives were converted to their corresponding 

amides. 

 
Figure 1.7. The direct oxidative amidation of aromatic aldehydes with H2O2 as the oxidant 

in a silicon–Pyrex microreactor [63]. 

Park et al. have investigated the continuous-flow diacetoxylation of alkenes using peracetic 

acid (AcO2H) as the oxidant and triflic acid (TfOH) as the catalyst [64]. AcO2H was 

prepared in situ by combining acetic anhydride (Ac2O) and H2O2 prior to combining it with 
the alkene substrate. A variety of alkenes were subsequently converted in flow within 10 

min of residence time (Figure 1.8).  



11 

 

Figure 1.8. Trifluoromethanesulfonic acid-catalyzed diacetoxylation of alkenes with 
peracetic acid generated in situ from acetic anhydride and H2O2 in a microreactor [63]. 

A continuous-flow protocol for the two-step hydroboration/oxidation of olefins was 

developed by Souto et al. [65]. In the first step, the olefin was hydroborated by BH3•THF in 

a PFA capillary microreactor (1 mm ID, 2 mL). Next, the reaction stream was merged with 
a basic H2O2 solution to oxidize the boron intermediate to the corresponding alcohol. The 

authors also used an inline extraction device to facilitate the work up and to minimize 

manual labor. The maximum productivity reached 120 mmol h-1 at a residence time of 70 s.  

Wu et al. used the microreactor based on an impingment mixcromixing unit to produce 

methyl ethyl ketone peroxide (MEKPO) [66].  They found that the effect of mixing 

efficiency on the yield of MEKPO and active oxygen content was neglected. Although 

temperature had no significant effect on the active oxygen content at 0-30 °C, high reaction 
temperature (more than 10 °C) sped up the decomposition of H2O2 and led to the decrease 

of the yield. Study showed that high concentration of H+ and H2O2 increased the yield of 

MEKPO. Temperature control was a critical issue for MEKPO synthesis. Compared to 

batch reactors, microreactors had better heat transfer efficiency and thus the reaction 
temperature could be well controlled, which allowed usage of larger concentrations of 

reactants and benefited the improvement of throughput.  

Hydrogen peroxide was used to selectively oxidize phenol in two different catalytic 

microreactors by Yube et al [67]. The oxidation of phenol with H2O2 catalyzed by titanium 
silicalite-1 (TS-1) could produce benzenediols hydroquinone (HQ) and catechol (CA) as 

target products and many byproducts. A packed-bed microreactor packed with titanium 

silicalite-1 (TS-1) catalyst was first used for the oxidation of phenol, which largely 

improved the reaction rate relative to that in batch reactor. However, the catalytic activity 
of TS-1 decreased with time. Next, they used the newly-designed catalytic wall 

microreactor to carry out the reaction. The catalytic wall microreactor included a 



12 

microchannel plate and a catalyst plate. TS-1 catalyst was compressed into a tablet and 

fixed inside the hollow of the catalyst plate, which were made into different thickness and 

replaced easily. Two plates were face-to-face fixed together. The results demonstrated that 

although the catalytic wall microreactor had lower catalytic activity than a packed-bed 
microreactor, it suppressed the consecutive reactions efficiently and finally extended the 

catalyst lifetime. 

Step 1: Epoxidation and ring opening 

 

Step 2: Saponification 

 

Figure 1.9. Two- step process for the synthesis of trans-1,2-cyclohexanediol [68] 

Hartung et al. carried out the synthesis of trans-1,2-cyclohexanediol from cyclohexene and 

hydrogen peroxide in microreactors [68]. The process consists of two exothermic steps as 
shown in Figure 1.9. For step 1, the reaction in a PTFE capillary (1 mm inner diameter) 

successfully reached the full conversion with much shorter contact time than batch reactors. 

For step 2, in order to monitor the molar ratio of esters 3 and 4 and to inject the proper 
amount of NaOH for step 2, a recycle flow process was applied. The reaction effluent from 

step 1 was kept in a glass vessel and was recycled into the silicon capillary by a peristaltic 

pump. Although the yield of crude trans-1,2-cyclohexanediol from microreactor setups 

(88%) was not increased greatly relative to the batch reaction, the product from the flow 
process obviously had higher purity with less total reaction time.  

Kappe et al. developed a continuous-flow protocol which did not require a phase transfer 

catalyst and employed 25% aqueous H2O2 in the presence of tungstic acid as a catalyst [69]. 

The isolated yield of adipic acid reached 63 % at 140 °C with just 20 min of residence time. 
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Although there have been many application examples about the oxidation processes in 

microreactors with hydrogen peroxide as an oxidant, most of these processes involved low 

concentrations of hydrogen peroxide or high concentrations at low temperatures. This was 

attributed to the fact that the decomposition of hydrogen peroxide becomes severer as its 
concentration or the reaction temperatures increases. According to Arrhenius equation, an 

increase in reaction temperature can significantly increase the intrinsic reaction rate for 

most reaction processes. That is, the increase in reaction temperature may significantly 

decrease the reaction time and increase the process efficiency. However, for the processes 
in which reactants are easy to decompose such as the oxidation processes involving 

hydrogen peroxide as an oxidant, the reaction temperature is typically low in order to 

increase the conversion of substrates or the utilization efficiency of oxidants at the expense 

of very long reaction time. In addition, the controlling parameters that affect the utilization 
efficiency of hydrogen oxidation at harsh conditions such as high temperatures and high 

concentrations have not been investigated in details up to now. Low resistance against heat 

and mass transfer, as well as intrinsic safety of microreactors provide a promising pathway 

to increase the process efficiency and the utilization efficiency in these oxidation processes 
involving hydrogen peroxide as an oxidant.     

1.5 Epoxidation of soybean oil with H2O2 as an oxidant in microreactors 

A very first step towards the utilization efficiency of hydrogen peroxide at harsh conditions 

was done for the example of epoxidized soybean oil (ESO). This is an important chemical 

intermediate, which can be used as a plasticizer in polyvinyl chloride and a stabilizer for 
plastics [70]. Guo et al. investigated the epoxidation of soybean oil in a Bayer sandwich 

microreactor and found that the reaction could be improved by using in situ formed 

peracids [71]. 

The following results were all achieved in a large-scale EU project of the FP7 program 
which targets future chemical manufacturing in mobile, compact and intensified continuous 

production platforms such as containers. The supervisor of this thesis acted as coordinator 

and TU Eindhoven was a project partner. The process of soybean oil epoxidation was one 
of five pilot lines to be developed. 

Kinetic modelling of soybean oil epoxidation with H2O2 at high temperatures in a 

microreactor was done by Cortese et al. [72]. The simulation predicted that it might be 

possible to conduct the oxidation reaction at elevated temperatures, while effectively 
removing the reaction heat via commercial micro-heat-exchangers. As shown in Figure 

1.10, it was predicted that it just takes several seconds to minutes in order to complete the 

oxidation reaction at unusually high temperatures (approaching 300 °C).  
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Figure 1.10. Theoretical product synthesis under various temperature conditions 
(temperature in Celsius degree).  

However, experimental results showed pronounced H2O2 decomposition basically 

throughout the whole temperature range [73]. Experimental data showed that the 

conversion of soybean oil increases until the temperature reached 120 °C, then it started to 
decrease, which was obviously different from the estimated data without considering H2O2 

decomposition (see Figure 1.11). This deviation between the simulated and experimental 

data indicates the important influence of H2O2 decomposition on the oxidation processes at 

high temperatures. Probably heterogeneous decomposition at the microchannel walls adds 
as major effect to the homogeneous decomposition. Only the latter is considered by the 

model of Cortese et al. This effect must be large on a micro scale with its very large 

interfacial areas. 
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Figure 1.11 Comparison of experimental and simulated data of soybean oil epoxidation by 

H2O2 under different temperatures 

There is second evidence that the real decomposition is higher than simple model 
predictions. Santacesaria et al. employed a glass tubular reactor (1 cm ID, 22 or 38 mL) 

packed with stainless steel spheres (2.2 mm ) to carry out the soybean oil epoxidation with 

H2O2 as an oxidant [74]. They found that it was difficult to reach the industrial target 

(oxirane number ≈ 6.5 and residual iodine number ≤ 2) with only a single packed-bed 
reactor. A two-reactor system allowed one to overcome these limitations. The first reactor 

provided a high surface area and a short residence time, which facilitated the initial 

conversion of soybean oil and reduced the ring-opening side reaction. The second reactor 

had a lower surface area and provided an extended residence time. According to simulation 
results also given in [74], the two-reactor strategy met the industrial requirement within 45 

min of residence time while the industrial process needed 6–8 h.  

As a consequence of these experimental findings, Cortese et al. reconsidered their 

modelling approach by including multiple times intensified decomposition scenarios as 
given in Figure 1.12. Then, the reaction rate of the product can become larger than that of 

the H2O2 decomposition. While for the unintensified case, good yields were obtained, an 

intensification factor of ten is already enough to lower the yield notably. This still could be 

sold as low-grade plasticizer, yet at reduced price. For the case of fifty and one hundred 
times intensification of hydrogen peroxide decomposition, yield becomes so low that the 

product obtained is out of commercial specifications. 

 

Simulated 
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Figure 1.12. Oxirane number vs residence time with different H2O2 decomposition rates 
(decomposition rates increase from top to bottom and left to right: one, ten, fifty and one 

hundred times faster than the basic decomposition rate) 
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Figure 1.13 Final schematic diagram of the setup for soybean oil epoxidation with H2O2 

Considering these experimental findings and corrected theoretical predictions, a continuous 

pilot plant was built for the soybean oil epoxidation. The approach chosen was a mixed one 
concerning the scales, for which a continuous milli-reactor instead of micro flow 

technology with built-in static mixers takes charge of the first, fast and exothermic stage of 

the process. This acts as the feed of a large CSTR where the “non-boostable” stage of the 

process is done (Figure 1.13). 

Finally, the environmental sustainability was analyzed with the method of lifecycle impact 

assessment (LCIA) (shown in Figure 1.14) [75]. A variation of environmental impact 

categories affected by process parameters was done (see Figure 1.14), which was based on 

several intensification scenarios, including flow processes. All are referenced to the 
industrial production for soybean oil epoxidation as benchmark (Scenario A, Table 1.1). It 

is obvious that the application of micro-flow processing provides large benefits to the 

environmental sustainability, specially relating to energy-related impact categories. It also 

can be seen that the yield of soybean oil epoxide and the decomposition rate of H2O2 play 
an important role for the environmental sustainability of the synthesis process under NPW 

conditions.  
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Figure 1.14  Effect of process parameters variation on Global Warming Potential and 

Human Toxicity Potential [75] 
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Table 1.1 Theoretical scenarios considered for screening [75] 

 

[a] Assumption: no digestion time.  SO means soybean oil. 

 

Thus in summary, the EU “Future Factory” project COPIRIDE utilized for the first time 

high temperatures, outside the normal safety margins, to increase the reactor productivity 
for the H2O2-based soybean oil epoxidation on a pilot scale. This was much later 
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recognized by the “Process Intensification Award for Industrial Innovation 2015” from the 

European Federation for Chemical Engineering (EFCE) [76]. The scale-up to a modular 

pilot plant was successfully reached, but further direct utilization was stopped by 

incomplete conversion at medium-high temperatures (80 ˚C). This demanded for a complex 
multi-injection multi-cascade reactor scheme using under-stoichiometric amounts of H2O2 

(0.3). Even though, H2O2 decomposition was still considerable.  

Thus it is very evident that considerable concessions had to be made because of the high 

decomposition rates of hydrogen peroxide. Accordingly, this leaves much room for further 

research on even more dedicated reactor solutions for the soybean epoxidation and any 

other related reaction. This is what is reported in this thesis, yet at the example of direct 
adipic acid synthesis. 

1.6 Objectives and outline   

As a part of an innovation project “Novel Process Windows”, in the ERC Advanced Grant of 

the same name, this thesis work focuses on the direct synthesis of adipic acid from 

cyclohexene and H2O2, in which epoxidation is only the first step followed by other slower 
oxidation steps. Thus, the goal to reach is to realize a compact (< 0.5 m) reactor design which 

in principle can be scaled-out in a continuous-flow process, can be operated at high-T (>100 

˚C), and reaches full conversion with (over-)stoichiometric H2O2 (1.0-1.3) in a reasonably 

short time (10-30 min), while with minimizing the compromising effect of H2O2 
decomposition. Concerning the latter, first the reaction kinetics of the H2O2 decomposition 

catalyzed by Na2WO4 will be studied with 50 wt. % initial concentration at high temperature 

(up to 105 °C). And then harsh reaction conditions (high temperatures, high pressures and 

high concentrations of H2O2) will be applied for the direct synthesis of adipic acid from 
cyclohexene and H2O2 with the advantages of microreactors in order to increase the process 

efficiency.  

In chapter 2 we report a study of the kinetics of H2O2 decomposition under harsh conditions 

via capillary microreactors in order to distinguish different important factors which 
influence the H2O2 utilization efficiency. The effects of reaction temperature, catalyst 

loading, and reactor material, etc., on the H2O2 decomposition was explored. Based on 

experimental data, a novel method for reaction kinetic study in liquid processes involving 
gas production was proposed. The detailed kinetics of H2O2 decomposition was obtained 

under high H2O2 concentrations and high temperatures. 

In chapter 3 we developed novel continuous-flow processing for the synthesis of adipic 

acid from cyclohexene and hydrogen peroxide. The application of a micro-flow packed-bed 
reactor enabled the usage of high concentrations of H2O2 and high temperatures. Process 
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intensification and optimization in micro-flow packed-bed reactor significantly improved 

space-time yield of adipic acid compared to that in batch reactors. 

Chapter 4 focuses on investigating the synthesis of adipic acid in micro-flow packed-bed 

reactors with a temperature-ramping strategy. Obvious advantages of 2-stage and 3-stage 
temperature ramping for the oxidation process was demonstrated as compared to single 

temperature operation. The yield of adipic acid with various temperature combinations was 

compared. In addition, the safety issue was illustrated by in-line recording of temperature.  

Chapter 5 is dedicated to process intensification for the synthesis of adipic acid via 
capillary microreactors. Harsh reaction condition (high H2O2 concentrations, high 

temperatures and high pressures) and 2-temperature ramping were successfully applied to 

this reaction process in order to obtain optimized reaction conditions. Furthermore, several 

operationally simple methods were proposed to prevent the channel clogging for the 
oxidation process.    

In chapter 6, we performed life cycle assessment to determine the environmental 

sustainability of two synthesis methods, i.e. the direct synthesis of adipic acid and the 

industrial synthesis of adipic acid. In addition, we tried synthesize adipic acid from 
cyclohexene and simulated in-situ produced H2O2.   

Chapter 7 summarizes the main results and discusses several possible directions for further 

research. 

 

 

 

 

 

 

 

 

 



22 

Reference 

[1] D.D. Davis, In Ullman’s Encyclopedia of Industrial Chemistry, 5th ed.; Gerhartz, 

W., Ed., John Wiley and Sons: New York, 1985. 

[2] A. Cavallaro, J.C.J. Bart, S. Cavallaro,  Catal. Today. 9 (1991) 237-254. 
[3] Q. Wang, I.V. Gürsel, M. Shang, V. Hessel, Chem. Eng. J. 234 (2013) 300–311. 

[4] C. Samanta, Applied Catalysis A: General. 350 (2008) 133–149. 

[5]  J.M. Campos-Martin, G. Blanco-Brieva, J.L.G. Fierro, Angew. Chem. Int. Ed. Engl. 

45 (2006) 6962–84. 
[6] K. Sato, M. Aoki and R. Noyori, Science. 281 (1998) 1646–1647. 

[7] C.-Y. Cheng, K.-J. Lin, M.R. Prasad, S.-J. Fu, S.-Y. Chang, S.-G. Shyu, et al., 

Catal. Commun. 8 (2007) 1060–1064. 

[8] Z. Bohström, I. Rico-Lattes, K. Holmberg, Green Chem. 12 (2010) 1861. 
[9] S. Ren, Z. Xie, L. Cao, X. Xie, G. Qin, J. Wang, Catal. Commun. 10 (2009) 464–

467. 

[10] M. Vafaeezadeh, M.M. Hashemi, M. Shakourian-Fard, Catal. Commun. 26 (2012) 

54–57. 

[11] G. Trautwein, Journal of Molecular Catalysis A : Chemical. 394 (2014) 211–216. 

[12] Q. Sun, F. Xiao, S. Ren, Z. Dong, J. Wang, X. Su, Ceram. Int. 40 (2014) 11447–

11451. 

[13] L. Meng, S. Zhai, Z. Sun, F. Zhang, Z. Xiao, Q. An, Microporous Mesoporous 

Mater. 204 (2015) 123–130. 

[14] Y. Deng, K. Wang, J. Chen, Green Chem. (1999) 275–276. 

[15] P. Jin, Z. Zhao, Z. Dai, D. Wei, M. Tang, X. Wang, Catal. Today. 175 (2011) 619–

624. 
[16] Y. Wen, X. Wang, H. Wei, B. Li, P. Jin, L. Li, Green Chem. 14 (2012) 2868. 

[17] K. Jähnisch, V. Hessel, H. Löwe, M. Baerns, Angew. Chem. Int. Ed. Engl. 43 (2004) 

406–446. 

[18] T. Noël, S.L. Buchwald, Chem. Soc. Rev. 40 (2011) 5010–29. 
[19] T. Razzaq, C.O. Kappe, Chem. Asian J. 5 (2010) 1274–89. 

[20] T. Noël, T.J. Maimone, S.L. Buchwald, Angew. Chem. Int. Ed. Engl. 50 (2011) 

8900–3. 

[21] I. Vural- Gürsel, Q. Wang, T. Noe, V. Hessel, J.T. Tinge, Ind. Eng. Chem. Res. 52 
(2013) 7827-7835. 

[22] V. Hessel, Chem. Eng. Technol. 32 (2009) 1655–1681. 

[23] V. Hessel, B. Cortese, M.H.J.M. de Croon, Chem. Eng. Sci. 66 (2011) 1426–1448. 

[24] V. Hessel, D. Kralisch, N. Kockmann, T. Noël, Q. Wang, ChemSusChem. 6 (2013) 
746–89. 

[25] R. A. Baker, W. E. Cox, P. A. Westine, P. S. Kulesz and J. J. Strehlow, Amsterdam, 

Oxford, New York, 1983.  



23 

[27] M. Gödde, C. Liebner and H. Hieronymus, Chemie Ingenieur Technik. 81 (2009) 

73–78. 

[28] O. Klais, F. Westphal, W. Benaissa, D. Carson, Chem. Eng. Technol. 32 (2009) 

1831-1844. 
[29] O. Klais, J F. Westphal, W. Benaissa, D. Carson, Chem. Eng. Technol. 32 (2009) 

1966-1973. 

[30] O. Klais, F. Westphal, W. Benaissa, D. Carson, J. Albrecht, Chem. Eng. Technol. 

33 (2010) 444–454. 
[31] O. Klais, J. Albrecht, D. Carson, M. Kraut, P. Löb, C. Minnich, et al., Chem. Eng. 

Technol. 33 (2010) 1159–1168.  

[32] C. Liebner, J. Fischer, S. Heinrich, T. Lange, H. Hieronymus, E. Klemm, Process 

Saf. Environ. Prot. 90 (2011) 782. 
[33] S. Heinrich, F. Edeling, C. Liebner, H. Hieronymus, T. Lange, E. Klemm, Chem. 

Eng. Sci. 84 (2012) 540–543. 

[34] I. Ming Hsing, R. Srinivasan, M.P. Harold, K.F. Jensen, M. a. Schmidt, Chem. Eng. 

Sci. 55 (2000) 3–13.  
[35] N.B. Siccamat, K.R. Westerterp, Ind. Eng. Chem. Res. 32 (1993) 1304–1314. 

[36] N.B. Siccamat, K.R. Westerterp, Ind. Eng. Chem. Res. 34 (1995) 1755–1768. 

[37] J.W. Bolk, K.R. Westerterp, AIChE J. 45 (1999) 124–144. 
[38] J.P. Mcmullen, K.F. Jensen, Annu. Rev. Anal. Chem. 3 (2010) 19-42. 

[39] J. Alagy, P. Trambouze, V. Landeghem, Ind. Eng. Chem. Process Des. Dev. 13 

(1974) 317–323. 

[40] J. Hao, H. Cheng, H. Wang, S. Cai, F. Zhao, J. Mol. Catal. A Chem. 271 (2007) 
42–45. 

[41] N. Theyssen, Z. Hou, W. Leitner, Chem. Eur. J. 12 (2006) 3401–3409. 

[42] G. Veser, Chem. Eng. Sci. 56 (2001) 1265–1273. 

[43] R. Jevtic, P.A. Ramachandran, M.P. Dudukovic, Chem. Eng. Res. Des. 88 (2010) 
255–262. 

[44] X. Liu, K.F. Jensen, Green Chem. 15 (2013) 1538–1541. 

[45] U. Neuenschwander, K.F. Jensen, Ind. Eng. Chem. Res. 53 (2014) 601-608. 

[46] S. Kuhn, R.L. Hartman, M. Sultana, K.D. Nagy, S. Marre, K.F. Jensen, Langmuir. 
27 (2011) 6519–6527. 

[47] D. V. Bavykin, A.A. Lapkin, S.T. Kolaczkowski, P.K. Plucinski, Appl. Catal. A 

Gen. 288 (2005) 175–184. 

[48] Y. Shan, S. Wan, L. Hang, K. Lun, Chem. Commun. 2 (2002) 878–879. 
[49] Y. Wan, J. Chau, K. Yeung, A. Gavriilidis, J. Catal. 223 (2004) 241–249. 

[50] A. Srinivasan, X. Wu, M.Y. Lee, J.S. Dordick, Biotechnol. Bioeng. 81 (2003) 563–

569. 

[51] A. Gavriilidis, Suet-Ping Kee, Org. Process Res. Dev. 941 (2009) 941–951. 



24 

[52] C. Wiles, M.J. Hammond, P. Watts, Beilstein J. Org. Chem. 5 (2009) 1–12. 

[53] F. Bjorkling, S.E. Godtfredsen, O. Kirk, J. Chem. Soc. Chem. Commun. 48 (1990) 

1301. 

[54] F. Bjorkling, H. Frykman, S.E. Godtfredsen, O. Kirk, Tetrahedron. 48 (1992) 
4587–4592. 

[55] F. Ebrahimi, E. Kolehmainen, P. Oinas, V. Hietapelto, I. Turunen, Chem. Eng. J. 

167 (2011) 713–717. 

[56] F. Ebrahimi, E. Kolehmainen, a. Laari, H. Haario, D. Semenov, I. Turunen, Chem. 

Eng. Sci. 71 (2012) 531–538. 

[57] S. Leveneur, J. Wärnå, K. Eränen, T. Salmi, Chem. Eng. Sci. 66 (2011) 1038–1050. 

[58] F. Ebrahimi, E. Kolehmainen, I. Turunen, Chem. Eng. J. 179 (2012) 312–317. 

[59] T. Noguchi, Y. Hirai, M. Kirihara, Chem. Commun. (Camb). (2008) 3040–3042. 
[60] S. Doherty, J.G. Knight, M. a. Carroll, J.R. Ellison, S.J. Hobson, S. Stevens, et al., 

Green Chem. 17 (2015) 1559–1571. 

[61] R. Maggi, S. Chitsaz, S. Loebbecke, C.G. Piscopo, G. Sartori, M. Schwarzer, 

Green Chem. 13 (2011) 1121. 
[62] K. Yube, K. Mae, Chem. Eng. Technol. 28 (2005) 331–336. 

[63] X. Liu, K.F. Jensen, Green Chem. 14 (2012) 1471. 

[64] J.H. Park, C.Y. Park, H.S. Song, Y.S. Huh, G.H. Kim, C.P. Park, Org. Lett. 15 
(2013) 752–755. 

[65] J. Souto, R. Stockman, S. V Ley, Org. Biomol. Chem. 13 (2015) 3871–3877. 

[66] W. Wu, G. Qian, X.G. Zhou, W.K. Yuan, Chem. Eng. Sci. 62 (2007) 5127–5132. 

[67] K. Yube, M. Furuta, K. Mae, Catal. Today. 125 (2007) 56–63. 
[68] A. Hartung, M. a. Keane, A. Kraft, J. Org. Chem. 72 (2007) 10235–10238. 

[69] M. Damm, B. Gutmann, C.O. Kappe, ChemSusChem. 6 (2013) 978–982.  

[70] O. Fenollar, D. García, L. Sánchez, J. López, R. Balart, Eur. Polym. J. 45 (2009) 

2674–2684. 
[71] E. Santacesaria, A. Renken, V. Russo, R. Turco, R. Tesser, M. Di Serio, Ind. Eng. 

Chem. Res. 51 (2012) 8760–8767. 

[72] B. Cortese, M. De Croon, V. Hessel, Ind. Eng. Chem. Res. (2012) 1680–1689. 

[73]  V. Hessel, U. Krtschil, G. Menges, 19th International Congress of Chemical and 
Process Engineering, 7th European Congress of Chemical Engineering ECCE-7, 

(2010) 28 Ausgust-1 Septemner, Prague, Czech Repunlic. 

[74] W. He, Z. Fang, D. Ji, K. Chen, Z. Wan, X. Li, et al., Org. Process Res. Dev. 17 

(2013) 1137-1141. 
[75] D. Kralisch, I. Streckmann, D. Ott, U. Krtschil, E. Santacesaria, M. Di Serio, et al., 

ChemSusChem. 5 (2012) 300–311.  

[76]    Http://www.microinnova.com/Downloads/pressRelease.pdf. 

 



25 

 

2.   Kinetic study of hydrogen peroxide decomposition at high 
temperatures and concentrations in two capillary microreactors 

This chapter is based on: Shang M., Noël T., Su Y. and Hessel V., Kinetic study of H2O2 
decomposition at high temperature and concentration in two capillary microreactors. 2015, 

submitted to AIChE Journal. 

 

 

Abstract  

To obtain a kinetic model of hydrogen peroxide decomposition catalyzed by sodium 

tungstate at high H2O2 concentrations and high temperatures, the experiments were carried 

out in two different capillary microreactors, i.e. a perfluoroalkoxy (PFA) capillary and a 
stainless steel capillary. High pressure was applied to avoid the evaporation of both H2O 

and H2O2 associated with high temperature operations. In the PFA capillary, the 

decomposition of hydrogen peroxide increased with increasing residence time, reaction 

temperature and catalyst loading. A mathematical deduction was conducted for handling 
experimental data, considering the effect of produced gas phase on the residence time. The 

reaction order with respect to hydrogen peroxide and sodium tungstate was found to be 

zero and one with the H2O2 concentration in the range of 8 - 15 mol/l, respectively. The 
reaction rate constants at various temperatures were obtained. Simulated data from the 

proposed kinetic expression fit well with experimental data in the PFA capillary. 

Furthermore, the reaction kinetic performance in stainless steel capillary showed a similar 

trend as that in the PFA capillary. However, since the surface of stainless steel capillary 
participated in the decomposition process as a heterogeneous catalyst, the reaction rate 

obtained in the stainless steel capillary was much higher compared to that in the PFA 

capillary. Furthermore, this kinetic study deepens the understanding of the key influencing 

factors of H2O2 decomposition, and provides some clues on explaining the reaction 
mechanism of the adipic acid synthesis from cyclohexene and H2O2 and on realizing 

corresponding process optimization. 
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2.1. Introduction 

Hydrogen peroxide is considered as an eco-friendly oxidant since water is the only 
byproduct from itself. With increasing environmental protection consciousness, a large 

amount of oxidation processes use hydrogen peroxide as an oxidant instead of 

stoichiometric metal oxidants [1–7]. Currently, the application of hydrogen peroxide has 
been widely combined with microreactors that provide low resistance against heat and mass 

transfer for the oxidation processes. Gavriilidis et al. utilized hydrogen peroxide to 

facilitate epoxidation of 1-pentene in a microchannel coated with titanium silicalite-1 

zeolite [8,9]. Kinetic modelling of soybean oil epoxidation with H2O2 in a microreactor at 
elevated temperatures demonstrated that good reaction performance could be obtained with 

much shorter reaction times than stirred batch reactors [10]. However, increasing the 

temperature also led to an increased decomposition of H2O2, which eventually becomes the 

dominant factor in this oxidation process. Scenarios of amplified (up to factor of 100) 
decomposition were considered as well to cover experimental findings which support 

heterogeneous decomposition at the large microchannels’ surfaces, not covered by common 

kinetic models [10]. These enhanced decomposition rates resulted in sudden decline of 

yield. Ebrahimi et al. investigated the formation of performic acid from formic acid and 
H2O2 in the presence of a cation exchange resin filled in a packed-bed micro-structured 

reactor [11]. Noguchi et al. synthesized sulfoxides from sulfides by using 30 % H2O2 in a 

stainless steel capillary without the use of any catalyst [12]. Their results showed that the 

reaction could reach high yield in 2 min at room temperature. Jensen et al. have developed 
a continuous-flow protocol for the direct oxidative amidation of aromatic aldehydes using 

H2O2 as the oxidant [13]. For most of these oxidation processes, decomposition of 

hydrogen peroxide exists commonly. Therefore, it is of great importance to study the H2O2 

decomposition in order to thoroughly understand the oxidation processes involving H2O2 as 
a green oxidant.  

Actually, there has been a lot of literature related to the H2O2 decomposition since 100 

years ago. In terms of positive aspects, the decomposition of H2O2 in-situ produces highly 
active hydroxyl radicals, enabling oxidation processes to proceed. For instance, Fenton’s 

reagent (H2O2 with ferrous iron) was applied to treat contaminated soil and groundwater as 

it can form active radical •OH [14–19]. Furthermore, Laat et al. developed kinetic model of 

H2O2 decomposition catalyzed by Fe(Ⅲ) in a batch reactor at 25 °C reaction temperature 
with the H2O2 concentration less than 1 M [17]. These authours concluded that the reaction 

rate constant strongly depends on the initial mole ratio of H2O2 and the ferrous iron 

(n(H2O2)0/n[Fe(Ⅲ)]0). Besides the ferrous iron, other oxides and metals, such as manganese 

oxide, copper and silver, also can work as catalysts to promote the H2O2 decomposition to 
form hydroxyl radicals [20–26]. Zebardast et al. proposed an electrochemical method to 

investigate the H2O2 decomposition on the surface of magnetite particles at high 
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temperatures (298 - 473 K) [22]. They used a pretty low initial H2O2 concentration (cf., 10-2 

M)  and found the reaction order with respect to hydrogen peroxide to be one. Russo et al. 

applied a supported manganese oxide on γ-aluminia for the H2O2 decomposition and 

studied the kinetic behavior of this catalytic process in a batch reactor [23]. Furthermore, 
the kinetic model was verified by the results obtained in a coated microreactor. Do et al. 

explored the H2O2 decomposition catalyzed by manganese oxide in a batch reactor with the 

concentration less than 450 mM [26]. They found that the rate of H2O2 decomposition 

depended largely on the molar ratio of H2O2 to MnO2 and proposed a pseudo first-order 
kinetic model. 

However, hydrogen peroxide decomposition can bring negative effects in many processes. 

In particular, the H2O2 decomposition as an unfavorable side reaction is typically involved 

in the direct synthesis process of H2O2 from hydrogen and oxygen (shown in Scheme 1). 
Consequently, many investigations have been devoted to the factors influencing the H2O2 

decomposition in order to improve the H2O2 selectivity [27–32]. Voloshin et al. studied the 

reaction kinetics and mechanism of H2O2 consumption over Pd/SiO2 in a microreactor [27]. 

They proposed a Eley-Rideal rate expression with hydrogen peroxide concentration lower 
than 6 wt. %. A detailed kinetic study was done with 3 wt. % hydrogen peroxide at 23-

50 °C by Moreno et al. [28]. They established a kinetic model based on the understanding 

of effects of various process parameters, such as temperature, pressure, catalyst and pH. 

 

 Scheme 2.1.  Four reactions in the synthesis of H2O2 from H2 and O2 

The kinetic study of  H2O2 decomposition is so important because it is one of side reactions 
in a number of processes, such as the direct synthesis of adipic acid from cyclohexene and 

H2O2 under harsh reaction conditions [2-4]. In this process, up to 50 wt.% H2O2 solution 

and 105 °C reaction temperature were employed in the synthesis of adipic acid with sodium 
tungstate as catalyst. Therefore, a lot of hydrogen peroxide decomposed to produce oxygen 

(shown in Figure 2.1 (3)), which largely reduced the H2O2 utilization efficiency. Therefore, 

it is necessary to understand the kinetics of H2O2 decomposition under harsh reaction 

conditions in order to suppress or to avoid the profitless decomposition. However, most of 
previous investigations on the H2O2 consumption were carried out with quite low H2O2 

concentrations and low temperatures. There are just a few papers aiming to investigate the 



28 

H2O2 decomposition process at high H2O2 concentrations or/and high temperatures. Lin et 

al. studied the effects of high temperature (up to 280 °C) and reactor material on H2O2 

decomposition with 1-2 ppm concentration of H2O2 [33]. They reported that the reaction 

appeared to be first order with respect to H2O2 and the decomposition rate in stainless steel 
or titanium reactors was much faster compared to that in Teflon reactors. Baumgartner et al. 

investigated the decomposition behavior of 90% hydrogen peroxide in batch reactors with 

the presence of silver at a large temperature zone (> 50 °C) [24,34]. For low-temperature 

experiments, the reaction was found to be first order to H2O2. However, it was impossible 
to keep constant reaction temperatures for the whole reaction system and the temperature 

on the silver surface was always detected to be 3-10 °C higher than the temperature of 

solution. In high-temperature experiments, the limited heat transfer efficiency was more 

pronounced. Obviously, it is difficult to control reaction temperatures precisely in batch 
reactors under harsh conditions (e.g. high H2O2 concentrations and high temperatures) since 

hydrogen peroxide decomposition is highly exothermic. In a worse case, the substantial 

uncontrolled decomposition in batch reactors can lead to the formation of hotspots and 

even an explosion [35,36].  

The limitations on insufficient heat transfer rates and safety issues associated with batch 

reactors for oxidation processes involving H2O2 as an oxidant may be overcome by the use 

of microreactors due to their large surface-to-volume ratios and low heat transfer resistance 
[37–39]. Moreover, microreactors provide a promising and safe route to study the 

decomposition kinetics of hydrogen peroxide or other organic peroxides such as diethyl 

ether peroxide, tetrahydrofuran peroxide, peroxyacetic acid and benzoperoxide, etc., under 

harsh conditions. The objective of this work is to study the reaction kinetics of H2O2 
decomposition with 50 wt.% initial H2O2 concentration and sodium tungstate as a catalyst 

at high temperatures (up 105 °C) and high pressure (10 bar). Experiments under such harsh 

reaction conditions were safely carried out in capillary microreactors. The effect of reaction 

temperature, catalyst loading, residence time and reactor material on the hydrogen peroxide 
decomposition were systemically investigated. Based on experimental data, a kinetic model 

was developed in order to better understand the key influencing factors in this 

decomposition process. 

2.2. Experimental apparatus and procedure 

The setup for studying the hydrogen peroxide decomposition is depicted in Figure 2.1. The 
reaction system was pressurized with nitrogen in order to reach the set pressure (10 bar) 

controlled by a back pressure regulator (BPR). The flow rate of nitrogen was controlled by 

a mass flow controller (Bronkhorst). Hydrogen peroxide solution was prepared by mixing 

50 wt.% H2O2 (VWR Chemicals) and Na2WO4•2H2O (Sigma-Aldrich). When 
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decomposition experiments started, the hydrogen peroxide solution was introduced into a 

capillary microreactor by a syringe pump. There were two different microreactors applied 

in experiments, i.e. a perfluoroalkoxy (PFA) capillary and a stainless steel capillary with 

the same inner diameter (0.5 mm) and length (1000 mm). The reactants were immersed in 
oil bath for a good control over temperatures. Before sampling, the reaction mixture flowed 

entering into the gas-liquid separator after exiting the reactor. When the reaction system 

reached steady state, sampling can be simply realized by switching a Polyether ether ketone 

(PEEK) three-way valve, directing the effluent into a sampling collector. The samples were 
immediately analyzed by titrating with cerium sulfate solution to determine the H2O2 

concentration in the reaction mixture after decomposition. The three-way valve, the 

sampling collector and the connecting tubing between them were surrounded with ice to 

make sure the reaction was quenched immediately after leaving the microreactor, 
improving the accuracy of experimental data. The accuracy of temperature measurement is 

0.2 °C. A cool trap was installed before BPR in order to prohibit the water vapor going into 

BPR and then damaging it.  

 

Figure 2.1. Schematic representation of micro-flow setup for H2O2 decomposition 
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2.3. Results and discussion 

2.3.1 Dependency of H2O2 decomposition on reaction temperature in a   PFA capillary 
microreactor 

The decomposition of H2O2 was first carried out in a PFA capillary microreactor at 

different temperatures. The molar ratio of H2O2 to sodium tungstate was set as 440:6, which 
was the same as that used in the synthesis of adipic acid from cyclohexene and H2O2 [2,3]. 

The pressure was as high as 10 bar in order to avoid the possible evaporation of water. 

Figure 2 shows the conversion of H2O2 as a functions of reaction temperature and 
theoretical residence time (τt = V / vliquid with ignoring the effect of produced gas; νliquid  is 

the volumetric flow rate of hydrogen peroxide solution and V is the volume of the capillary 

microreactor). The H2O2 conversion increased gradually with increasing the temperature. 

When the temperature reached 378 K, almost half of hydrogen peroxide was decomposed 
at 20 min theoretical residence time.  

 

Figure 2.2. Effect of reaction temperature on H2O2 decomposition in PFA capillary 
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2.3.2 Reaction kinetic analysis in a PFA capillary microreactor 

2.3.2.1 Reaction order with respect to hydrogen peroxide and reaction rate constants 

Since oxygen (gas phase) was produced during the H2O2 consumption, it is not possible to 
determine actual residence time for the reaction in the absence of kinetic information. 

Herein, the plug flow model is applied to describe the decomposition performance of H2O2 

along the capillary microreactors, in which the effect of produced gas on the residence time 

(reaction time) is highly emphasized. For a continuous-flow system, the average volumetric 
flow rate of fluids (ν) can be expressed as: 

dVv
dτ

=   (2.1) 

Where τ is the reaction time.  

Then, integration of Equation (2.1) will lead to Equation (2.2): 

0 0

reactorV t
dV vdτ=∫ ∫  (2.2) 

For the decomposition of H2O2,  

gas liquidv v v= +  (2.3) 

where νgas is the volumetric flow rate of produced gas phase (oxygen). 

Therefore,   

0 0
( )reactorV t

gas liquiddV v v dτ= +∫ ∫    (2.4) 

For the gas phase, the  ideal gas law is applied: 

2 20( )

2
H O

gas

n XRTnRTv
P P

= =    (2.5) 

where 
2 20( )H On is the initial number of moles of hydrogen peroxide in the reaction mixture, 

X is the conversion of H2O2, R is the ideal gas constant, P and T represent the reaction 
pressure and absolute temperature, respectively. 

Thus, the combination of Equation (2.4) and (2.5) will give the Equations (2.6) and (2.7): 
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2 20( )

0 0
( )

2
reactorV H O

liquid

n XRT
dV v d

P
τ

τ= +∫ ∫    (2.6) 

2 20( )

0
( )

2
H O

reactor liquid

n XRT
V v d

P
τ

τ= +∫   (2.7) 

where the volume of microreactor can be calculated according to its inner diameter and 

length.  
The reaction rate of H2O2 can be described as χth order “rate equation”: 

xdc kc
dτ

− =    (2.8) 

where k is the reaction rate constant with regard to hydrogen peroxide and includes the 

effect of catalyst loading, c is concentation of H2O2 in the liquid phase. In particular, the 

gas phase formed by the H2O2 decomposition significantly affected the residence time in 

this process. In literature, the H2O2 decomposition was mostly considered as a first order 
reaction with respect to H2O2 [22,25,34]. Equation 2.8 can be transformed as the following 

Equation if a first order rate law is obeyed (case 1): 

1
dc k d
c

τ= −   (2.9) 

After integrating Equation (2.9), it becomes: 

0
1ln( )c k

c
τ=  (2.10) 

The H2O2 concentration can be calculated based on its initial concentration and the 

conversion without considering the volume variation of the aqueous phase during the H2O2 
consumption:    

0 (1 )c c X= −  (2.11) 

Thus, Equation (2.10) can be further transformed to the following equations: 

0
1

0 0

ln( )c k
c c X

τ=
−

  (2.12) 
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1

1 1ln( )
1k X

τ=
−

  (2.13) 

 

Taking the derivative of Equation (2.13) with respect to X will give the expression as 

follows: 

1

1
(1 )

d dX
k X

τ =
−                

(2.14) 

Then, combining Equation (2.14) with Equation (2.7) will give Equation (2.15): 

2 2 2 20( ) 0( )

0 0
1 1

1 1 1( )[ ] ( )[ ]
2 (1 ) 2 (1 )

X XH O H O
reactor liquid liquid

n XRT n XRT
V v dX v dX

P k X k P X
= + = +

− −∫ ∫
  (2.15) 

With knowing the temperature, H2O2 conversion and the inlet volumetric flow rate, the 

integration item can be calculated according to experimental data: 

2 20( )
10

1( )[ ]
2 (1 )

X H O
liquid reactor

n XRT
v dX kV

P X
+ =

−∫   (2.16) 

 

Equation (2.16) allows the calculation of k1×Vreactor as a function of the H2O2 conversion, 

see Figure 2.3. Figure 2.3 demonstrates that k1×Vreactor significantly depends on conversion. 

Therefore, it seems that a first order rate law in H2O2 is not obeyed for the recipe used.   
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Figure 2.3. The relationship of k1*Vreactor versus H2O2 conversion (molar ratio of H2O2 and 

catalyst is 440:6 for every experiment.) 

Finally, the average value of reaction rate constant (k1) at the three reaction temperatures 

investigated have been calculated.  The results are collected in Table 2.1.  

Table 2.1. Average values of reaction rate constants with different reaction temperatures in 

a PFA capillary microreactor calculated based on the assumption of a first order reaction* 

Reaction temperature (K) 
Average value of calculated rate constants 

k1 (s
-1) 

368 1.36 × 10-3 

373 2.23 × 10-3 

378 3.07 × 10-3 

*Molar ratio of H2O2 and catalyst is 440:6 for every experiment. The estimated values of 

real residence time for 5 min 10 min 15 min and 20 min at 368 K are 2.0 min 2.5 min

3.1 min and 3.8 min, respectively. The estimated values of real residence time for 5 min

10 min 15 min and 20 min at 373 K are 1.4 min 2.1 min 2.5min and 3.0 min, 

respectively. The estimated values of real residence time for 5 min 10 min 15 min and 

20 min at 378 K are 1.1 min 2.1 min 2.8 min and 3.5 min, respectively. 
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In the literature, it was claimed that the decomposition of hydrogen peroxide was zeroth 

order with respect to H2O2 when the initial concentration of hydrogen peroxide was 35.5 % 

[2]. Since the initial H2O2 concentration in our experiments was much higher than that 

normally used for studying the kinetics of H2O2 decomposition, the reaction was also 
assumed to be zeroth order in H2O2 (case 2). For a zeroth order reaction, Equation (2.7) 

becomes: 

0
dc k
dτ

− =   (2.17) 

Replacing c with Equation (2.11) gives Equation (2.18) 

0
0

(1 )dc X k
dτ
−− =   (2.18) 

After rearranging Equation (2.18), dt  can be described as: 

0

0

c dXd
k

τ =   (2.19) 

Then, combining Equation (2.19) with Equation (2.7) gives Equation (2.20) 

2 2 2 20( ) 0( )0 0
0 0

0 0

( ) ( )
2 2

X XH O H O
reactor liquid liquid

n XRT n XRTc cV v dX v dX
P k k P

= + = +∫ ∫    

(2.20) 

When temperature is 368 K and theoretical residence time is 5 min, the integration item can 

be calculated:  

2 20( )
00

( )
2

X H O
liquid reactor

n XRT
v dX k V

P
+ =∫   (2.21) 
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Figure 2.4. The relationship of k1*Vreactor versus H2O2 conversion (molar ratio of H2O2 and 

catalyst is 440:6 for every experiment.) 

Equation (2.21) allows the calculation of k0×Vreactor as a function of the H2O2 conversion, 

see Figure 2.4. The values of k0×Vreactor are independent of the H2O2 conversion within 

experimental error. The results in Figure 2.4 point to a zeroth order reaction in H2O2 for the 

recipe used. 

Table 2.2.  Average values of rate constants with different reaction 

temperatures in a PFA capillary microreactor calculated based on the 

assumption of a zeroth order reaction*  

Reaction temperature (K) 
The average value of calculated rate 

constants k0 (mol l-1 s-1) 

368 1.75 × 10-2 

373 2.71 × 10-2 

378 4.38 × 10-2 

*Molar ratio of H2O2 and catalyst is 440:6 for every experiment. The estimated values of 

real residence time for 5 min 10 min 15 min and 20 min at 368 K are 2.0 min 2.6 min

3.3min and 4.0 min, respectively. The estimated values of real residence time for 5 min

10 min 15 min and 20 min at 373 K are 1.4 min 2.1 min 2.7min and 3.3 min, 

respectively. The estimated values of real residence time for 5 min 10 min 15 min and 

20 min at 378 K are 1.2 min 1.7 min 2.2 min and 2.7 min, respectively. 
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The value of k0 can be calculated from Equation (2.21). And then the average values of 

reaction rate constants at 368 K, 373 K and 378 K were obtained, see Table 2.2. 

In order to further prove that case 2 (zeroth order reaction in H2O2) is more reasonable than 

case 1 (first order reaction in H2O2) in the H2O2 decomposition under involved operational 
conditions, the standard deviation (SD) between the calculated k at each residence time and 

their corresponding average value at the same reaction temperature are calculated using: 

4
2 2

1 1

1 1( 1) ( 1)
1 3

n
i i

i im m

k kSD
n k k= =

= − = −
− ∑ ∑    (2.22) 

Figure 2.5 shows the comparison of SD obtained from the assumptions of the first order 

reaction and the zeroth order reaction. It can be seen that the values of SD based on the 
zeroth order reaction is lower than 4.5% for different temperatures. These values are 

obviously lower than those from the assumption of the first order reaction. Furthermore, 95% 

confidence intervals were obtained and displayed in Table 2.3. The confidence intervals are 

an estimated area of values which is likely to consist of the calculated reaction rate 
constants. From Figure 2.5 and Table 2.3, it can be concluded that the H2O2 decomposition 

reaction with about 50 wt.% initial H2O2 concentration and sodium tungstate as a catalyst 

performed in a PFA capillary microreactor is considered to be zeroth order with respect to 

H2O2  with the H2O2 concentration ranging from 8 mol/l to 15 mol/l. 

 

Figure 2.5.  Comparison of k standard deviation based on assumptions of the first and 
zeroth order reaction in a PFA capillary microreactor 
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Table 2.3.  Comparison of calculated reaction rate constants k  and confidence 

intervals of calculated reaction rate constants k  based on the assumptions of 

the first and zeroth order reaction in a PFA capillary microreactor 

Reaction 
temperature (K) 

k1(s
-1) 

95% confidence 
intervals of k1 

k0 (mol l-1 s-1) 
95% confidence 

 intervals of k0 

368 1.36 × 10-3 -0.132    0.135 1.75 × 10-2 -0.0538-0.0887 

373 2.23 × 10-3 -0.131   0.155 2.71 × 10-2 -0.0210-0.0752 

378 3.07 × 10-3 -0.138   0.145 4.38 × 10-2 -0.00286-0.0905 

 

The calculated data from the zeroth order reaction kinetic model are shown in Figure 2.6, 

which accord well with the experimental data at different reaction temperatures. According 

to the Arrhenius equation, the relationship between the reaction rate constants and the 
temperatures can be expressed as: 

ln ln aEk A
RT

= −   (2.23) 

where A is the pre-exponential factor, Ea is the activation energy for the reaction. The 

dependency of lnk on T is shown in Figure 2.7. The activation energy of H2O2 

decomposition catalyzed by sodium tungstate calculated from the slope of the line in Figure 

2.7 is 106 kJ/mol, and the pre-exponential factor is 2.14 × 1013 mol l-1 s-1. This value of 
activation energy is evidently higher than that obtained in the reaction systems with 

metallic oxides as catalysts for promoting the H2O2 decomposition [40-42]. However, it is 

much lower than the O-O cleavage energy of H2O2 (210 kJ/mol).  
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Figure 2.6.  Effect of residence time and temperature on H2O2 molar 

concentration 

 
Figure 2.7.  Dependence of lnk  on T for hydrogen peroxide decomposition 

2.3.2.2 Reaction order with respect to sodium tungstate  

The catalyst loading plays an important role on the H2O2 decomposition. In order to reveal 

its effect on the reaction rate constant, the following equation is developed:    

' y
catk k c=   (2.24) 
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where k´ is the influencing factor depending on the catalyst loading at a constant 

temperature. The reaction order with respect to the catalyst is assumed to be x. Since the 

reaction is zeroth order with respect to H2O2, the equation (2.25) can be used to express the 

decomposition rate of hydrogen peroxide: 

' y
cat

dc kt k c t
dt

− = =    (2.25) 

Figure 2.6 shows the influence of the catalyst loading on the H2O2 decomposition at 378 K. 
The results show that the H2O2 decomposition increased with increasing the catalyst 

loading. The decomposition of H2O2 was negligible in the absence of sodium tungstate 

even at 378 K. However, it rapidly increased with the addition of sodium tungstate, directly 

indicating that sodium tungstate worked as catalyst for the decomposition of H2O2. 
According to these experimental data, the reaction rate constants (k) of the H2O2 

decomposition with different catalyst loadings were determined and displayed in Table 2.4. 

Then, the reaction order (x) of H2O2 decomposition with respect to sodium tungstate was 

determined to be first order and the calculated 'k  was 0.194 s-1. Finally, the reaction rate 

expression at 378 K for the H2O2 decomposition can be written as the following equation: 

0.194 cat
dc c
d

τ
τ

− =    (2.26) 

Figure 2.7 demonstrates that the calculated concentration of H2O2 at various residence 

times based on Equation (2.26) fit well with the experimental data with different catalyst 

loadings.  
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Figure 2.6.   Effect of the catalyst loading on H2O2 decomposition at 378 K 

in a PFA capillary  

Table 2.4. Calculated rate constants with different catalyst loadings in a PFA capillary 
microreactor. 

Catalyst molar ratio Calculated rate constants k’ (s-1) 

440:2 0.94 

440:4 1.54 

440:6 2.44 
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Figure 2.7.  Calculated concentration of H2O2 vs. residence time based on 

Equation (5.26) and its corresponding experimental data with different 

catalyst loadings at 378 K in a PFA capillary microreactor 

2.3.3  Reaction kinetic analysis in a stainless steel capillary microreactor 

PFA or other kinds of polymeric (FEP and PTFE) capillaries have the advantages of easy 
fabrication, low cost and high flexibility. These polymeric capillaries can resist strong 

acidic and alkaline media at low to moderate temperatures and pressures. Such polymeric 

materials are transparent which allows studying the hydrodynamics inside the capillaries. 

This is beneficial for improving the reactor design and the overall process. However, the 
PFA capillary microreactors cannot resist high temperatures and the limiting pressure 

decreases significantly with increasing temperatures. In contrast, the stainless steel 

microreactors can resist much higher temperatures and pressures, and provide higher heat 
conductivities. This allows the stainless steel microreactors to be operated under harsh 

conditions such as high temperatures and high pressures in a safer way. The stainless steel 

microreactors have been widely applied in reaction processes with harsh reaction 

conditions [43-45]. 
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Figure 2.8. Effect of reaction temperature on H2O2 decomposition in a 
stainless steel capillary microreactor (molar ratio of H2O2 and catalyst is 440:6 for 

every experiment) 

In this section, the decomposition performance of H2O2 in a stainless steel capillary 
microreactor was investigated with the initial H2O2 concentration of 50 wt.%. Figure 2.8 

presents the variation of H2O2 conversion as a function of theoretical residence time and 

temperature. The mentioned Figure 2.8 shows that the H2O2 decomposition performance in 

the stainless steel capillary microreactor has a similar tendency as that in the PFA capillary 
microreactor. The conversion of H2O2 increased with an increase of the residence time or 

the reaction temperature. However, the decomposition of H2O2 in the stainless steel 

capillary micoreactor was much faster than in the PFA capillary at the same theoretical 

residence time and temperature. This was because the stainless steel capillary surface itself 
catalyzes the H2O2 decomposition [32].  
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Figure 2.9.  Effect of catalyst loading on H2O2 decomposition at 378 K in a 

stainless steel capillary microreactor 

Figure 2.9 shows the effect of the catalyst loading on the H2O2 decomposition in the 

stainless steel capillary microreactor. It is clear that the addition of sodium tungstate 

significantly increased the conversion of H2O2. Furthermore, the stainless steel capillary 

microreactor could accelerate the decomposition of H2O2 with a higher level as compared 
to the PFA capillary microreactor at the same catalyst loadings (see Figure 2.6 and Figure 

2.9). In fact, the H2O2 decomposition catalyzed by sodium tungstate in the stainless steel 

capillary microreactor was quite complicated. In which both homogeneous catalysis by 

sodium tungstate and heterogeneous catalysis by stainless steel material were involved. The 
different reaction rate constants at various temperatures and residence times were 

calculated via the method described above based on the assumptions of the first order 

reaction and the zeroth order reaction, and they are summarized in Table 2.5. 
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Table 2.5.  Average values of reaction rate constants with different reaction 

temperatures in a stainless steel capillary microreactor calculated based on 

the assumptions of the first order and zeroth order reaction* 

Reaction temperature (K) 

Average values of reaction 
rate constants based on the 

assumption of the first 

order reaction k1 (s
-1) 

Average values of reaction rate 
constants based on the 

assumption of the zeroth order 

reaction k0 (mol l-1 s-1) 

368 0.23 2.52 

373 0.33 3.39 

378 0.86 6.55 

*Molar ratio of H2O2 and catalyst is 440:6 for every experiment 

The standard deviations and 95% confidence intervals of k at different temperatures were 

estimated, as shown in Table 2.6. It can be seen that the SD of k with different residence 
times from the assumption of the first order reaction is far beyond 10% while that from the 

assumption of the zeroth order reaction is within 10%. Thus, the H2O2 decomposition in the 

stainless steel capillary microreactor with about 50 wt.% initial H2O2 concentration and 
sodium tungstate as a catalyst is considered to be zeroth order with respect to H2O2.  

Although the zeroth order was considered as a proper order with respect to H2O2, the 

standard deviations based on the assumption at 373 and 378 K in the stainless steel 

capillary are about 10% (table 2.6), which are obviously larger compared to that obtained in 
the PFA capillary microreactor. Moreover, the calculated concentrations of H2O2 at 373 K 

and 378 K in Figure 2.10 do not fit the experimental data as well as those in Figure 2.5, 

especially at the temperature of 378 k. It is speculated that the surface composition of the 

stainless steel capillary microreactor can change with time going as a result of oxidation 
under the conditions of such a high H2O2 concentration and high temperatures, leading to 

the variation of H2O2 conversion.  
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Table 2.6. Comparison of confidence intervals of k and confidence intervals of calculated 

reaction rate constants based on the assumptions of the first and zeroth order reaction in a 

stainless steel capillary microreactor  

Reaction 
temperature 

(K) 

Assumption of the first order 
reaction for calculation of k 

Assumption of the zeroth order 
reaction for calculation of k 

 
Standard 

deviation (%) 

95% Confidence 

interval 

Standard 

deviation 

95% Confidence 

interval 

368 5 -0.132 - 0.135 16 -0.0538 - 0.0887 

373 10 -0.131 - 0.155 24 -0.0210 - 0.0752 

378 10 -0.138 - 0.145 41 -0.00286 - 0.0905 

 

Figure 2.10. Effect of residence time and temperature on H2O2 molar concentration in a 

stainless steel capillary(molar ratio of H2O2 and catalyst is 440:6 for every experiment) 

The kinetic study of H2O2 decomposition catalyzed by sodium tungstate provides some 

clues on explaining in the reaction mechanism of the adipic acid synthesis from 
cyclohexene and H2O2 [2,3,46,47]. There is one possibility that the intermediate (•OH) 

produced by the H2O2 decomposition participates in the synthesis of adipic acid. Then, it is 
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crucial to speed up the rate of oxidation reaction, which enables it to match with that of the 

rate of H2O2 decomposition. However, the rate of H2O2 decomposition is faster normally 

relative to that of oxidation reaction at high temperatures and H2O2 concentrations, which 

causes a lot of unfavorable degradation of H2O2 and a lowered H2O2 efficiency. From the 
kinetic study in this work, it is known that the catalyst loading and the microreactor surface 

significantly affect the H2O2 decomposition. Therefore, a proper selection of the catalyst 

amount and microreactor material is of vital importance in the direct synthesis of adipic 

acid from cyclohexene and H2O2. 

2.4. Conclusions  

The kinetic study of H2O2 decomposition catalyzed by sodium tungstate was carried out in 

capillary microreactors with high initial H2O2 concentrations at high pressures and 

temperatures. Both PFA and stainless steel capillary microreactors were applied in this 

decomposition process. As expected, the H2O2 decomposition increased with increasing 
residence time, reaction temperature and catalyst loading. A mathematic deduction based 

on experimental data was made in order to obtain reaction orders and reaction rate 

constants, in which the effect of produced gas phase (oxygen) on the residence time was 

considered. The standard deviation and the 95% confidence interval were used to judge the 
reaction orders and the reaction rate constants. The reaction was proved to be zeroth order 

with respect to H2O2 and first order with respect to sodium tungstate in a PFA capillary 

microreactor with the H2O2 concentration ranging from 8 to 15 mol/l. The activation energy 

of H2O2 decomposition catalyzed by sodium tungstate with about 50 wt.% initial H2O2 
concentration in a PFA capillary microreactor was found to be 106 kJ/mol. All calculated 

concentrations of H2O2 from the proposed kinetic model agreed well with experimental 

data, which further proved the rationality of the deduction in the kinetic study. The H2O2 

decomposition performance in the stainless steel capillary microreactor showed a similar 
tendency with that in the PFA capillary microreactor. However, as compared to the PFA 

capillary microreactor, both the H2O2 conversion and the reaction rate constants were much 

higher in the stainless steel microreactor, owing to the involvement of stainless steel 
capillary surface as an extra catalyst.  

This kinetic study deepens the understanding on the key factors influencing H2O2 

decomposition, which is beneficial for improving the utilization efficiency of H2O2 and by 

that the process efficiency in reaction processes involving H2O2 as an oxidant. In addition, 
this study also provides some clues on explaining the reaction mechanism of the adipic acid 

synthesis from cyclohexene and H2O2 with sodium tungstate as a catalyst and on realizing 

corresponding process optimization. Furthermore, the decomposition study gives the hint 

not to use PFA and stainless steel capillaries under ‘normal’  high pressure (such as 10 bar) 
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and temperature conditions when reactions involve H2O2, especially high concentration of 

H2O2. A feasible solution is to apply reactors made of the inert material such as glass or to 

increase further the high pressure novel process window to 70 bar, allowing notable 

compression of the decomposed gas.  
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3.  Packed-bed microreactor for continuous-flow adipic acid synthesis 
from cyclohexene and hydrogen peroxide 

This chapter is based on: Shang M., Noël T., Wang Q. and Hessel V., Packed-bed 
microreactor for continuous-flow adipic acid synthesis from cyclohexene and hydrogen 

peroxide. Chemical Engineering & Technology, 2013, 38(6), 1001-1009. 

 

 

 

 

Abstract 

The synthesis of adipic acid by means of a direct oxidation of cyclohexene by hydrogen 
peroxide was carried out in a continuous-flow packed-bed micro reactor. The reaction uses 

Na2WO4•2H2O as a catalyst and [CH3(n-C8H17)3N]HSO4 as a phase transfer catalyst without 

additional solvent. A parametric process optimization (such as glass beads size, residence 

time, concentration of hydrogen peroxide, addition of acid, reaction temperature and molar 
ratios of reactants and catalysts) was done. It is demonstrated that smaller glass beads result 

in a better yield of adipic acid. Also, it is found that 50 wt.%  H2O2 is much more 

productive than 30 wt.% H2O2 under the same reaction conditions. We found that the 

addition of acid plays an important role in the oxidation of cyclohexene to adipic acid. 
Under given conditions, a sulfuric acid concentration 0.22 M is found to give the highest 

isolated yield of adipic acid. Based on the concept of Novel Process Windows, the 

influence of elevated temperatures has been investigated and 100 ˚C is shown to be the 

optimum temperature for the reaction, which results in almost 50% isolated yield of adipic 
acid when the residence time is 20 minutes (50 wt.% H2O2: cyclohexene: Na2WO4•2H2O: 

[CH3(n-C8H17)3N]HSO4 molar ratio is 440:100:6:6).
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3.1 Introduction 

Adipic acid is an important intermediate for the production of nylon-6,6 and other products 
[1]. Nylon-6,6, a polyamide, is mainly used for the manufacturing of high performance 

materials, such as carpet fibers, ropes and tire reinforcements. The annual world production 

of adipic acid is about 3.5 million tons. Most commercial processes to produce adipic acid 
include a two-step oxidation of cyclohexane [2]. It involves an aerobic oxidation of 

cyclohexane to obtain a mixture of cyclohexanone and cyclohexanol (i.e. K/A oil) followed 

by an oxidation of K/A oil by nitric acid to obtain adipic acid. Although this process is 

cost-effective, a large amount of nitrous oxide (N2O) is produced as a consequence of the 
use nitric acid as the oxidant. Nitrous oxide is a major greenhouse gas and air pollutant and 

its global warming potential exceeds the one from carbon dioxide with a factor of 298 [3]. 

So a more environmentally benign procedure for synthesizing adipic acid is highly desired. 

Nowadays, oxidation processes which employ green oxidants, such as oxygen or hydrogen 
peroxide, are attracting significant interest from the industrial community. In order to 

activate the C–H bond with molecular oxygen, harsh reaction conditions, such as high 

temperature and pressure, are typically needed [4-6]. In addition, aerobic oxidation 

processes are often difficult to control and problems arise due to side and consecutive 
reactions, e.g. overoxidation. Hydrogen peroxide has a high active oxygen content (47% 

active oxygen) and produces water as the sole byproduct [7]. Therefore, an increasing 

number of researchers have started to use hydrogen peroxide for a wide variety of oxidation 

processes, such as the one-step oxidative cleavage of cyclohexene to synthesize adipic acid. 
One of the first reports was provided by Noyori and coworkers [8]. Excellent yield of 

adipic acid was obtained by using 30% H2O2 to oxidize cyclohexene with Na2WO4·2H2O as 

catalyst and [CH3(n-C8H17)3N]HSO4 as phase-transfer catalyst under organic solvent-free 

conditions (Scheme 3.1). Inspired by this landmark paper, several other catalysts have been 
developed with varying success to enable efficient adipic acid synthesis starting from 

cyclohexene [9-14]. To the best of our knowledge, all reports concerning adipic acid 

synthesis via a direct oxidation of cyclohexene by hydrogen peroxide were carried out in a 
laboratory batch reactor, which required long reaction times (typically exceeding 8 hours 

total reaction time). These procedures have limited scale-up potential due to the explosion 

hazards of hydrogen peroxide encountered at large scale.  
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Scheme 3.1. One-step oxidative cleavage of cyclohexene to synthesize adipic acid. 

We surmised that the direct synthesis of adipic acid in a continuous-flow microreactor 
would be advantageous [15]. Compared to traditional batch reactors, continuous-flow 

microreactors supply several advantages, such as high heat and mass transfer efficiency, the 

ease of scale-up, and the facile transition from laboratory to production scale [16-18]. In 

addition, in order to boost the reaction we will take advantage of the Novel Process 
Windows concept [19-22]. Novel Process Windows offer the advantage of speeding up the 

intrinsic reaction rates by using high temperature and/or pressure, and/or a high reactant 

concentration, which means that the reaction can be completed within much shorter 

residence time, i.e. volumetric production rates increase. 

An additional complication of the one-step oxidative cleavage of cyclohexene concerns the 

use of biphasic reaction conditions. In batch, mechanically stirred reactors equipped with 

baffles are commonly used. However, such reactors typically give rise to poorly defined 

interfacial areas and the yield is strongly dependent on the mixing efficiency. Moreover, 
only limited surface-to-volume ratios of ca. 1,000 m2/m3 are feasible in stirred reactors [23]. 

Due to their high surface-to-volume ratios, microreactor technology has been utilized to 

facilitate such biphasic reactions. Consequently, excellent and reproducible interfacial areas 

can be obtained. The use of segmented flow leads to interfacial areas above 10,000 m2/m3 
[24,25]. An improvement can be obtained by using dispersed or bubbly flow. Bubbly flow 

can be efficiently generated with micromixers and can be maintained in so-called orifice 

microreactors [26-28]. This flow regime allows for an increase of the interfacial area to 
values above 150,000 m2/m3. Beside this, packed-bed microreactors can further improve 

the mass transfer between two immiscible liquid phases efficiently [29-34]. This 

operationally simple design allows for the formation of stable dispersions providing 

droplets of small size, e.g. < 10 μm [35]. 

In this chapter, we report our results concerning the development of a microreactor 

approach towards the synthesis of adipic acid starting from cyclohexene and hydrogen 

peroxide. A packed-bed microreactor was used to intensify the interfacial contact between 

the organic and the aqueous layer. High temperature processing was used to reduce the 
reaction times. Excellent space time yields were obtained and provide a twenty-fold 

increase compared to laboratory batch conditions. 
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3.2. Experimental 

3.2.1. Materials 

Cyclohexene, hydrogen peroxide solution (30 wt.% and 50 wt.%), sodium tungstate 
dihydrate, sulfuric acid, aliquat 336, sodium bisulfate monohydrate and butyl acetate were 

all purchased from Sigma-Aldrich, and were used as received. Phase transfer catalyst (PTC) 

[CH3(C8H12)3N]HSO4 was synthesized according to the experimental procedures described 

in [36]. 

3.2.2. Experimental set-up and procedures 

Adipic acid synthesis was conducted using a packed-bed microreactor setup depicted in 

Figure 3.1. The packed-bed micro reactor consists of a glass tube of 20 cm length and 10 

mm internal diameter, which was packed with inert glass beads with a particle size 

distribution of 212 – 300 μm (Figure 3.2). The biphasic reactant streams were introduced 
into the system with syringe pumps.  

The aqueous phase, which contains sodium tungstate and hydrogen peroxide solution, was 

combined with the organic phase, which contains cyclohexene and phase transfer catalyst, 

in a micromixer. Next, the biphasic mixture is introduced into a packed-bed micro reactor. 
After exiting the reactor, the samples were collected into vials. The reaction temperature 

was kept constant by the circulating oil. The product samples were kept in ice overnight. 

The resulting white precipitate was separated by filtration and washed with butyl acetate. 

Then, the product was redissolved in the acetone and the solvent was removed in vacuo. 
Finally, adipic acid was obtained in pure form after being dried overnight at 70 ˚C in a 

vacuum oven.  
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Syringe pump

Syringe pump

                         

Packed bed reactor
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DHydrogen peroxide 
and sodium tungstate
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phase transfer 

catalyst

              Product  

Figure 3.1. Schematic representation of the microreactor setup for the synthesis of adipic 
acid from cyclohexene and H2O2 device. 

 

Figure 3.2. Picture of the packed-bed microreactor. The microreactor consists of two 

concentric tubes. The outer part is used for heat exchange and oil continuously circulates 
through it. The inner part consists of the packed-bed and the tube is filled with glass beads 

(212-300 μm). 

3.2.3. Measurement of hydrogen peroxide concentration 

The study on hydrogen peroxide degradation was carried out in the same packed-bed micro 

reactor as the reaction. Typically, H2O2 with or without sulfuric acid and sodium tungstate 

was pumped into the reactor, which was kept at 100 ˚C. The concentration of hydrogen 
peroxide was determined by iodometric titration. All the experiments were performed in 

three-fold. The values reported in this study constitute the average of three independent 

experiments. 
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3.2.4. Analysis 

The samples were analyzed via melting point, 1H NMR, 13C NMR, IR and HPLC. Nuclear 
Magnetic Resonance spectra were recorded on a Varian 400 MHz instrument. All 1H NMR 

are reported in δ units, parts per million (ppm), and were measured relative to the signal for 

tetramethylsilane (0 ppm) in the deuterated solvent, unless otherwise stated. All 13C NMR 
are reported in ppm relative to tetramethylsilane (0 ppm), unless stated otherwise, and all 

were obtained with 1H decoupling. All IR spectra were taken on a Perkin – Elmer Spectrum 

One equipped with a Universal ATR sampling accessory. 

The residence time is calculated according to the equation: 

voidV
v

τ =     (3.1) 

where voidV  is the void volume of packed-bed microreactor and v is the total volumetric 

flow rate of organic phase and aqueous phase. 

The isolated yield is calculated by equation (3.2): 

         (3.2) 

where Y is the isolated yield of adipic acid, WADA is the mass of product adipic acid. MADA is 

the mass flow rate of adipic acid and ncy is the molar flow rate of cyclohexene in the feed.   

The equation of space time yield (STY) is shown as below:  

where V is the volume of reaction and t is the residence time.  

3.2.5. Typical procedure to obtain isolated yields of adipic acid 

A stainless steel syringe, filled with cyclohexene (0.061 mol, 6.2 mL) and 

[CH3(C8H12)3N]HSO4 (3.65 mmol, 1.7 g), was fitted to a syringe pump. A plastic syringe, 

filled with Na2WO4.2H2O (4 mmol, 1.32 g), hydrogen peroxide solution (50 wt%, 20 g) and 

concentrated sulfuric acid (96 %, 0.22g), was fitted to a second syringe pump. The reagents 
were subsequently introduced into the microfluidic system (see Figure 3.1) at the 

appropriate flow rates (organic phase: 0.113 ml/min and aqueous phase: 0.212 ml/min) to 

/ 100%ADA ADA
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give a residence time of 20 minutes. Before data collection, the system was allowed to 

reach steady state conditions. Next, a sample was collected for 20 minutes to obtain 

theoretically 17 mmol of product. The sample was kept in an ice bath over night after 

which a white precipitate was formed. The crystals were collected via filtration and washed 
with butyl acetate. Next, the sample was recrystallized from acetone to yield 1.24 g (8.5 

mmol, 50% yield) of adipic acid as a white crystalline product. Melting point = 151-152 ˚C 

(lit.: 151-152 ˚C) [8]. 1H NMR (400 MHz, CD3OD) δ: 1.64 (m, 4H), 2.31 (m, 4H) ppm. 13C 

NMR (100 MHz, CD3OD) δ: 175.9, 33.2, 24.1 ppm. IR (HATR, cm-1): 2949, 2923, 1684, 

1462, 1428, 1407, 1275, 1191, 921, 690. 

3.3. Results and discussions 

3.3.1. Reaction performance of the packed bed reactor for adipic acid synthesis 

We commenced our investigations by using a 5 meter PEEK capillary microreactor with a 

diameter of 500 μm. In such open capillaries, the combination of two immiscible liquid 
phases results in the formation of segmented (slug or Taylor) flow in which toroidal 

vortices are established which lead to enhanced mixing as compared to single phase flows. 

During the course of our investigations, we observed that hydrogen peroxide unavoidably 

tends to decompose to produce oxygen and water (Scheme 3.2). Consequently, a 
liquid/liquid/gas three phase system was formed and influenced the interfacial area between 

hydrogen peroxide and cyclohexene significantly. However, and more importantly, it also 

had a very pronounced effect on the residence time. The gas formation resulted in 

irreproducible residence times and by that the residence reaction time was reduced 
significantly. Hence, only very low yields of adipic acid (< 5% yield) were obtained in a 

capillary reactor under atmospheric pressure.  

 

Scheme 3.2. Decomposition of hydrogen peroxide at elevated temperatures. 

We anticipated that inadequate mixing in segmented flow obtained in the capillary reactor 
was one of the main causes for the observed low yields of adipic acid. It is known that in a 

bubbly or dispersed flow regime much higher interfacial areas can be reached. Depending 

on the droplet size of the dispersed phase, surface-to-volume ratios above 150,000 m2/m3 

can be reached [26]. One phenomenon that has to be taken into account in the microreactor 
design is the occurrence of coalescence of the dispersed droplets. While orifice 

microreactor have been successfully employed to deliver a stable bubbly flow regime, they 
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require high flow rates to obtain small droplets and prevent coalescence. The use of 

prolonged reactions times, and thus low flow rates, in the direct oxidation of cyclohexene 

might therefore be problematic. In contrast, a packed-bed micro reactor might be 

advantageous for our purposes [29-34]. The interstices among the packing material can be 
seen as simulated micro-channels and the comparably large cross-sectional area could 

efficiently avoid the influence of the in situ produced gas bubble on the main reaction flow. 

Moreover, the packing material causes a continuous redispersion of the biphasic mixture 

and thus ensures a better mixing and larger interfacial area between the two immiscible 
phases. This should obviously improve the mass transfer performance.    

A micromixer was used before the packed bed micro reactor, which predisperses the two 

phase immiscible reactant streams. Two types of micromixers were explored, one is the jet-

decay interdigital micromixer from Institut für Mikrotechnik Mainz GmbH, the other one is 
the shear-induced T-micromixer. The reaction was conducted at 90 ˚C and near 

atmospheric pressure. The theoretical residence time was 20 min neglecting the influence 

of gas formation. Hydrogen peroxide was added in a 10% molar excess over the 

stoichiometric amount. It can be seen from Table 3.1 that, although the jet-decay 
interdigital micromixer has a better mixing efficiency, the type of micromixer did not have 

a major effect on the reaction outcome.  

Table 3.1. Effect of micromixers on the isolated yield of adipic acid.[a] 

Entry Mixer Type Residence Time 
[min] 

Isolated Yield 
Adipic Acid [%] 

1 Jet-decay interdigital 

micromixer 

8 5.2 

2 Jet-decay interdigital 
micromixer 

20 9.8 

3 Shear-induced T-micromixer 8 4.5 

4 Shear-induced T-micromixer 20 11.4 

[a]Reaction conditions: n(H2O2): n(cyclohexene): n(Na2WO4): n(PTC) = 440: 100: 10: 10 (n 
denotes the number of molar). For jet-decay interdigital micromixer, Standard mixing 

channels is approx. 45 μm × 200 μm. For shear-induced T-micromixer, the internal 

diameter of mixing channels is 500 μm. The internal diameter of the tube leading from the 

micromixer to the packed-bed is 500 μm and the length is 20cm. 
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The glass beads, which are used as reactor packing, re-disperse the reactants continuously. 

Consequently, we expected that the size of the glass beads is of great importance for the 

reaction efficiency. Different sizes of glass beads were explored and the results are 

collected in Table 3.2. The photographs of two kinds of glass beads are shown in Figure 3.3. 
It can be seen that in our experiments the effect is rather negligible for longer residence 

times. However, when the residence time is reduced to 8 min, no product formation was 

observed for the reactor packed with 1000 μm glass beads. Therefore, 212–300 μm glass 

beads were used for all the experiments reported in this study.  

Table 3.2. Effect of glass beads size on the isolated yield of adipic acid.[a] 

Entry Size of Glass Beads  

[μm] 

Residence Time 
[min] 

Isolated Yield Adipic 
Acid [%] 

1 212–300  8 4.5 

2 212–300 20 11.4 

3 1000 8 ~ 

4 1000 20 10.6 

[a]Reaction conditions: The temperature of oil bath was 90 ˚C, the reaction pressure was 
near atmospheric pressure, and theoretical residence time was 20 min. n(H2O2): 

n(cyclohexene): n(Na2WO4): n(PTC) = 440: 100: 10: 10 (n denotes the number of molar).  

 

(a) 

 

(b) 

Figure 3.3. Glass beads used as packing material for the packed-bed microreactor: (a) 212–
300 μm and (b) 1000 μm. 



60 

3.3.2. Reaction condition dependence 

3.3.2.1 Concentration of H2O2 

A first parameter that was investigated is the influence of the concentration of hydrogen 
peroxide on the product stream. From Figure 3.4, it is immediately clear that a higher 

concentrated hydrogen peroxide solution leads to a better yield of adipic acid.  

 

Figure 3.4. Comparison of the isolated yields of adipic acid based on the different 

concentration of H2O2. Reaction conditions: The temperature of oil bath was kept at 90 ˚C, 

the reaction pressure was near atmospheric pressure and the theoretical residence time was 

20 min. n(H2O2): n(cyclohexene): n(Na2WO4): n(PTC) = 440: 100: 6:6 (n denotes the 
number of molar). 

3.3.2.2 Acid 

The use of acidic promoters is crucial for the direct oxidation of cyclohexene to adipic acid 

[37-40]. Addition of acid enhances the stability and the oxidative properties of hydrogen 

peroxide. As shown above, this stabilizing effect would be advantageous since 
decomposition of hydrogen peroxide results in the formation of water and oxygen gas and, 

thus, irreproducible residence times in the reactor. Moreover, the acid acts as a catalyst for 

the two hydrolysis steps in the reaction sequence (Figure 3.5). 
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Figure 3.5. Proposed reaction pathway for the oxidation of cyclohexene by H2O2 to 
produce adipic acid [8] 

The effect of acidity on the flow process was investigated. Hereto, sulfuric acid was added 

to the aqueous hydrogen peroxide solution. The results are shown in Figure 3.6. An 
increase in yield can be obtained until the acid concentration reaches 0.22 M. Further 

increasing the acid concentration leads to decrease in productivity. 

 

 

Figure 3.6. Effect of H2SO4 concentration on the isolated yield of adipic acid. Reaction 

conditions: The temperature of oil bath was 90 ˚C, the reaction pressure was near 

atmospheric pressure, and theoretical residence time was 20 min. n(H2O2): n(cyclohexene): 

n(Na2WO4): n(PTC) = 440: 100: 6: 6 (n denotes the number of molar). 

The higher activity of the catalyst in acidic media can also be explained by protonation of 
the peroxytungstic acids, i.e. H2WO5 and H2WO8 [41]. At first, the catalyst Na2WO4 is 



62 

oxidized by hydrogen peroxide to peroxytungstic species. Increasing the acidity results in a 

protonated species which constitutes the more active oxidation catalyst. 

3.3.2.3 Temperature 

Most syntheses of adipic acid from cyclohexene and hydrogen peroxide were carried out at 

reaction temperatures below 100 ˚C. Due to thermal runaways and the use of explosive 
hazardous hydrogen peroxide, it is not safe to use elevated reaction temperatures under 

batch conditions. However, the use of microflow conditions can facilitate these rather harsh 

reaction conditions [42]. As can be seen from Figure 3.7, the reaction temperature exerts a 

great influence on the oxidation process. Optimal reaction conditions are obtained at a 
temperature of 100 ˚C; notably, 50 % isolated yield could be obtained within only 20 

minutes reaction time. Higher reaction temperatures were detrimental for the reaction since 

higher temperatures can lead to considerable vaporization of reactants and pronounced 

decomposition of hydrogen peroxide.  

 

Figure 3.7. Effect of temperature on the isolated yield of adipic acid. Reaction conditions: 

The reaction pressure was near atmospheric pressure, theoretical residence time was 20 min 

and the concentration of sulfuric acid was 0.22 M. n(H2O2): n(cyclohexene): n(Na2WO4): 

n(PTC) = 440: 100: 6: 6 (n denotes the number of molar). 
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3.3.2.4 Residence time 

 

Figure 3.8. Effect of residence time on the isolated yield of adipic acid. Reaction 

conditions: The temperature of oil bath was 100 ˚C, the reaction pressure was near 

atmospheric pressure and the concentration of sulfuric acid was 0.22 M. n(H2O2): 
n(cyclohexene): n(Na2WO4): n(PTC) = 440: 100: 6: 6 (n denotes the number of molar). 

In the reported batch procedures, the direct oxidation of cyclohexene to adipic acid requires 

several hours to obtain full conversion [9-14]. In flow, we could accelerate the reaction 

significantly by utilizing harsh reaction conditions, i.e. a reaction temperature of 100 ˚C 
and the use of a highly concentrated hydrogen peroxide solution (50 %) resulted in the 

formation of adipic acid (50 wt. % isolated yield) within 20 minutes. From Figure 3.8, it 

can be found that the isolated yield of adipic acid rises when the residence time increases. It 

is well known that the flow rate has an obvious influence on the hydrodynamics and mass 
transfer of immiscible liquid-liquid two phases. Shorter residence times, and thus higher 

flow rates, result into a higher mixing efficiency of immiscible biphasic mixtures [35]. 

However, the yield of adipic acid in the micro packed bed reactor is not only dependent on 

the mass transfer performance but also the total reaction time. The positive effect of the 
increase of residence time resulted in an optimal residence time of 20 minutes (Figure 3.8) 

[33]. 
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2.3.2.5 Catalysts 

 

Figure 3.9. Effect of different molar ration of reactant and catalysts. Reaction conditions: 

The temperature of oil bath was 100 ˚C, the reaction pressure was near atmospheric 

pressure, the theoretical residence time was 20 min and the concentration of sulfuric acid 

was 0.22 M. n(H2O2): n(cyclohexene) = 440: 100 (n denotes the number of molar). 

 

Figure 3.10. Effect of different molar ration of reactant and catalysts. Reaction conditions: 

The temperature of oil bath was 100 ˚C, the reaction pressure was near atmospheric 
pressure, the theoretical residence time was 20 min and the concentration of sulfuric acid 

was 0.22 M. n(H2O2): n(cyclohexene) = 440: 100 (n denotes the number of molar). 
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Figure 3.11. Effect of different molar ration of reactant and catalysts. Reaction conditions: 

The temperature of oil bath was 100 ˚C, the reaction pressure was near atmospheric 

pressure, the theoretical residence time was 20 min and the concentration of sulfuric acid 

was 0.22 M. n(H2O2): n(cyclohexene) = 440: 100 (n denotes the number of molar). 

Next, we investigated the influence of the catalyst and phase transfer catalyst . The results 

in Figure 3.9 demostrate that the optimal amount of catalyst and phase transfer catalyst is 6 

mol%. Adding more catalyst does not lead to a further increase in reaction yield. Varying 
the ratio of oxidation catalyst to the phase transfer catalyst does not lead to an improvement 

in productivity.     

3.3.2.6 Decomposition of hydrogen peroxide 

It is known that hydrogen peroxide decomposes at elevated temperatures to produce water 

and oxygen. We investigated the influence of the studied reaction conditions on the 
decomposition of hydrogen peroxide (see Table 3.3). It is found that high reaction 

temperatures does not lead to a significant enhancement of the decomposition of hydrogen 

peroxide within the residence times used in this study (Table 3.3, entry 2). Addition of 

catalyst and sulfuric acid leads to limited decomposition of hydrogen peroxide (Table 3.3, 
entry 3). Although a slight excess of hydrogen peroxide is used, hydrogen peroxide is 

almost completely consumed under typical reaction conditions (Table 3.3, Entry 4). This 

suggests that more hydrogen peroxide is required to obtain full conversion of cyclohexene 

under continuous-flow reaction conditions.    
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Table 3.3. Analysis of the decomposition of hydrogen peroxide. 

Entry Reaction Conditions H2O2 concentration (wt%) 

1 Initial H2O2 concentration 49 

2 H2O2 + 100˚C[a] 47 

3 H2O2 + 100 ˚C + Na2WO4 + H2SO4
[b] 42 

4 Typical reaction conditions[c]  2 

Reaction conditions: [a] The theoretical residence time was 20 min. [b] The theoretical 

residence time was 20 min, and the concentration of sulfuric acid is 0.22 M. n(H2O2): 

n(Na2WO4) = 440: 6 (n denotes the molar ratio) . [c] The temperature of oil bath was 100 
˚C, the reaction pressure was near atmospheric pressure, the theoretical residence time was 

20 min and the concentration of sulfuric acid was 0.22 M. n(H2O2): n(cyclohexene): 

n(Na2WO4): n(PTC) = 440: 100: 6: 6 (n denotes the number of molar).   

Figure 3.12 shows the effect of excess hydrogen peroxide on the isolated yield of adipic 
acid. It can be found that the influence of excess of hydrogen peroxide on the yield of 

adipic acid is not substantial.          

 

 

 

Figure 3.12. Effect of the excess of hydrogen peroxide. Reaction conditions: The 
temperature of oil bath was 100 ˚C, and reaction pressure was near atmospheric pressure, 

the theoretical residence time was 20 min and the concentration of sulfuric acid was 0.22 M. 

n(cyclohexene): n(Na2WO4): n(PTC) = 100: 6: 6 (n denotes the number of molar). 
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3.3.3. Microreactor clogging   

Microreactor clogging constitutes one of the major challenges for micro process technology 
[43,44]. Recently, several solutions for this problem have been developed [43-46]. During 

the course of our investigations, we never observed microreactor blockage inside the 

packed-bed microreactor. At the elevated temperatures used to boost the reaction, the 
solubility of adipic acid was sufficiently high to remain in solution. However, upon leaving 

the heated microreactor zone, deposition of adipic acid was observed in the tubing which 

leaded to constriction of the microchannel and, eventually, to blockage of the whole 

microreactor setup [47]. This phenomenon could be efficiently avoided by minimizing the 
length of the capillary tubing after the heated zone. 

3.3.4. Comparison for batch reaction and flow reaction 

Table 3.4. Comparison between batch reaction and flow reaction on the isolated yield of 

adipic acid 

Entry Reactor Residence time [min] STY [kg/(l•h)] 

1 Batch reactor [8] 480 0.03 

2 Micro packed bed 

reactor 

20 0.57 

 

In Table 3.4, a comparison between the space time yields (STY) for the batch reaction [8] 
and the one obtained in the present study under continuous-flow conditions is shown. It is 

immediately clear that the direct oxidation reaction of cyclohexene to adipic acid in a 

packed bed microreactor largely improves the space time yield.  

3.4. Conclusions  

A novel microflow process has been described for the synthesis of adipic acid starting from 

cyclohexene and hydrogen peroxide in a packed-bed microreactor. We have demonstrated 
that the isolated yield of adipic acid can reach 50% within 20 minutes under intensified 

reaction conditions. Optimal reaction conditions involve the addition of sulfuric acid to 

stabilize hydrogen peroxide, accelerate the hydrolysis steps and to form a more active 
oxidation catalyst. High reaction temperatures were feasible in this setup and 100 ˚C was 
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shown to be optimal temperature. Furthermore, we investigated the nature of the 

decomposition of hydrogen peroxide under our reaction conditions. We also calculated the 

space time yield obtained in our microreactor setup and found a twenty-fold increase when 

compared to the batch reaction. We believe that this direct oxidation process has a great 
potential in the microreactor. Further research in our laboratory is devoted to reach full 

cyclohexene conversion in the microreactor setup and to suppress the formation of oxygen 

as much as possible to control the residence time more precisely. 
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4.   2- and 3-Stage temperature ramping for the direct synthesis of 
adipic acid in micro-flow packed-bed reactors 

This chapter is based on: Shang M., Noël T., Wang Q., Su Y., Miyabayashi K.M., Hessel V. 

and Hasebe S., 2- and 3-stage temperature ramping for the direct synthesis of adipic acid in 
micro packed bed reactors. Chemical Engineering Journal, 2015, 260, 454-462.  

 

 

 

 

ABSTRACT: 

The synthesis of adipic acid from cyclohexene and hydrogen peroxide was investigated in 
micro-flow packed-bed reactors. For experiments with setting a single temperature, the 
isolated yield of adipic acid increases with increasing residence time in micro-flow packed-
bed reactors until a certain temperature from which it drops again. The addition of 
phosphoric acid cannot effectively improve the isolated yield of adipic acid though it is 
generally known to reduce the decomposition of H2O2. Then, different temperatures were 
tested along the reactor length, since the adipic acid synthesis is known to consist of 6 
elementary reactions with different temperature needs. For experiments with 2-stage 
temperature ramping, 70 °C and 100 °C, respectively, are the optimal set temperatures for 
the first stage and second stage reactor, which lead to 63% isolated yield of adipic acid. The 
actual maximum temperatures in two reactors can reach about 85 °C and 115 °C, 
respectively. Furthermore, 3-stage temperature ramping improves the yield of adipic acid to 
66%. Multi-injection of hydrogen peroxide at different stages do not lead to a further 
increase in adipic acid yield. Although high temperatures are used in this transformation, 
the in-line recording of temperature profiles along the flow axis shows that safe operation 
for this exothermic reaction can be realized in the micro-flow packed-bed reactors. Notably, 
the space-time yield in micro-flow packed-bed reactors is more than one order of 
magnitude higher than those obtained in batch reactors. 
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4.1. Introduction 

Adipic acid is one of  the most widely used dicarboxylic acids in the chemical industry, and 
can be used for the manufacture of the polyamide nylon 6,6, polyurethanes, plasticizers as 

well as other pharmaceutical chemicals [1]. Nylon 6,6 is one of the most common building 

blocks of textile and plastics. The commercial route for synthesizing adipic acid has two 
steps. The first step is the aerobic oxidation of cyclohexane to obtain cyclohexanone and 

cyclohexanol (KA oil). In the second step, adipic acid is obtained by the oxidation of KA 

oil by nitric acid. However, in order to maintain high selectivity of cyclohexanone and 

cyclohexanol in the first step, it is necessary to keep the conversion of cyclohexane low 
(e.g. 3-8mol %) [2]. Furthermore, this traditional process releases a great amount of nitrous 

oxide due to the utilization of nitric acid, which represents 5-8% of the worldwide 

anthropogenic N2O emission. Driven by environmental restrictions and large cost of 

dealing with nitrous oxide, research has been inspired to explore a more environmentally 
friendly strategy for adipic acid synthesis.  

One alternative is the oxidation of cyclohexene with H2O2 to produce adipic acid. H2O2 

itself is considered as an eco-friendly chemical since its sole degradation product is water 

[4]. The first process employing hydrogen peroxide for producing adipic acid was reported 
by Sato et al. [5].  

This process starts with cyclohexene, obtaining 90% yield of adipic acid at 90 °C after 8 

hours. This landmark paper has inspired several other research groups to develop new 

strategies to achieve a more efficient adipic acid synthesis starting from cyclohexene and 
H2O2. These reports have been mainly focused on the development of novel catalysts and 

the optimization of new reaction processes. Cheng et al. applied modified SBA-15 

mesoporous catalyst to produce adipic acid. The yield of adipic acid reached 30% after 13 h 

at 85 °C [6]. Furthermore, aiming to improve the mixing efficiency between H2O2 (aqueous 
phase) and cyclohexene (organic phase), mesoporous oxides with built-in active tungsten 

oxide were used, inside which the immiscible two phases contacted with each other and 

reacted under the effect of the immobilized catalyst. In this operational mode, the yield of 
adipic acid could reach 95% at 80 °C after 24 h, but the reusability of catalyst  still needed 

to be improved [7]. Vafaeezadeh et al. developed silica-supported ionic liquid catalysts to 

create an amphiphilic reaction environment for the oxidation of cyclohexene, and obtained 

87% yield of adipic acid within 18 h at 75 °C [8]. For most processes utilizing a 
heterogeneous catalyst, extremely long reaction times were needed. Homogeneous catalysts 

can also be used and can reduce the reaction time significantly. Jin et al. [9] have used 

peroxy tungstate as catalyst and obtained 95% yield of adipic acid at 80-95 °C after 9 h 

reaction time. Wen et al. prepared a homogeneous catalyst complex that included H2WO4, 
H3PO4 and H2SO4, and applied it to produce adipic acid in a series of continuously operated 
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stirred-tank reactors (CSTRs) [10]. The highest yield for adipic acid that could be reached 

was 93% at 73-90 °C with 8 h reaction time. However, the space-time yield for 

homogeneous catalysis with conventional reactors was still low.   

Currently, many industrial processes are carried out in batch reactors. These processes need 
to be continuously optimized to achieve higher productivity and better economic profits, 

which is necessary for companies concerning global competition and trade. Microreactor 

technology provides a powerful approach for process intensification in continuous-flow and 

has shown its importance for chemical industry [11-15]. Extremely large surface-to-volume 
ratios of microreactors lead to low resistance against heat and mass transfer, thus being 

beneficial for strongly exothermic reactions or mass transfer controlled reactions, 

respectively, which denotes transfer intensification. It is easy to apply harsh reaction 

conditions (e.g. high temperature, high pressure and a high reactant concentration) in 
microreactors which denotes chemical intensification. Further, integrated and simplified 

process design can be achieved by proper application of microreactors, showing higher cost 

efficiency and environmental friendliness as compared with conventional technologies 

which denotes process-design intensification [16]. Both the chemical intensification and 
process-design intensification have been categorized in the Novel Process Windows (NPW) 

concept which has been proposed by our group and aims to boost chemistry and process 

design in a holistic way using flow chemistry as key enabling technology [17,18].   

For the oxidation of cyclohexene with H2O2, NPW means refer to the use of high 

temperature and high concentration of H2O2 which can speed up the intrinsic kinetics of 

different reaction steps, and thus facilitate the overall reaction process (chemical 

intensification field). However, it is challenging to realize such chemical intensification in 
batch reactors, due to an insufficient mass transfer rate and easy decomposition of H2O2 at 

high temperature and high concentration. Therefore, relatively mild reaction conditions (e.g. 

moderate reaction temperature and low concentration of H2O2) are often utilized in batch 

reactors for the direct synthesis of adipic acid from cyclohexene and hydrogen peroxide. 
Hence, extensive decomposition of H2O2 is avoided which limits the explosion hazards. In 

contrast, the high heat and mass transfer rates in microreactors can accommodate such 

harsh reaction conditions and offers a safe and reliable process [19,20]. 

Recently, we demonstrated that we could obtain 50% isolated yield of adipic acid by using 
50 wt.% H2O2 in a single micro-flow packed-bed reactor at atmospheric pressure and 

100°C with 20 minutes residence time [19]. However, we observed that in this process a 

large amount of H2O2 decomposed and the efficiency of H2O2 was just about 45%. Thus, it 

is of great importance to reduce the decomposition of H2O2 in order to further increase the 
yield of adipic acid and avoid the potential explosion hazards. In addition and as illustrated 

in Figure 4.1, there are six consecutive reaction steps included in the direct synthesis of 
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adipic acid from cyclohexene and H2O2, which have all distinct time constants [5]. For the 

sake of reducing the H2O2 decomposition and improving temperature control inside the 

reactors, two engineering solutions can be envisioned, namely multi-temperature ramping 

and multi-injection [21-23]. Multi-temperature ramping refers to the application of 
different reaction temperatures in different sections of the reactor. For an ionic liquid 

synthesis as an example for an ultrafast highly exothermic reaction, it was demonstrated 

that multi-temperature ramping realized by combining a microreactor with two tubular 

reactors can avoid thermal runaway and reduce useless consumption of reactants and 
products, finally leading to a significant increase in space-time yield [21]. Another possible 

solution is the multi-injection, which refers to distributing reactants along the reactor length 

by using different feeding points. This is in a way a speed-up flow counterpart of semi-

batch wise synthesis. This solution proved also to be beneficial to keep the heat production 
under control in the whole reaction system, leading to an enhanced product yield [24-25].  

 
Figure 4.1. Proposed reaction pathway for the synthesis of adipic acid [5]. 

 

In this work, the effects of operational parameters on the yield of adipic acid synthesis 
starting from cyclohexene and H2O2, such as residence time and the addition of phosphoric 

acid, have been investigated in micro-flow packed-bed reactors. In order to further improve 

the adipic acid synthesis, we applied a multi-temperature ramping strategy for micro-flow 

packed-bed reactors. Moreover and as a means of comparison to the latter, the 
performances of single-feed and multi-feed were compared. The concepts of Novel Process 

Windows were clearly embodied in this work. 

4.2. Experimental 

4.2.1. General considerations 

Nuclear Magnetic Resonance spectra were recorded on a Varian 400 MHz instrument. All 
1H NMR and 13C NMR are referenced to tetramethylsilane as internal standard or residual 

solvent. Chemical shifts were reported on the δ units, parts per million (ppm), unless 
otherwise stated, and all were obtained with 1H decoupling. IR spectra were taken on a 
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Perkin – Elmer Spectrum One equipped with a Universal ATR sampling accessory. 

Melting points were determined on a BÜCHI melting point B-540. 

The theoretical residence time is calculated according to: 

voidV
v

τ =          (4.1) 

where Vvoid is the void volume of packed-bed microreactor and ν is the total volumetric 

flow rate of organic phase and aqueous phase, respectively. 

The actual average temperature is calculated by: 

     (4.2) 

Li refers to the length of each measured section and L is the overall length of the micro-

flow packed-bed reactor, and Ti is the corresponding measured temperature in each section, 
respectively. 

 

4.2.2. Experimental apparatus and procedure 

The experiments were carried out in a micro-flow packed-bed reactor setup depicted in 

Figure 4.2(a). The organic phase was composed by cyclohexene and the phase transfer 
catalyst (PTC) while the aqueous phase consisted of hydrogen peroxide solution, sodium 

tungstate and sulfuric acid. The two reactive phases were first introduced into a T-shaped 

micromixer by two syringe pumps at room temperature. After pre-mixing via this T-shaped 

micromixer, the mixture entered the micro-flow packed-bed reactors. Four packed-bed 
reactors with the same diameter and different lengths were used for various reactor 

combinations. All the reactors consisted of an inner glass tube with 10 mm diameter packed 

with 212 - 300 μm glass beads. After packing glass beads, the void fraction of the micro-

flow packed-bed reactor was about 0.40. The outside tubes were used to circulate the 
heating oil for heat exchange. A thin glass tube (inner diameter: 0.8 mm, outer diameter: 

1.63 mm) was fixed in the middle of the micro-flow packed-bed reactors, where the 

thermocouple (0.5 mm, TC Measurement & Control Inc.) was placed for monitoring the 

temperature variation as shown in Figure 4.2(b). The samples were collected after the 
reactant streams left the reactor and then kept in ice. The precipitated adipic acid was 

obtained after one night and washed. Finally it was dried in a vacuum oven. 
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Figure 4.2. Schematic diagram of the setup for the synthesis of adipic acid from 
cyclohexene and H2O2 and the micro-flow packed-bed reactor. 

4.2.3. Representative procedure for obtaining isolated yields of adipic acid 

Two syringes filled with aqueous phase and organic phase were respectively installed to 

syringe pumps. The aqueous phase consisted of Na2WO4•2H2O (Sigma-Aldrich) hydrogen 

peroxide solution (Sigma-Aldrich, 50 wt%) and concentrated sulfuric acid (Sigma-Aldrich, 

96%) while the organic phase included cyclohexene (Sigma-Aldrich, >99.0%) and 
[CH3(C8H12)3N]HSO4 as PTC (synthesized using the same method as reference by Mikkola 

et al. [26]). For all experiments, n(H2O2): n(cyclohexene): n(Na2WO4•2H2O): n(PTC) = 440: 

100: 6:6 (n denotes the number of moles), and the concentration of sulfuric acid was 0.22 
mol/L. All the reagents were introduced into the system with the appropriate flow rates 

(organic phase: 0.113 ml/min and aqueous phase: 0.212 ml/min) to give a theoretical 

residence time of 20 minutes. After the system reached a steady state, samples were 

collected for 20 minutes. The sample was kept in an ice bath and white precipitate was 
formed overnight. The crystals were collected via filtration and washed with butyl acetate 

and distilled water. Next, the sample was dried at 70 ˚C in vacuum oven to yield 1.24 g 

(11.3 mmol, 66% yield) of adipic acid.  1H NMR (MeOD) δ: 1.64 (m, 4H), 2.31 (m, 4H) 

ppm. 13C NMR (MeOD) δ: 175.9, 33.2, 24.1 ppm. IR (HATR): 2949, 2923, 1684, 1462, 
1428, 1407, 1275, 1191, 921, 690 cm-1. Melting point = 151-152 ˚C.  

4.3. Results and discussion 

4.3.1. Effect of residence time and temperature profile in the reactor 

We have previously reported that the residence time had a significant effect on the isolated 

yield of adipic acid in a micro-flow packed-bed reactor [19]. The variation of residence 

a b 
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time was realized by adjusting the flow rates. However, it is well known that the flow rate 

greatly influences the mass transfer rate between two immiscible liquid phases in micro-

flow packed-bed reactors [27-29]. Higher flow rates, up to a certain limit, usually lead to 

faster mass transfer in micro-flow packed-bed reactors. In order to study the effect of 
residence time at the same flow rate (mass transfer performance), we designed three 

packed-bed reactors with the same diameter (10 mm) but with different lengths (50 mm, 

150 mm and 200 mm). From Figure 4.3, it can be seen that the isolated yield of adipic acid 

increases largely with increasing residence time (reactor length). Accordingly, the 
remaining concentration of hydrogen peroxide after reaction decreases with increasing bed 

lengths. After 20 minutes residence time, the isolated yield of adipic acid reaches about 

50%. At this moment, the amount of hydrogen peroxide decreases to about 2%. So the 

reaction will stop. It should be noted that longer reactor length also leads to higher pressure 
drops and consequently higher energy dissipation in micro-flow packed-bed reactors [30]. 

Therefore, the reactor length was not further increased in our experiments. 

 

Figure 4.3. Effect of reaction time on the isolated yield of adipic acid and the 
decomposition of H2O2 with the set reaction temperature (i.e. the temperature of heating oil) 

of 100 °C. 

 

Both the synthesis of adipic acid and the decomposition of hydrogen peroxide are 
exothermic process. For monitoring the temperature variation inside reactors and avoiding 

thermal runaway, a thermocouple was used to measure the axial temperature profile in the 

reactor. Figure 4.4 shows the temperature profile in the 200 mm length packed-bed reactor. 

It can be seen that the actual temperatures in the axial part of the reactor are in the range of 
100 °C to 120 °C when the temperature of the heating oil (set reaction temperature) has 
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been kept constant at 100 °C. A small hot spot appears in the reactor, which has no 

immediate consequence on operational safety. When the set temperature increases to 

110 °C, the maximum temperature inside the reactor can reach about 130 °C, which 

inevitably results in a lot of H2O2 decomposition and thus a lower yield of adipic acid [19]. 
Although the interstices among the glass beads can be considered as micromixers, the 

diameter of the entire reactor is still beyond micro scale and thus up-scaled easily. Yet, 

such expansion has limits, since this results in insufficient heat transfer efficiency of the 

whole reactor. In our experiments, up to 50 wt% high concentration of hydrogen peroxide 
can be safely used, which demonstrates the applicability of this kind of micro-flow packed-

bed reactors under harsh conditions. 

It has to be pointed out that the intention of this chapter is not to perform kinetic or 

analytical experiments, but rather to make process chemistry research under 'realistic', 
production-near conditions. We follow approaches using packed-bed micro-flow reactors, 

as developed by Santacesaria et al. in the EU Large-Scale project COPIRIDE heading for 

new modular production concepts [31-33]. Under such harsh conditions (high 

concentration, high temperature) and given the intrinsic fastness and exothermicity of the 
direct adipic acid synthesis and the related unavoidable hydrogen peroxide destruction, hot-

spots and temperature overshooting have to be tolerated to a certain extent even in a 

microreactor. For the ionic liquid and the pseudoionone syntheses with the same problems, 
such tolerable process windows have been defined by Renken et al. [32,33]. Based on 

previous process experience, we have concluded that a temperature jump of maximum 

15°C is tolerable. 

 

Figure 4.4. Temperature profile along the micro-flow packed-bed reactor (an inner glass 

tube with 10 mm diameter packed with 212 - 300 μm glass beads ) with 200 mm length 
(actual average temperatures are 106 °C and  116 °C for setting 100 °C and setting 110 °C, 

respectively). 
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4.3.2. Effect of the phosphoric acid addition 

As mentioned above, a large amount of hydrogen peroxide decomposed inevitably in the 
reaction process due to the high reaction temperature and the heat released by the 

exothermic reactions. To avoid extensive decomposition, we added phosphoric acid into 

the aqueous phase in order to stabilize H2O2 [34]. Figure 4.5 shows the effect of the 
addition of phosphoric acid on the isolated yield of adipic acid and the decomposition of 

hydrogen peroxide in the micro-flow packed-bed reactor with 200 mm length. The results 

in Figure 4.5 show that, with increasing the amounts of phosphoric acid, the isolated yield 

of adipic acid first increases somewhat and then declines remarkably. Although the 
addition of phosphoric acid does not lead to a significant increase in the isolated yield of 

adipic acid, it influences the stability of hydrogen peroxide and less decomposition is 

observed. One possible reason for the decrease of the adipic acid yield is that the addition 

of H3PO4 increases the acidity of the aqueous phase. According to previous literature 
studies [19, 35], the increase in the acidity can improve the reaction rate, but too high 

acidity will reduce the yield of adipic acid due to the possible  protonation of intermediates, 

which hampers the oxidation process involving hydrogen peroxide [36]. 

 

Figure 4.5. Effect of phosphoric acid on the isolated yield of adipic acid and the 

decomposition of hydrogen peroxide in a micro-flow packed-bed reactor with 200 mm 

length. 
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4.3.3. The effect of temperature ramping 

4.3.3.1. 2-stage temperature ramping 

The literature procedures for cyclohexene oxidation with hydrogen peroxide in batch report 
on using a step-wise increase in temperature to obtain high yields of adipic acid [5,9]. On 

top of that, micro-flow processing offers more complex and faster changing temperature 

profiling due to its more efficient heat transfer. It may therefore be speculated that proper 

temperature ramping in flow can provide various reaction temperatures for the six different 
consecutive reaction steps of the adipic acid synthesis. Moreover, it might reduce the 

decomposition of H2O2 arising from using high temperature and hot-spots.   

Figure 4.6 shows a schematic diagram and picture of two connected micro-flow packed-

bed reactors used for experiments with a 2-stage temperature ramping. The length of the 
first reactor (L1) was 50 mm, while the length of the second reactor (L2) was 150 mm. All 

reactants were introduced into the system at the inlet of the first reactor after mixing in the 

T-mixer, and flowed through the two connected reactors. The sample was collected from 

the exit of the second reactor. The effect of 2-stage temperature ramping on the yield of 
adipic acid is indicated in Figure 4.7. The symbol T1-T2 refers to the temperature 

combination, in which T1 and T2 represent the set temperatures of the first and the second 

reactor, respectively. T2 is set at 100 °C. It is obvious that the isolated yield of adipic acid 
first increases and then decreases with increasing T1. At the optimal T1 (70 °C), the yield 

reaches 63%, which is notably higher than the maximum yield obtained from the 

experiments when setting only a single temperature in one reactor (50%). According to 

literature [5], it can be speculated that the phase state of the first two reaction steps among 
six reactions for the synthesis of adipic acid are different from the other steps. That is, these 

two steps involve two phases, i.e. an organic phase and an aqueous phase (heterogeneous 

reaction), at the beginning of reaction, whereas the reaction system changes to the 

homogeneous state with the formation of water soluble intermediates. Thus, the last four 
steps mainly proceed in a homogeneous reaction mixture. According to the reaction 

characteristics of direct synthesis of adipic acid with hydrogen peroxide, the first two 

elementary reactions might occur much faster compared with the last four reactions [10,37]. 

Therefore, for the 2-stage temperature ramping in our experiments, the first two reactions 
possibly occur in the first reactor, and the last four reactions mainly take place in the 

second reactor. The lower temperature in the first reactor still provides sufficient overall 

reaction rate, while it can largely reduce the decomposition of H2O2, which is beneficial for 

speeding up the following reactions. In addition, with temperature being lower than the 
boiling point of the mixture of organic and aqueous solutions, the reactants remain in the 

liquid phase. Thus, the residence time of reaction mixture is as set, and not reduced by fast 
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moving gas plugs likely to occur by single-high-temperature processing, which also 

contributes to the improvement of the yield of adipic acid.    

                

Figure 4.6. Schematic diagram (a) and picture (b) of two micro-flow packed-bed reactors 

for experiments with 2-stage temperature ramping (L1 = 50 mm, L2 = 150 mm). 

 

Figure 4.7. Effect of the set reaction temperature of the first reactor on the isolated yield of 

adipic acid. 

Next, the reaction temperature of the first reactor is set at the optimal value (70 °C), and the 

reaction temperature of the second reactor is varied to further raise the yield of adipic acid. 

a b 
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As shown in Figure 4.8, the yield of adipic acid at the temperature combinations of 70 °C-

100 °C and 70 °C-105 °C reaches 63%. On the one hand, higher temperature is beneficial 

for the increase in intrinsic reaction rates. On the other hand, it inevitably leads to more 

decomposition of hydrogen peroxide, which is unfavorable for the improvement of the 
yield of adipic acid. The final decisive factor is then which process is faster. Since higher 

temperature means more energy input, 100 °C is thought to be the optimal temperature for 

the second reactor. 

 

Figure 4.8. Effect of the setting of the reaction temperature for the second reactor on the 

isolated yield of adipic acid. 

The temperature profiles in two micro-flow packed-bed reactors with 2-stage temperature 
ramping are shown in Figure 4.9. The set temperatures for these two reactors are the 

optimal values of 70 °C and 100 °C, respectively. The actual temperatures for most of the 

axial zones and thus for most of the reaction paths along these two reactors are higher than 

the temperatures of heating oil. Reason is hot-spot formation and consequent thermal 
overshooting by an exothermic process. The temperature deviations between the hot 

spot/thermal overshooting and the set temperature in both reactors were less than 15 °C. 

However, as a whole the average temperature level in both reactors has been lifted up by 

about 10 °C as compared to set temperature. This is not surprising as the packed-bed 
reactor has mini dimensions and only external fluidic temperature control. It shows 

therefore that further scale-out in dimensions is not advised. Another observable deviation 

is that the exit temperature of the first reactor is notably higher than the entry temperature 

of the second reactor. This cooling is caused not only by heat losses in the very short 
connecting tube, by also by a dead zone in the outer tube for the second reactor filled with 
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heating oil. Due to manufacturing reasons, the hot heating oil enters the outer tube not 

precisely at the reactor entry, but slightly above and thus leaving an oil filled dead zone 

below. Therefore, an optimized design of the heat exchange should potentially lead to a 

further improvement of the heat management for the micro-flow packed-bed reactors and is 
essentially needed for even larger production units, e.g. meso packed beds with internal 

heating mini-flow coil and mini-bed interstices between the coil tubes. 

 

Figure 4.9. Temperature profiles in two connected micro-flow packed-bed reactors with 2-

stage temperature ramping (T1-T2 = 70 °C-100 °C; L1 = 50 mm, L2 = 150 mm). Actual 

average temperatures are 81 °C and 111 °C for the first and second reactors, respectively. 

4.3.3.2. 3-stage temperature ramping 

To improve the temperature profile further, experiments were carried out with a 3-stage 

temperature ramping in three connected micro-flow packed-bed reactors, as shown in 

Figure 4.10. We further raised the temperature at the last step, i.e. reactor 3, based on the 

assumption that a higher temperature would be beneficial for the hydrolytic ring cleavage 
of the last step. As expected, the yield of adipic acid is further improved, and its value 

reaches up to 66% at a temperature combination of 70 ˚C-100 ˚C-110 ˚C and the reactor 

length combination of 50 mm, 50 mm and 100 mm with 20 minutes theoretical residence 

time.  
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Figure 4.10. Schematic diagram (a) and pictures of three micro-flow packed-bed reactors: 

(b) L1 = 50 mm, L2 = 50 mm and L3 = 100 mm; (c) L1 = 50 mm, L2 = 100 mm and L3 = 50 

mm. 

Figure 4.11 shows the comparison of the isolated yield of adipic acid between different 
length combinations of three packed-bed reactors. The results with the reactor length 

combination of 50 mm-50 mm-100 mm are slightly better than those with the length 

combination of 50 mm-100 mm-50 mm, indicating that longer residence time for the last 
reactor has a positive influence on the yield of adipic acid. Notably, the efficiency of H2O2 

with 3-stage temperature ramping can reach 60%, whereas it is just 45% for the process 

with setting a single-temperature. 

Figure 4.12 and 4.13 show the temperature profiles in the three connected reactors, with the 
set temperatures being 70 °C, 100 °C and 110 °C, respectively. For the 50 mm-50 mm-100 

mm reactor combination, all three reactors have small hot spots (see Figure 4.12), but the 

hot spots appear only in the first two reactors for the 50 mm-100 mm-50 mm length 

combination (see Figure 4.13). Likewise for the two-temperature ramping given in Figure 
4.9, thermal overshooting by about 10°C and lowering of the inlet temperature of the 

second reactor are observed (for the reasons given above in page 99).  

As a new phenomenon, it is observed that the actual temperatures in the last reactor for the 

50 mm-100 mm-50 mm length combination is somewhat lower than the set temperature 
and is also lower than the actual temperatures in the second reactor, even though the set 

temperature of the last reactor is higher (Figure 4.13). There are a lot of gas release and 

vaporization in the second 10 cm-long reactor because of high temperature, which pushes 

the liquid in the third reactor and thus decrease the liquid residence time considerably. This 
largely decreases the time of heat transfer between reactor and reactants fluid. Also, either 

the (exothermic) reaction is finished or has less time to develop strongly once more. Thus, 

a b c 
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actual temperatures are lower than set temperature. In the second 5-cm reactor (Figure 

4.12), the gas release would then be expected to be lower. The comparatively larger liquid 

residence time and the incomplete exothermic reaction explain that then a thermal 

overshooting and even a hot-spot is visible in the third 10 cm-long reactor (Figure 4.12).  

 

Figure 4.11. Comparison on the isolated yields of adipic acid between different length 
combinations of three micro-flow packed-bed reactors. 

 

Figure 4.12. Axial temperature profiles in three connected micro-flow packed-bed reactors 

with 50 mm-50 mm-100 mm length combination. Actual average temperatures are 81 °C, 

109 °C and 112 °C for the first, second  and third reactors, respectively. 
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Figure 4.13. Temperature profiles in three connected micro-flow packed-bed reactors with 
50 mm-100 mm-50 mm length combination. Actual average temperatures are 81 °C, 

113 °C and 107 °C for the first, second  and third reactors, respectively. 

4.3.4. Effect of two-point-feed of aqueous phase 

Next, we evaluated the effect of dosing the amount of hydrogen peroxide at different stages. 

A schematic diagram of two connected micro-flow packed-bed reactors with two-fold 
injection is shown in Figure 4.14. For this two-point-feed strategy, the organic phase was 

introduced from the inlet of the first reactor, and the aqueous phase was injected into the 

reactors at the inlets of two reactors, respectively. As shown in Figure 4.15, two-point-feed 

of the aqueous phase has a negative effect on the yield of adipic acid. For exothermic 
homogeneous reactions in microreactors, multi-feed typically provides better temperature 

control and consequently significantly improves the yield of product [24]. In this case, no 

interplay between mixing of the miscible reactants and temperature control is given. That is, 

the multi-feed improves the temperature control, whereas it obviously does not influence 
the mixing efficiency in microreactors. However, for our heterogeneous reaction system, 

the mass transfer of peroxotungstate ion from the aqueous phase to the organic phase is a 

critical factor affecting the yield of adipic acid in addition to the thermal control, as shown 

in Figure 4.16. Compared to a single-feed strategy, the two-injection of the aqueous phase 
results in decreased flow rates in the first reactor and changes the hydrodynamics in each 

reactor section, leading to lower mass transfer rate between two reactive phases. Interplay 

between mixing and heat transfer is given. It is worth noting that the negative effect of the 

multi-feed strategy on the mass transfer should be carefully considered for heterogeneous 
reaction systems.  
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Figure 4.14. Schematic diagram of the two micro-flow packed-bed reactors used for the 2-

feed experiments (L1 = 50 mm, L2 = 150 mm). 

 

Figure 4.15. Comparison of the isolated yield of adipic acid between single-feed and two-
feed of the aqueous phase (T1-T2 =70 °C -100 °C). 
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Figure 4.16. Transfer and reaction steps involving the peroxotungstate ion in the aqueous 

and organic phase [38]. 

4.3.5. Comparison between batch reactors and micro-flow packed-bed reactors 

Table 4.1 shows the comparison between batch reactors and micro-flow packed-bed 
reactors with regard to the space-time yield (STY) of adipic acid. As can be seen, the 

space-time yield in the micro-flow packed-bed reactors is more than one order of 

magnitude higher than that in batch reactors. Moreover, temperature ramping can further 

improve the space-time yield of adipic acid, due to the fact that it can selectively adjust the 
temperature for different consecutive reactions. The higher space-time yield demonstrates 

the advantages of continuous-flow processing provided by micro-flow packed-bed reactors 

as compared with batch processing. It also shows the necessity of operational 

intensification (i.e. temperature ramping and reactor combination) in microreactor 
technology, depending on the reaction characteristics. Herein, the operational 

intensification actually couples the chemical intensification field and the process-design 

intensification field in Novel Process Windows [39,40].  
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Table 4.1. Space-time yields of adipic acid in batch reactors and micro-flow packed-bed 

reactors 

Entry Reactor 
Residence 

time [min] 

STY 

[kg/(l•h)] 

1 Batch reactor [5]  480 0.03 

2 One micro-flow packed-bed reactor 20 0.57 

3 Two micro-flow packed-bed reactors 20 0.72 

4 Three micro-flow packed-bed reactors 20 0.76 

4.4. Conclusions  

The oxidation process of cyclohexene with hydrogen peroxide to produce aidpic acid was 
conducted in a series of micro-flow packed-bed reactors. First, the effects of the residence 

time and the addition of phosphoric acid on the aidpic acid yield were investigated in the 

packed-bed reactors with a single temperature. As expected, it is found that the isolated 
yield of adipic acid increases significantly with increasing the residence time (reactor 

length). However, the addition of phosphoric acid does not improve the adipic acid yield.  

In order to adjust the reaction temperatures for the six different consecutive reaction steps 

in the micro-flow packed-bed reactors for the adipic acid synthesis, the strategy of multi-
stage temperature ramping was applied. It is demonstrated that the 2-stage and 3-stage 

temperature ramping are beneficial for the reaction. A lower set temperature in the first 

reactor can avoid the unfavorable consumption of hydrogen peroxide to a certain extent. 

For experiments with 2-stage temperature ramping at the optimal temperature combination 
(T1-T2 = 70 °C-100 °C), the adipic acid yield reaches 63%, which is much higher 

compared to that for a reactor with setting a single temperature. Furthermore, 3-stage 

temperature ramping increases the yield to 66%. The efficiency of H2O2 with 3-stage 

temperature ramping reaches 60% while it is just 45% for the process with a single-
temperature. The temperature profiles demonstrate that harsh reaction conditions can be 

safely applied in the micro-flow packed-bed reactors for the exothermic reactions without 

any thermal runaway. For experiments with 2-stage temperature ramping, the temperature 

fluctuations between the thermal overshooting and the set temperature in both reactors were 
less than 15 °C. The average temperature level in both reactors rose about 10 °C as 
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compared to set temperature. The situation is similar for experiments with 3-stage 

temperature ramping. However, in this work the  dimensions of the micro-flow packed-bed 

reactors are actually over micro scale, and the design of the heat exchanger is not optimized, 

both leading to insufficient heat transfer efficiency and thus thermal overshooting. In 
addition, the multi-injection of the aqueous phase decreases the yield of adipic acid since it 

changes hydrodynamics and weakens the mass transfer between the two reactive phases.  

The space-time yield with multi-stage temperature ramping in the micro-flow packed-bed 

reactors is more than one order of magnitude higher than for batch operation, indicating 
that the multi-temperature ramping is a strong tool for exothermic reactions involving 

thermal decomposition of reactants. The operational intensification such as temperature 

ramping and reactor combination in the micro-flow packed-bed reactors further 

demonstrates the versatility of the concept of Novel Process Windows, used mainly for 
accelerating reaction speed to the needs of flow chemistry.   
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5.   High pressure direct synthesis of adipic acid from cyclohexene 
and hydrogen peroxide via capillary microreactors 

This chapter is based on: Shang M., Noël T., Su Y. and Hessel V., High pressure direct 

synthesis of adipic acid from cyclohexene and hydrogen peroxide via capillary 
microreactors. 2015, submitted to Industrial & Engineering Chemistry Research. 

 

 

 

Abstract:  

The direct synthesis of adipic acid from hydrogen peroxide and cyclohexene was 

investigated in capillary microreactors at high temperature and pressure. High temperature 

was already applied in micro-flow packed-bed reactors for direct adipic acid synthesis in 
previous work which suffered, however, from unavoidable gas contents due to hydrogen 

peroxide decomposition when working at low pressure. This is why high pressure is used. 

However, huge hotspots were observed inside a micro-flow packed-bed reactor under high 

pressure conditions. Capillary microreactors have better heat transfer efficiency and thus 
may provide option for scaling-up. Thereby, capillary microreactors were selected for the 

reaction process with high pressure. One assisting element is the addition of phosphoric 

acid which is generally known to reduce the decomposition of H2O2. This increased the 
isolated yield. We could improve yield further by increased interfacial mass transfer 

between the oil and aqueous slugs, when increasing flow rate while keeping the same 

residence time. A further gain was given by using the strategy of 2-stage temperature 

ramping which we recently introduced for the micro-flow packed bed reactor. This being 
applied to capillary microreactors at high pressure, leads to the maximum yield of 59% at 

70-115 ˚C and 70 bar. The stabilizing effect of phosphoric acid on H2O2 is more obvious 

with the 2-stage temperature ramping as compared to single-temperature operation. In 

addition, channel clogging by adipic acid precipitation in microreactor was notified. 
Therefore, several useful strategies were proposed to prevent the channel clogging at high 

temperature and high pressure.  
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5.1. Introduction 

Microreactor technology has been paid more and more attention from the fields of chemical 
engineering and chemistry in the past decade. It boosts the research with continuous-flow 

processing to a great extent. The rapid growth of application of microreactors benefits from 

larger suface area-to-volume ratio, higher heat and mass transfer rates and improved safety 
compared to traditional batch reactors. Improved mass transfer efficiency of microreactor 

largely reduces the effect of mass transfer on mass-transfer limited reaction processes. High 

heat transfer rate can efficiently prohibit heat accumulation and thus aviod the potential of 

thermal runaway, which enables strongly exothermic reactions to be performed in 
microreactors safely within a broad operation zone. In particular, small dimensions of 

microreactors are capable to supress the explosion reactions by quenching the radical 

chains, providing an intrinsically safe environment for the reactions involving potentially 

explosive reactants.[1] Based on these charateristics, Novel Process Windows (NPWs) was 
proposed and developed by Hessel et al. [2-4]. It mainly consists of two improtant parts, 

including chemical intensification and process design intensification. Chemical 

intensification refers to the use of harsh reaction conditions such as elevated temperature 

and pressure, high concentration to spead up the reaction processes and can be specially 
beneficial for the inherently slow reactions. Process design intensification aims to design 

new and simplified processes based on microreactor technology for current industrial 

production. The ultimate goal of NPWs is to develop the methodology, which can optimize 

the whole production process in terms of  of capital investment, energy consumption and 
process safety [5].  

Adipic acid is an important dicarboxylic acid for manufacturing nylon 6,6, plasticizers and 

many other chemicals. Direct syntheis of adipic acid from cyclohexene and hydrogen 

peroxide in batch reactors is considered as a slow process since it normally needs at least 8 
h to complete the reaction. Even it requires rather long reaction time,  the direct method for 

adipic acid synthesis is more environmentally friendly as compared to the traditional one. 

With traditional method, it need two steps to obtain adipic acid, i.e. the formation of 
cyclohexanone and cyclohexanol (K/A oil) from cyclohexane and oxygen and the further 

oxidation of K/A oil by nitric acid to produce adipic acid. As a result of low conversion of 

cyclohexane and formation of nitrous oxide, a more efficient and green protocol of adipic 

acid synthesis is highly demanded considering  environmental restriction. Therefore, the 
direct syntheis of adipic acid from cyclohexene and hydrogen peroxide as a green oxidant 

has become a popular topic. However, the long reaction time reported in literature largely 

reduces the productivity of adipic acid.  Inspired by the concept of NPWs and many 

successful examples conducted under NPWs, the primary work related to the direct sythesis 
of adipic acid from cyclohexene and hydrogen peroxide in packed-bed microreactors was 



95 

conducted by our group in 2013 [6]. 50% isolated yield of adipic acid was obtained from 

cycohexene and 50% H2O2 at 100 °C and 20 minutes theoretical residence time.  

Various flow patterns of immiscible liquid-liquid two phases have been distinguished 

within microchannels or capillaries [7]. Among these flow patterns, the so-called slug 
(segmented) flow has attracted a great deal of attention due to its special characteristics. 

Slug flow is characterized by alternating segments of the two immiscible liquids. Within 

this flow pattern, intensified mass transfer rate results from both high specific interfacial 

areas and internal circulations inside liquid slugs induced by the shear between the 
continuous phase and the microchannel wall surface, showing great application potential on 

liquid-liquid biphasic reaction processes [8-10].  Burns and Ramshaw [11] investigated the 

nitration of benzene and toluene with mixed acid in microreactors. Their results proved that 

slug flow within microchannel reactors could provide enough mass transfer rates for this 
kind of fast liquid–liquid biphasic reactions. Ahmed et al. reported that the hydrolysis 

reaction of p-nitrophenyl acetate could be significantly accelerated by applying slug flow in 

microchannel reactors [12,13]. Čech et al. conducted the hydrolysis of soybean oil 

catalyzed with Thermomyces lanuginosus lipase (Lipolase 100 L) in a microchannel 
reactor within Taylor flow [14]. The slug flow operations in this microfluidic system 

provided comparable reaction performance with that obtained in conventional reactors and 

allowed for significant savings of the mechanical energy. Mu et al. studied the Claisen-
Schmidt reaction of benzaldehyde in a microchannel reactor [15]. Slug flow was formed 

when the organic and aqueous phases were introduced into the microchannel with a width 

of 300 μm. It was found that slug flow provided faster mass transfer rate than parallel flow, 

and the process efficiency in the microchannel within slug flow was obviously superior 
than a batch reactor with vigorous stirring.  

Previously, micro-flow packed-bed reactors were successfully applied for directly 

synthesizing adipic acid from hydrogen peroxide and cyclohexene at high temperature and 

atmospheric pressure. However, a large amount of gas formed due to hydrogen peroxide 
decomposition largely affected the mass transfer efficiency of reactants and reduced 

residence time, limiting the further improvement of process efficiency. In this chapter, we 

therefore tried to apply high pressure for this process conducted in micro-flow packed-bed 

reactors. Unfortunately, huge hotspot appeared inside the reactor when applying high 
temperature and high pressure for this reaction process as a consequence of insufficient 

heat transfer rate. Capillary microreactors provide higher heat transfer efficiency and an 

easier way to scale-up through the numbering-up strategy. Herein, we detailed on our 

efforts to further improve this direct sythesis process in capillary microreactors. We 
investigated the effects of various operational parameters, such as microreactor types, 

pressures, temperatures, flow rates, stabilizer addition, reactor dimensions, etc. on the 

reaction performance in this process. Slug flow in capillary microreactors at high pressures 
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was applied due to its fast mass transfer characteristics. Temperature ramping was realized 

in order to further optimize this reaction process at high pressures. Furthermore, various 

strategies were proposed to prevent or solve the channel clogging issue which frequently 

occurs with application of microreactor technology.  

5.2. Experimental setup and procedures 

The high-pressure setup for adipic acid synthesis was depicted in Figure 5.1 and the picture 

of it was shown in Figure 5.2 (left). High pressure in the reaction system was supplied by 

nitrogen cylinder and controlled by a back-pressure regulator. A mass flow controller was 

installed after nitrogen cylinder to control the gas flow rate. At the beginning of each 
experiment, the flow rate of nitrogen was set as the maximum value (200 ml/min) in order 

to reach the set pressure with minimum time. During the experiment, the flow rate of 

nitrogen was kept at a certain value (4 ml/min) in order to prevent the reaction effluent 

flowing into mass flow controller. Reactants were consisted of two phases, cf., organic 
phase (cyclohexene and the phase transfer catalyst (PTC)) and aqueous phase (hydrogen 

peroxide solution, sodium tungstate, sulfuric acid and phosphoric acid). These two phases 

were introduced into the reaction system by two syringe pumps. After contacting in a T-

shape micromixer, the two phases flowed into the microreactor (as shown in Figure 1). All 
microreactors applied were stainless steel capillaries with 0.5 mm or 0.75 mm inner 

diameter (ID), which were immersed in the oil bath for providing accurate temperature 

control. After exiting the microreactor, the reaction effluent was collected in the gas-liquid 

separator 1. When the reaction system reached steady state, the 3-way valve was turned and 
then the reaction effluent could flow into the gas-liquid separator 2 for sampling process. 

When there was enough reaction effluent in the gas-liquid separator 2, the 3-way valve was 

turned back to stop the sampling process. The exact time between two times of turning the 

3-way valve was recorded and used to calculate the injected amount of reactants. The 
reaction effluent was first flow into the buffer vessel below the gas-liquid separator-2 and 

then slowly flowed into a glass bottle via slightly turning hand valve-2. Through this 

operational mode, both the safety in the high pressure process and the experimental 
reproductivity were ensured. Because the solubility of adipic acid in water decreases with a 

lower temperature, the temperature in all capillaries, valves and vessels should be kept 

above 65 ºC, in order to avoid channel clogging.   

 



97 

 

Figure 5.1. Schematic representation of the microreactor setup for the synthesis of adipic 

acid from cyclohexene and H2O2 under high pressure conditions. 

   
Figure 5.2. Picture of the microreactor setup with high pressure (left) and coiled capillary 

microreators (right).  
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5.3. Results and discussion 

5.3.1 Reaction performance in a micro-flow packed-bed reactor under high pressure 
and temperature   

Micro-flow packed-bed reactors were applied for the synthesis of adipic acid from 

cyclohexene and hydrogen peroxide under atmospheric pressure in our previous work and 
provided 66% isolated yield of adipic acid with short residence time [16]. As mentioned 

above, a large amount of gas formed from the decomposition of H2O2 (see Scheme 1) 

during the reaction process due to the use of high reaction temperature, which led to the 
formation of a gas-liquid-liquid three-phase system. Thus, the effective interfacial area 

between two reactive phases was reduced dramatically. More importantly, the 

decomposition of H2O2 significantly decreased the utilization efficiency of H2O2 and the 

produced gas could largely reduce the residence time. In addition, the reactants were easy 
to evaporate with the reaction temperature being close or higher than their boiling points, 

which also influenced the mass transfer and decreased the residence time. Consequently, it 

would be interesting to apply high pressure for this reaction process in order to reduce the 

influence of gas phase. For the reactions performed under high temperature and pressure, 
the proper reactor material is crucial. Although glass or fluoropolymer capillary is a good 

choice for the reaction involving hydrogen peroxide due to the fact that it has insignificant 

effect on the H2O2 decomposition. However, they have the potential to break under high 

temperature and pressure, leading to a serious safety issue. Stainless steel is a more 
promising reactor material for reaction processes carried out under harsh reaction 

conditions compared to glass and fluoropolymer, because it can withstand high pressure, 

high temperature and high concentration of H2O2. 

Therefore, the performance of a micro-flow packed-bed reactor was tested under high 
pressure conditions. The shell material of the micro-flow packed-bed reactor is stainless 

steel and the packing is 212-300 μm glass beads. The experiment was carried out at 100 °C 

and 50 bar with 20 min residence time. Unfortunately, the thermal couple showed that there 

was a huge hot spot (≥ 215 °C) at the front end of the reactor, which led to decomposition 
of most H2O2 and no production of adipic acid. The temperature profile inside micro-flow 

packed-bed reactor for adipic acid synthesis with high pressure was obviously different 

from that with atmospheric pressure. Under atmospheric pressure, the liquid phases pushed 
by the formed gas phase could flow through the reactor with much higher speed compared 

to the set flow rates of liquid phase. Therefore, even a large amount of heat produced from 

the reaction process, it could disperse along the whole reactor and temperature rise inside 

the reactor was in an acceptable range. However, it was impossible for the liquid phase 
under high pressure to flow as fast as that under low pressure, because the gas was highly 
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compressed at high pressure. The heat produced by the reaction process was constricted in 

the interstices among micro-particles (glass beads) in the packed-bed microreactor. 

Furthermore, the low heat conductivity of micro-particles could not provide enough heat 

transfer rate, finally resulting in the occurrence of hot spot.    

5.3.2 Effect of pressure and residence time in capillary microreactors 

As mentioned above, a large amount of gas formed from the decomposition of H2O2 (see 

Scheme 5.1) during the reaction process due to the use of high reaction temperature, 

which led to the formation of a gas-liquid-liquid three-phase system. Thus, the effective 

interfacial area between two reactive phases was reduced dramatically. More importantly, 
the decomposition of H2O2 significantly decreased the utilization efficiency of H2O2 and the 

produced gas could largely reduce the residence time. In addition, the reactants were easy 

to evaporate with the reaction temperature being close or higher than their boiling points, 

which also influenced the mass transfer and decreased the residence time. Consequently, it 
would be interesting to apply high pressure for this reaction process in order to reduce the 

influence of gas phase. For the reactions performed under high temperature and pressure, 

the proper reactor material is crucial. Although fluoropolymer capillary is a good choice for 

the reaction involving hydrogen peroxide due to the fact that it has insignificant effect on 
the H2O2 decomposition. However, it has the potential to break under high temperature and 

pressure, leading to a serious safety issue. Stainless steel is a more promising reactor 

material for reaction processes carried out under harsh reaction conditions compared to 

fluoropolymer, because it can withstand high pressure, high temperature and high 
concentration of H2O2. The stainless steel capillary microreactor was shown in Figure 5.2 

(right). The segmented Slug flow of liquid-liquid two phase was observed  after the T-

shape micromixer with the assistance of a small piece of Perfluoroalkoxy tubing (shown in 

Figure 5.3), where internal circulation was formed due to the shearing effect between the 
stationary flowing fluids at the capillary wall and the slug axis. Thus, the slug flow can 

provide high mass and heat transfer efficiencies for this immiscible two phases 

heterogeneous liquid-liquid reaction process. Figure 5.4 shows the effect of pressure on the 
isolated yield of adipic acid at 100 ºC. It can be seen that the isolated yield increased with 

raising the pressure. This was attributed to the fact that high pressure can largely compress 

the volume of gas phase, avoid the evaporation of reactants and keep them in the liquid 

phases. In other words, the negative impact of gas phase on the residence time and the 
liquid-liquid two-phase contact became less as the system pressure increased. It should be 

noted that the enhancement of yield is more pronounced at the initial stage from 1 to 10 bar. 

This is because the effect of pressure on the evaporation of reactants becomes weak after it 

is higher than 10 bar. 
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Scheme 5.1. Decomposition of hydrogen peroxide at elevated temperatures 

 

Figure 5.3. Photo of slug flow observed in perfluoroalkoxy tubing (several drops of ink 

was added into aqueous phase). 

 

Figure 5.4.  Effect of pressure and residence time on the isolated yield of adipic acid 

The effect of theoretical residence time on isolated yield of adipic acid is also shown in 

Figure 5.4. The theoretical residence time was calculated via the inner volume of capillary 
microreactor and flow rates of two phases neglecting the effect of produced gas phase. In 
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order to eliminate the influence of flow rates of immiscible liquid phases on the mass 

transfer rate, all flow rates was kept the same for various capillary microreactors with the 

same ID (500 μm) but different lengths. That is, the change of theoretical residence time 

could be realized through varying the capillary length. It can be seen that the isolated yield 
of adipic acid improves gradually with increasing the residence time under the same 

pressure. When the residence time increased from 5 to 15 minutes, the isolated yield can 

reach 49% from 27% at 70 bar and 100 °C. The positive effect of pressure on the isolated 

yield of adipic acid is more significant for 20 and 30 minutes residence time than that for 
10 minutes residence time, and the increase of adipic acid yield from 10 to 20 minutes 

residence time is much higher compared with that from 20 to 30 minutes. It is deduced that 

10 minutes is not enough to complete the synthesis process of adipic acid but a longer time 

(e.g. more than 30 minutes) is only slightly beneficial for the further improvement on the 
yield. 

5.3.3 Effect of the phosphoric acid addition 

In order to facilitate the two hydrolysis steps in the reaction process (shown in Scheme 5.2), 

sulfuric acid was added into the aqueous reactant solution. Moreover, sulfuric acid also has 

the advantage of stabilizing hydrogen peroxide to some extent. Unexpectedly, the addition 
of sulfuric acid could not further improve the reaction performance. Hydrogen peroxide 

decomposition is one of the biggest challenges for this reaction system under high 

temperature, since it can significantly reduce residence time and H2O2 utilization efficiency. 

In the literature, it was found that phosphoric acid had better ability to suppress hydrogen 
peroxide decomposition compared to H2SO4. Therefore, phosphoric acid was added into 

aqueous phase to further decrease H2O2 decomposition. Figure 5.5 presents the influence of 

phosphoric acid addition on the yield of adipic acid under different pressure conditions. 

The reaction process in the presence of H3PO4 provided higher yield of adipic acid 
compared to that without adding H3PO4. However, the effect of H3PO4 addition became 

weaker with increasing the pressure. These results further prove that the prohibition of 

H2O2 decomposition is extremely important and the enhancement on hydrolysis steps is 
relatively inessential in the direct synthesis of adipic acid. 

 

Scheme 5.2. Proposed reaction pathway for the synthesis of adipic acid [17]. 
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Figure 5.5. Effect of H3PO4 addition on the isolated yield of adipic acid 

5.3.4 Effect of flow rates  

In microreactors, the flow rate has an important influence on the mass transfer rate between 
immiscible liquid-liquid phases [18]. Since one phase more rapidly penetrates the other 

phase at the inlet structure such as a T-micromixer with higher flow rates, the increase in 

the flow rates can lead to the formation of smaller slugs and a higher frequency of slug 

production, creating larger specific interfacial areas and higher mass transfer rates [19]. 
Furthermore, increased flow rates can intensify internal circulation inside slugs, which is 

also beneficial to the mass transfer between two immiscible liquid phases. The effect of 

flow rate on the isolated yield of adipic acid is presented in Figure 5.6. In the literature [20-
22], the study about the effect of flow rate was mostly done in the same microchannel or 

capillary, which was difficult to exclude the influence of residence time. The positive effect 

of higher flow rate was possibly offset by the decreased residence time. Therefore, the 

experimental results could not directly reflect the advantages of higher flow rates. To avoid 
the variation of residence time with changing flow rates, capillary microreactors with 

different lengths were used to provide the same theoretical residence time (30 minutes) in 

the experiments. For all experiments, the reaction temperature and pressure were set at 

100 °C and 70 bar, respectively. As can be seen, the isolated yield of adipic acid was 
strongly dependent on the flow rate. The yield increased from 38% to 49% when increasing 

the total flow rate of two phases from 32 to 98 μl/min. Obviously, higher flow rates are 

beneficial for the synthesis of adipic acid due to the improved mass transfer process. The 

result is consistent with the report in literature [23].  They concluded that the volumetric 
mass transfer coefficient (ka) of two immiscible can be expressed as Equation (5.1) when 
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Reynolds number of the mixture is lower than 200. For our case, all Reynolds numbers are 

less than 200. When the total flow rate of two phases reaches 98 μl/min, the calculated 

value of ka about 0.02 s-1
 in the case without reaction processes according to Equation (5.1). 

In our case with reaction processes, the volumetric mass transfer coefficient should be 
much larger than 0.02 s-1, because high temperature was applied for the reaction process 

and the consumption of  reactants can further promote the mass transfer process. 

8 0.27 0.87 1.6512.42 10 (1 ) Re
M Hka D

q
− −= × +      ReM < 200       (5.1) 

 

Figure 5.6. Effect of flow rates on the isolated yield of adipic acid  

5.3.5 Effect of inner diameter of capillary microreactors 

Channel size is an important parameter for reaction processes carried out in microstructured 

reactors. For a given flow rate, shorter slugs can be formed in the capillary with smaller 

diameter compared to that with larger diameter, which led to larger specific interfacial 
areas and a higher mass transfer efficiency [19,24]. Figure 5.7 illustrates the effect of inner 

diameter of capillary on the isolated yield of adipic acid. Although there is no significant 

difference between the yields with 0.5 mm and 0.75 mm capillary microreactors, it still can 

be observed that the capillary with smaller diameter is more beneficial for the reaction 
generally under the same reaction conditions. A smaller diameter of reactor channels not 

only offers better mass transfer rate, but also provide a narrow residence time distribution 
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due to the short radial diffusion time, which both can promote the reaction process. The 

minor increase of yield is partly because the in-situ produced oxygen acts as stirring agent 

and high pressure further intensifies the stirring effect of gas phase for the mass transfer 

between the liquid-liquid two phases, which reduces the difference of mass transfer rates 
caused by inner diameter variation in these two capillaries. 

 

Figure 5.7. Comparison of isolated yield of adipic acid between two capillary 

microreactors with different inner diameters under high pressure condition 

5.3.6 Reaction performance with temperature ramping and high pressure 

Since the synthesis of adipic acid from cyclohexene and H2O2 and the decomposition of 

hydrogen peroxide are both strongly exothermic, this synthesis process was mostly done 

under 100 ˚C in batch reactors. Due to the high surface-to-volume ratio, microreactors have 
much higher mass and heat transfer efficiency compared to batch reactor, which can 

effectively avoid the thermal runaway under harsh conditions. Herein, elevated 

temperatures (more than 100 ˚C) were applied for this reaction process. In the  chapter 4, 
we have demonstrated that a proper temperature ramping strategy that provided different 

temperatures for the different elementary reactions, could decrease the H2O2 decomposition 

caused by the high temperature and finally improve the yield of adipic acid in micro-flow 

packed-bed reactors under atmospheric pressure. For high pressure experiments, two-stage 
temperature ramping was applied for this reaction process. As shown in Fig 5.8, the 

appropriate temperature combination effectively improved the reaction performance. When 

the temperature of the first reactor was kept at 70 or 80 ˚C, the isolated yield first increased 
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and then decreased with raising the temperature of the second microreactor. The maximum 

yield of 59% was obtained at the temperature combination of 70-115 ˚C at 70 bar. 

Figure 5.8. Effect of temperature ramping on isolated yield of adipic acid under high 

pressure  

It has been demonstrated that the addition of phosphoric acid could stabilize hydrogen 
peroxide and improve the isolated yield of adipic acid in capillary microreactors at single-

temperature experiments. The results in Figure 5.9 were obtained from the experiments 

with addition of phosphoric acid. The experiments in the absence of phosphoric acid were 

also carried out to further confirm the stabilization effect of phosphoric acid for 2-stage 
temperature ramping process. It is clear in Figure 5.9 that the addition of H3PO4 obviously 

increased the yield of adipic acid at the 2-temperature ramping. The increase of adipic acid 

yield was more obvious for higher set temperature of the second reactor, which further 

proved that the addition of H3PO4 played a role in suppressing H2O2 decomposition to a 
certain extent. The isolated yield of adipic acid increased from 43% to 57% with adding 

H3PO4 into hydrogen peroxide solution under the temperature combination of 70-120 ºC 

and 70 bar.  
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Figure 5.9. Effect of phosphoric acid on the isolated yield of adipic acid under temperature 

ramping strategy  

5.3.7 Strategies for solving microreactor clogging   

   

Figure 5.10. Photos of clogged microcapillary (left) and wrapped microreactor with Teflon 

tubing (right) 

Wall deposition (a kind of fouling, which leads to channel constriction) and channel 

bridging via bulk particle agglomerates are two identified mechanisms in microreactor 

clogging [25].  In order to prevent microreactor clogging phenomena in the synthesis of 

adipic acid, it is important to maintain the temperature inside the capillary and separators 
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above 65 ºC. Otherwise, the solubility of adipic acid in the aqueous phase decreases 

significantly with a lower temperature and it precipitates inside the capillary, resulting in 

channel clogging.  

We observed the channel clogging phenomena in this reaction process due to the low 
solubility of adipic acid in the aqueous phase at low temperatures. The clogging 

phenomena occurred in a short capillary as a connection between the outlet of the capillary 

microreactor and the inlet of the first separator. This connection capillary was placed 

outside of the oil bath, and thus temperature control over it was difficult. The temperature 
in this connection capillary was obviously lower than the controlled temperature in the oil 

bath. This possibly resulted in the formation of solid product in the aqueous phase under 

the supersaturation condition and then the occurrence of channel clogging. Consequently, 

the fluids accumulated in the microreactor system and the system pressure increased 
rapidly which exceeded the maximum working pressure of the syringe pumps. Finally, two 

pumps stalled and the whole experiment failed. It should be noted that the probability of 

clogging increased with the improvement on the adipic acid yield, which constituted a 

challenge for the direct synthesis of adipic acid in flow (as shown in Figure 5.10 (left)).  
 

Actually, how to handle solid forming reactions remains a critical issue for microreactor 

technology [26]. Herein, we propose several easy methods that possibly prevent the 
channel clogging for the adipic acid synthesis from cyclohexene and H2O2 in continuous-

flow microreactors at high temperature and high pressure. For example, an organic solvent 

is delivered into the connection capillary to extract adipic acid effectively from the reaction 

effluent just leaving the oil bath. However, this method requires one more delivering pump 
and a more complicated subsequent procedure for collecting adipic acid. Therefore, this 

method was not preferred considering the capital investment on the setup and the 

complexity of process operations. Another alternative method is to keep the temperature in 

the connection capillary close to that in the oil bath. As known, the thermal conductivity of 
Teflon tubing is far less than that of stainless steel. Thus, Teflon tubing with inner diameter 

of 100 mm was used to wrap the connection capillary (see figure 5.10 (right)), which could 

largely reduce the heat loss from the reaction effluent to environment and prevent the 

temperature dropping rapidly. In most cases, the second method worked well in our 
experiments. The third method is to replace the connection capillary by another one with a 

larger diameter (e.g. from 0.5 mm ID to 1 mm ID), which proved to be a highly feasible 

solution for preventing the channel clogging especially when high reaction temperatures 

were applied in the oil bath.  

In a worse case, the clogging occasionally happened in the capillary microreactor. It would 

be a serious waste to throw away the 15 m stainless steel capillary. In literature, a few 

examples about the utilization of acoustic energy in microreactors were reported for 
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different purposes, such as handling of solid by-products and synthesis of particles [25–33]. 

Here, we combined ultrasonication and gas introduction to fragment the solids inside the 

blocked capillary microreactor. The setup for this combined strategy is shown in Figure 

5.11 (left). The gas was introduced into the blocked capillary microreactor via a mass flow 
controller, while a commercially available ultrasonic bath in which the microreactor was 

placed provided the ultrasonication.   

Experiments were first performed to test the effect of ultrasonic in dissolving adipic acid in 

water. 10 ml distilled water was slowly injected into two glass bottles containing 0.2 grams 
adipic acid, respectively. Then, one bottle was immersed in the ultrasonic bath and the 

other one was kept outside the ultrasonic bath. As shown in Figure 5.11 (right), we indeed 

observed that there was remarkably less adipic acid solids left in the bottle under ultrasonic 

condition than that in the other bottle after 35 min, suggesting the ultrasonic was beneficial 
for the dissolution of adipic acid solids in water. Further, the combined method of 

ultrasonication and high pressure proved to work well in handling of the blocked capillary 

microreactor. However, it was not a catholicon for all clogged capillaries. It is deduced that 

this method has greater possibility on success to unclog the blocked capillary microreactors 
when the clogging is caused by channel bridging via bulk particle agglomerates [30,31].  

 

    

Figure 5.11. Schematic diagram of high pressure setup for unclogging blocked 

microreactors (left) and picture of adipic acid dissolution in water with and without 

ultrasonic effect (right) 

5.4. Conclusions  

In this work, the direct synthesis of adipic acid from cyclohexene and H2O2 was conducted 

in microreactors under harsh conditions (cf., high temperature and high pressure), in order 
to accelerate the reaction rate and eliminate negative effects arising from a great deal of gas 

contents produced due to the decomposition of hydrogen peroxide.. The application of a 



109 

packed-bed microreactor under high pressure conditions could not provide good reaction 

performance due to the occurrence of huge hot spots at the front end of the reactor which 

led to decomposition of most H2O2. For capillary microreactors, the slug flow pattern at 

high pressure was applied for this reaction process due to its fast mass transfer 
characteristics. As expected, both higher pressure and longer theoretical residence time 

were beneficial for the improvement of adipic acid yield. High pressure reduced the 

negative effect of produced gas and prohibited the evaporation of reactants especially when 

this reaction process was conducted at high temperature.  The addition of H3PO4 stabilized 
H2O2 and increased the adipic acid yield at high pressure. A higher flow rate of immiscible 

liquid phases led to an intensified mass transfer rate and thus improved adipic acid yield 

when the residence time was kept the same via the variation of capillary length. 

Furthermore, 2-temperature ramping was applied in this reaction process conducted in 
capillary microreactors. The strategy of temperature ramping was proven again as a strong 

tool to avoid the unfavorable decomposition of H2O2 to a certain extent under high-pressure 

operations. Under an optimized condition, the maximum isolated yield of 59 % was 

obtained at the temperature combination of 70-115 ˚C and 70 bar. The role of H3PO4 
addition in suppressing H2O2 decomposition was verified through the temperature ramping 

strategy. The space time yield obtained in capillary microreactor was one order of 

magnitude higher than that obtained in batch reactor [17]. Although the maximum yield of 
adipic acid obtained in the capillary microreactor does not exceed that obtained in the 

micro-flow packed-bed reactor [16], the application of capillary microreactors opens the 

door to true internal numbering-up, whereas the packed-bed reactor concept is to be based 

on smart scale-out and external numbering-up. 

In addition, several easy methods were proposed to prevent the channel clogging for the 

adipic acid synthesis from cyclohexene and H2O2 in continuous-flow microreactors at high 

temperature and high pressure, mainly based on the reduction of temperature variation in 

the whole reactor system. Ultrasonication and gas introduction were combined to fragment 
the solids inside the blocked capillary microreactors, resulting in the possibility to reuse 

these waste reactors.  
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6. Process evaluation with commercial H2O2 and exploration for process 
expansion with simulated/ in-situ produced H2O2 

 

 

 

 

Abstract:  

Life cycle assessment (LCA) was performed to compare the environmental impacts 

between the direct synthesis route of adipic acid with a continuous micro-flow process and 
the two-step commercial route. LCA shows that the impact categories of the direct process 

mainly are rooted in the production of H2O2. This refers to the anthraquinone process which 

is not green. Therefore, two different ways were proposed based on a greener H2O2 

synthesis, which means then the synthesis of adipic acid from cyclohexene, hydrogen and 
oxygen, instead of H2O2. In the first approach, an integral setup of coupling H2O2 synthesis 

from H2 and O2 in a wall-coated microreactor with adipic acid synthesis from cyclohexene 

and in-situ produced H2O2 in another two tandem capillary microreactors was built. 

However, no adipic acid was obtained because of short residence time and low H2O2 
concentration. In the second approach, simulated in-situ produced H2O2 in a plasma reactor 

with high concentration was employed as oxidant for adipic acid synthesis. Experimental 

results indicate that the performance of H2O2 produced in the plasma reactor can reach the 

same as that of commercial H2O2 in the adipic acid synthesis. A process was therefore 
proposed to connect the direct synthesis of H2O2 in a plasma reactor from H2 and O2 with 

the adipic acid production in microreactors. Concerning more and more stringent 

environmental policies and increasing consciousness of environmental protection, this 

proposed process has high potential for industrial production of adipic acid in the future. 
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6.1 Introduction 

6.1.1 Conventional adipic acid synthesis and perspectives for direct routes from 
cyclohexene and H2O2 

As mentioned above, hydrogen peroxide is considered as a green oxidant owning to the fact 

that water is the only byproduct. Therefore, most parts of this thesis deal with the direct 
synthesis of adipic acid from cyclohexene and hydrogen peroxide. However, the traditional 

process for synthesizing hydrogen peroxide, i.e. anthraquinone autoxidation (AO), has a 

negative impact on environment [1–3]. In the AO process, hydrogen peroxide is produced 
by catalytic hydrogenation of an alkylantraquinone, followed by oxidation of 

alkylanthrahydroquinone to obtain H2O2 and original antraquinone (Figure 6.1). Then, 

hydrogen peroxide needs to be extracted, purified and concentrated in the following 

procedure.  Although this process can provide high yield of H2O2, the whole production 
process is quite pollution and energy intensive. Therefore, whether the direct synthesis of 

adipic acid from cyclohexene and H2O2 is considered as an environmentally friendly 

process strongly depends on the source of hydrogen peroxide. 

 

Figure 6.1. AO process for the synthesis of hydrogen peroxide 

One green approach for producing hydrogen peroxide is the direct synthesis H2O2 from 

hydrogen and oxygen [1,2,4–6]. Thus, the final goal of synthesizing adipic acid with a 

green method is to employ the hydrogen peroxide synthesized directly from H2 and O2 to 
oxidize cyclohexene, which means that the direct synthesis of H2O2 needs to be coupled 

with cyclohexene oxidation to yield adipic acid. The direct synthesis of H2O2 involves four 

various reactions (Figure 6.2), i.e. the formation of H2O2, the formation of H2O, the 

decomposition of H2O2 and hydrogenation of H2O2 [7,8]. It is rather challenging to reach 
high selectivity of hydrogen peroxide [9–12]. This can be envisaged from the fact that three 

elemental reactions of this process involve water formation. To obtain the maximum 
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selectivity of H2O2, the hydrogen to oxygen molar ratio should be in explosive region [13–

15]. However, in batch processing hydrogen and oxygen are normally diluted with nitrogen 

to make sure the molar ratio below explosive region for safety considerations, even at the 

expense of low selectivity. Due to the unstable properties of hydrogen peroxide, additional 
stabilizers are added into H2O2 aqueous solution during this reaction process [16–18]. 

Moreover, this process involves gas-liquid-solid three phases, with the mass transfer 

limitation being pronounced.  

The application of microreactor technology may overcome these hurdles in the direct 
synthesis of hydrogen peroxide. This technology has experienced spectacular development 

as one of the most important process intensification technologies, the advantages of which 

are obvious for chemical production, such as continuous operational mode, well-defined 

flow properties, large surface area-to-volume ratio, enhanced heat and mass transfer, 
improved chemistry and excellent process safety and the ease of increasing throughput by 

smart scaling-out and numbering-up, etc. [19–29]. Furthermore, harsh reaction conditions 

such high temperature, high pressure and high concentration, can be applied in 

microreactors, with new operations being classified in Novel Process Windows. In 
particular, for the direct synthesis of hydrogen peroxide, the characteristic dimensions of 

microreactors can be even smaller than the quenching distance of H2 (no ignition can 

propagate below it), thus the process can be carried out safely in explosive range of 
hydrogen concentration [9]. Besides such radical-chain mechanistic argument, 

microreactors can diminish much the danger of a thermal explosion. The flexibility of 

microreactors allows on-site H2O2 production according to the requirements of users [2,30]. 

All these advantages show the high application potential of microreactors for direct 
synthesis of hydrogen peroxide from H2 and O2.  

 

Figure 6.2. The four reactions in the synthesis of H2O2 from H2 and O2 

6.1.2 Process evaluation of the direct synthesis route of adipic acid and the two-step 
commercial route  

We have shown the feasibility of conducting the direct synthesis of adpic acid from 

cyclohexene and hydrogen peroxide with a continuous micro-flow process  with good 
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yields and high space-time yields in early chapters. The isolated yield of adipic acid could 

reach 66 % under proper process intensification conditions. However, a holistic guidance 

based on energy, economic and environmental sustainability is needed before 

commercializing such a process, in order to justify its industrial feasibility and how to 
further optimize it. Energy and economic analyses were done in our group according to the 

comparison of the direct route and two-step commercial processes. The results demonstrate 

that although the expenditure of microreactor is higher compared to that of conventional 

reactor, energy requirement decreases dramatically via process simplification or exclusion 
of energy-intensive separation units [31,32]. Environmental sustainability can be analyzed 

by life cycle assessment. LCA provides a method for evaluating the environmental impacts 

of material, product, process, system or service throughout its entire life cycle holistically. 

The LCA work in this chapter was performed with respect to standards of ISO 14040 [33] 
and its relevant guidelines [34]. This was – as demanded by the ERC Advanced Grant – a 

true teamwork between Q. Wang (knowledgeable in the LCA simulation), I. Vural-Gürsel 

(developing the process design) and the candidate of this thesis (providing the data in-flow 

with regard to material and energies for process design). Thus, parts of the results 
mentioned here have been mentioned as well already in the thesis of Vural-Gürsel [3,35]. 

6.1.3 Synthesis of hydrogen peroxide from hydrogen and oxygen in flow process with 
microreactor technology 

6.1.3.1 The synthesis of hydrogen peroxide in trickle-bed or packed-bed microreactors 

A 10-channel packed-bed microreactor was constructed for direct formation of hydrogen 

peroxide in the explosive range of hydrogen concentration [36]. The results showed that Pd 

supported on activated carbon had the highest selectivity, which was partially because of its 

physical properties. Pd/C catalyst could be easier to be wetted by liquid and leave no dry 
void for complete oxidation of hydrogen. When residence time increased by employing two 

microreactors in series, the yield of H2O2 was improved obviously. Inoue et al. designed 

and fabricated glass microreactors (see Figure 6.3) for the direct synthesis of hydrogen 

peroxide from hydrogen and oxygen through a gas-liquid-solid triphasic reaction process 
[37–39]. This continuous-flow processing with a 40 mm packed-bed length could be 

steadily operated for one week at 2 MPa pressure and a room temperature. Pd/TiO2 was 

found to be an optical combination and produced 30% of H2O2 yield and 10 wt.% 
concentration with an extended packed-bed length at 0.95 MPa and room temperature. 

Sulphated zirconia (SZ) and a cross-linked polymer matrix (K2621) were selected as 

supports for preparing palladium catalysts for synthesis of H2O2 from H2 and O2 [40]. 

Pd/SZ was found to have better performance with respect to selectivity of H2 (70%) than 
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Pd/K2621 in methanol with flow process at 10 bar and -10 °C, because SZ had lower 

porosity and better stabilization of active particles. 

 

 

Figure 6.3. Design of the glass-fabricated microreactor: (a) whole structure, (b) magnified 

picture around the inlet, and (c) magnified picture of “dam” structure to retain catalyst 
particles. 

6.1.3.2 The synthesis of hydrogen peroxide in coated microreactors 

Wang et al. developed two different microreactors and investigated their performance. One 

was single–channel microreactor with depositing catalyst to form a washcoat inside the 

channel and another one was multi-channel microreactor with coating catalyst as a film 

[15]. The different behavior of these two reactors was compared. The concentration of 
H2O2 in single-channel microreactor reached 160 mM at the beginning and slightly 

decreased at the following stage while the concentration of H2O2 in the multi-channel 

microreactor was just 25mM and sharply declined within initial 1 hour. The poor 

distributor design in the multi-channel microreactor caused the maldistribution of gas-
liquid two phases, finally leading to the lower H2O2 concentration [41]. Maehara et al. 

synthesized hydrogen peroxide in a microreactor using hydrogen and oxygen directly 

produced from water electrolysis [42]. Hydrogen and oxygen were fed into the 
microreactor from solid polymer electrolyte (SPE) electrolyzer in which small amount of 

H2O2 was also formed. Platinum mesh was served as electrode. Liquid phase was 

hydrochloric acid solution. The synthesis of hydrogen peroxide was conducted in two kinds 

of microreactors coated with Pd/C, including a silicon microcapillary and a stacked 
microreactor. For the microcapillary, H2O2 concentration raised with lengthening the 
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capillary and reached the maximum when the length of the capillary was 2 m. The best 

concentration of H2O2 (8.3×10−3 mol/L) was obtained in the stacked microreactor at 10 °C 

with 93 s residence time. In addition, the successful synthesis of H2O2 using only water as 

the liquid phase without HCl was proven, which was of advantage for using the in-situ 
produced H2O2 directly without purification. Pashkova et al. developed an approach to coat 

Pd or Pd-Au on the internal surface of ceramic membranes with tubular structures inside 

and used it to produce H2O2 from hydrogen and oxygen in a continuous-flow process [43]. 

A liquid phase (methanol or water) saturated with hydrogen was delivered into the inner 
tube of membrane while oxygen was fed from cylinder into the shell side of the membrane. 

With a proper pressure control on the oxygen side, two phases contacted with each other 

inside the inner tubes of the membrane. In order to further increase mass transfer efficiency 

inside the membrane channels, they packed the inner tubes of the membrane with glass 
beads (425-600 μm), which led to a higher H2O2 concentration relative to that without 

packing glass beads. The optimal productivity and selectivity reached 1.69 molH2O2 gPd
-1h-1 

and 83% with Pd/TiO2 as a catalyst under 50 bar, using methanol as solvent, respectively. 

Ng et al. used the polymer-micelle incarceration method to immobilize palladium catalyst 
in capillary microreactors and aimed to solve the leaching issue in the coated 

microchannels [44]. They found the maximum productivity of H2O2 reached 2.28 mol/h gPd 

when the diameter of capillary was 0.53 mm. The long-term operation showed that the 
catalytic activity was kept constant at the initial 3 days with 10 h operation time for each 

day, which yielded 0.9 wt% H2O2. The H2O2 productivity decreased from 0.34-0.35 mol/h 

gPd to 0.27 mol/h gPd in the following 3 days. Dense carbon dioxide with ethanol including 

H2SO4 and NaBr was used as a mobile phase for the direct synthesis of H2O2 from H2 and 
O2 [45]. Palladium supported on TiO2 offered the best productivity (132 gH2O2gPd-1 h-1 ) 

and 70% selectivity with nitrogen being as diluting gas for H2 and O2 mixture. When 

nitrogen was replaced with carbon dioxide, the productivity dropped to less than 1 gH2O2 gPd
-

1 h-1 at 27 °C. Then the continuous-flow experiments were carried out with CO2 as a mobile 
phase in coated microchannels. The productivity (26 gH2O2 gPd

-1 h-1) with Pd/TiO2 in this 

flow process was obviously improved compared to that in a batch reactor. 

Voloshin et al. established the overall kinetics model and proved the accuracy of this model 

by comparing the different data from experiments and kinetic expression [46–49]. The 

results with various catalyst loadings and residence times showed a very small discrepancy 

between estimated and experimental values. However, the deviation between the estimated 
and experimental data with the influence of temperatures was larger than that with other 

parameters variation, possibly due to the high sensitivity of temperatures on the catalyst 

performance in these experiments. The kinetic model corresponded well with the 

experimental results, which could benefit the process optimization and microreactor design.     
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6.1.2.3 The synthesis of hydrogen peroxide on pilot-scale 

A mini-trickle bed reactor was developed and used for the synthesis of hydrogen peroxide 
from H2 and O2 by Hessel et al. [50]. The reactor was a cartridge packed with catalyst. 

Before entering the reactor, hydrogen and oxygen was first mixed together without diluting 

in a slit interdigital micromixer. Then, the gas mixture was introduced into the reactor 
together with liquid phase. They obtained high selectivity with the molar ratio of hydrogen 

to oxygen in the explosive zone. Based on the experimental results, UOP Company further 

conducted the experiment on pilot-scale, designed a detailed process and conducted the 

cost calculation for a commercial plant. Microreactor technology offers the possibility for 
on-site or in-situ production of H2O2 due to its high flexibility and intrinsically safe 

property. The concentration of H2O2 formed in microreactor ranges from 0.1 wt.% to 10 

wt. %, depending on solid catalyst, solvent, flow rates of liquid and gas phases and so on.  

In this chapter, we first evaluate the environmental sustainability of the direct synthesis 
route and the two-step commercial route for adipic acid formation. Then, we focus on the 

development of coupling synthesis of H2O2 from H2 and O2 with synthesis of adipic acid 

from cyclohexene and in-situ produced H2O2 or simulated in-situ produced H2O2. The 

initial attempt of connecting two reactions in series was done and the limitation was 
analyzed. Next, simulated in-situ produced hydrogen peroxide was employed for the adipic 

acid synthesis. High isolated yield of adipic acid was obtained with 2-stage temperature 

ramping strategy.     

6.2 Methodology and Experiments 

6.2.1 LCA methodology 

Based on the laboratorial flow experiments, a full-chain process simulation was made for 

the direct synthesis of adipic acid by using Aspen software (see Figure 6.4). According to 
relevant patents and literature, the process simulation for the two-step conventional 

synthesis was built as well (see Figure 6.5). 
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Figure 6.4.  Flow sheet for the direct synthesis of adipic acid with a continuous micro-flow 

process [3] 

 

Figure 6.5. Flow sheet for the two-step commercial route of adipic acid formation [3] 

LCA in this study was started from raw materials and finished with end products. The 

boundaries for the direct continuous micro-flow strategy and commercial synthesis process 

of adipic acid are shown in Figure 6.6. 
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Figure 6.6. System boundary: (a) Direct synthesis, (b) commercial synthesis (full process 

equipment such as distillation not shown, for reason of graphical simplicity) [3] 

The inventory data were taken from the Ecoinvent v2.2 data in Umberto 5.6. “1 Kg adipic 
acid” was selected as the functional unit. The impact categories considered were based on 

the CML2001 method [51] in Umberto 5.6. The impact categories in this study are: 

acidification potential on an average European standard (AP), eutrophication potential on 

an average European standard (EP), global warm potential: climate change in 20 years 
(GWP 20a), human toxicity in 20 years (HTP 20a), freshwater aquatic ecotoxicity in 20 

years (FAETP 20a), photochemical oxidant creation potential (POCP), marine aquatic 

ecotoxicity in 20 years (MAETP 20a), terrestrial ecotoxicity in 20 years (TAETP 20a), 

depletion of abiotic resources. Another important impact CED (cumulative energy demand) 
is based on the Cumulative Energy Demand method [52] incorporated in Umberto 5.6. 

Further details on the methodology can be found in the paper [3] and thesis of Vural-Gürsel 

[35]. 
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6.2.2. Experimental apparatus and procedure for coupling the direct synthesis of H2O2 
with the production of adipic acid 

The collaboration was made with Violeta Paunovic et al. for the coupling of two reactions. 
The integral setup is shown in Figure 6.7. Gas phase and liquid phase were introduced into 

the microreactor at 20 bar and 42 °C. Gas phase was the mixture of H2, O2 and N2 (as a 

diluted gas and occupied 50 vol %). The flow rates of H2, O2 and N2 were controlled with 

gas flow controllers and the liquid phase was supplied by a syringe pump. The liquid phase 
was aqueous solution containing sodium bromide (9 ppm) and sulfuric acid (0.05 M), 

which were beneficial for forming and stabilizing H2O2, respectively. A glass 

microcapillary with a 320 μm inner diameter was employed as the reactor for the 

production of H2O2, which was first coated with the silica layer and then functionalized 
with an Au-Pd active species by the method described in literature [53–55]. To avoid 

potential explosion from hydrogen and oxygen in the following equipment, gas phase was 

immediately diluted with nitrogen after existing this glass microreactor. Next, the synthesis 

of adipic acid was carried out from cyclohexene and in-situ produced H2O2. In this step, 
two syringe pumps were applied to introduce the organic phase consisting of a phase 

transfer catalyst (PTC) and cyclohexene (Sigma-Aldrich, >99.0%) and the aqueous phase 

(water, sodium tungstate, sulfuric acid and phosphoric acid; purchased from Sigma-
Aldrich). The phase transfer catalyst was synthesized based on the method in literature [56]. 

The three fluids were mixed in a four valve and entered a 15 meter stainless steel 

microcapillary with the inner diameter of 500 μm. The stainless steel microreactor was 

immersed in an oil bath, which was kept at 100 °C. The effluent containing adipic acid was 
collected with the aid of a gas-liquid separator.  
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Figure 6.7. Schematic diagram of the setup for the synthesis of adipic acid from 

cyclohexene and in-situ produced H2O2 in microreactors.  

6.2.3. Experimental apparatus and procedure for the direct synthesis of adipic acid 
with cyclohexene and simulated in-situ produced hydrogen peroxide 

The experiments were carried out in two tandem micro-flow packed-bed reactors, as 
depicted in Figure 6.8. The organic phase was involved in cyclohexene and 

[CH3(C8H12)3N]HSO4 as a phase transfer catalyst while the aqueous phase consisted of 

Na2WO4•2H2O, hydrogen peroxide solution (50 wt%) and concentrated sulfuric acid (96%). 
The molar ratio between different compounds was as the following, i.e., n(H2O2): 

n(cyclohexene): n(Na2WO4•2H2O): n(PTC) = 440: 100: 6:6, and the concentration of 

sulfuric acid was 0.22 mol/L. Two reactive phases were first introduced into a T-shaped 

micromixer by two syringe pumps. After pre-mixing via this T-shaped micromixer, they 
flowed into micro-flow packed-bed reactors. Two packed-bed reactors with the same 

diameter and different lengths were used. The length of the first one was 50 mm while it 

was 150 mm for the other one. Each reactor consisted of an inner glass tube with 10 mm 

diameter, inside which 212 - 300 μm glass beads were packed. The void ratio of these two 
micro-flow packed-bed reactors was about 0.40. The outside tubes around the reactors were 

used to circulate the heating oil for heat exchange. All the reagents were introduced into the 

system with appropriate flow rates to give a theoretical residence time of 20 minutes. The 
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samples were collected after the reaction stream exited the reactor and then kept in ice bath. 

The precipitated adipic acid was obtained overnight and washed. Finally, it was dried in a 

vacuum oven.  

             

Figure 6.8. Schematic diagram of the setup for the synthesis of adipic acid from 
cyclohexene and H2O2 and the micro-flow packed-bed reactor.  

6.3 Results and discussion 

6.3.1 Life Cycle Assessment 

As evident in Figure 6.9, hydrogen peroxide production plays a dominant role in all impact 

categories for the direct continuous micro-flow process of synthesizing adipic acid. As 

mentioned above, the industrial anthraquinone process for synthesizing H2O2 is energy and 
pollution intensive. Also the transport, storage and handling hydrogen peroxide involve 

potential hazards. Furthermore, the raw material hydrogen for forming H2O2 is mostly 

produced by the steam reforming of methane, which is also considered as an energy 

intensive process. In addition, cyclohexene as another raw material is the second dominant 
factor in impact categories. Although the impact of cyclohexene is low on all toxicity-

related impacts, it contributes a lot to the other impacts. The third main impact relating to 

cooling energy and heat can be seen as process technology related. 
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Figure 6.9. Environmental profile of the direct micro-flow synthesis of ADA (functional 

unit: 1 kg ADA) 1. AP 2. GWP 20a 3. EP 4. FAETP 20a 5. HTP 20a 6. MAETP 20a 7. 
POCP 8. Depletion of abiotic resources 9. TAETP 20a. The line drawn separates raw 

material- from process technology contributions. 

Figure 6.10 demonstrates that the impacts of raw materials also play a leading role for most 

of the impact categories in the two-step commercial synthesis process. However, nitrogen 
oxide dominates the impacts of EP and AP while waste treatment dominates the impact of 

POCP. 

 

Figure 6.10. Environmental profile of the direct micro-flow synthesis of ADA (functional 
unit: 1 kg ADA) 1. AP 2. GWP 20a 3. EP 4. FAETP 20a 5. HTP 20a 6. MAETP 20a 7. 

POCP 8. Depletion of abiotic resources 9. TAETP 20a. The line drawn separates raw 

material- from process technology contributions. 
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Besides comparison of material- and process-concerned impacts, a quantitative 

benchmarking between diverse process options was also made in order to acquire the total 

amount for each impact category. GWP comparison between the direct continuous micro-

flow process (DR) and the two-step commercial process (CR) was done, indicating lower 
GWP for the DR route with the exception of low cyclohexene conversion at 4.6% (Figure 

6.11). However, the impact of the DR route on the human toxicity potential (HTP) is much 

higher than that of the CR route (shown in Figure 6.12). The contribution of hydrogen 

peroxide to HTP can reach up to 90 % in the DR process. 

 

Figure 6.11. GWP for direct micro-flow route with different cyclohexene conversion 

(4.6%, 40%, 50% and 98%) and also for the two-step conventional route. DR: direct route, 

CR1: conventional route without considering the emission of N2O, CR2:conventional route 

considering the emission of N2O according to BASF report [57]. 
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Figure 6.12. HTP for the direct micro-flow route with different degree of cyclohexene 
conversion (40% and 98%) and for the two-step conventional route  

6.3.2 Coupling the direct synthesis of H2O2 with the production of adipic acid 

Paunovic et al. compared the different performance of the direct synthesis of hydrogen 

peroxide from hydrogen and oxygen in an autoclave reactor and a microreactor [53]. The 

microreactor was first coated with a silica film. Then a two-phase synthesis approach or 
traditional impregnation was used to prepare the Au-Pd/SiO2 catalyst. The Au-Pd/SiO2 

catalyst synthesized by the wet impregnation consisted of many large particle clusters, 

leading to low catalytic activity. The catalyst formed from the two-phase synthesis 

approach had uniform monodispersed particles with a rather narrow size distribution and 
was selected as a promising catalyst. The flow process for the direct synthesis of H2O2 is 

displayed in Figure 6.13 in details, in order to connect the two reactors (c.f., one for the 

synthesis of H2O2 and the other for the synthesis of adipic acid) in a feasible way. The 

productivity of H2O2 obtained in the microreactor with diluted H2 and O2 was similar to that 
in the autoclave reactor. However, for the long-term operation, the microreactor showed 

more stable performance. The application of hydrogen and oxygen mixture in the explosive 

range largely improved the H2O2 productivity in the microreactor and higher operational 

pressure also led to better productivity of H2O2. The continuous-flow process for the H2O2 
synthesis was advantageous for stabilizing the catalytic activity of Au-Pd/SiO2, which was 

demonstrated by the fact that the catalyst kept the same activity for a few weeks. 

Furthermore, they optimized the reaction conditions of H2O2 synthesis in the microreactor 

[54]. Au-Pd nanoparticles synthesized by the two-phase synthesis approach were employed 
as catalyst. Diluted hydrogen and oxygen with nitrogen were used as the gas phase, while 

sulfuric acid (0.05M) and sodium bromide (9 ppm) constituted liquid phase. Although the 
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gas phase was diluted with nitrogen, it was still in the conventionally explosive range. They 

found that the optimal H2 to O2 molar ratio was 1. Higher oxygen concentration resulted in 

the deactivation of catalyst. Either lower flow rate of liquid phase or higher flow rate of gas 

phase was beneficial for improving the H2O2 concentration. However, the decomposition 
and reduction of H2O2 occurred fast when the H2O2 concentration was improved by 

decreasing the flow rate of liquid, finally leading to the decline of H2O2 selectivity. The 

maximum H2O2 concentration was 5 wt. % with low H2O2 selectivity when flow rate ratio 

of gas and liquid phases was 20. They concluded that higher H2O2 concentration and H2 
conversion were possible to be obtained through sacrificing H2O2 selectivity.   

 

Figure 6.13. Flow process for the direct synthesis of hydrogen peroxide. 

Based on the research about the hydrogen peroxide synthesis from Paunovic et al., we 

decided to build a setup for the adipic acid synthesis from cyclohexene and in-situ 

produced H2O2 (see Figure 6.7). Hydrogen peroxide was first formed in the first wall-
coated microreactor and then reacted with cyclohexene to produce adipic acid in the 

following two micro-flow packed-bed reactors. However, no adipic acid was obtained in 

the initial tests. There are some issues concerning the whole reaction process. On one hand, 

for speeding up the reaction rate of forming adipic acid, a high temperature (e.g. 100 ˚C) 
should be applied in the second reactor. However, this can cause a high potential on the 

explosion of the hydrogen-oxygen mixture at 20 bar. Consequently, the gas mixture of 

hydrogen and oxygen was diluted with a large amount of nitrogen immediately after exiting 

the first reactor in order to prevent the explosion in the second reactor and subsequent 
equipment. The highly diluted gas phase led to very short residence times of reactants in 

the second reactor, which significantly affected the production of adipic acid. Based on the 

kinetic study of H2O2 decomposition in Chapter 5, the H2O2 decomposition rate is known to 

be in the same or higher order of magnitude as the intrinsic production rate of adipic acid, 
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depending on addition of stabilizers, reactor materials and operational conditions. With the 

nitrogen dilution, the residence time of reaction mixture in the second reactor was about 

several seconds, which was much lower than the characteristic times of both adipic acid 

synthesis and H2O2 decomposition (from several to dozens of minutes). On the other hand, 
the maximum concentration of H2O2 obtained by Paunovic et al. was 5 wt.%, which is too 

low for the adipic acid synthesis under intensified reaction conditions. However, we 

speculated that the unreacted hydrogen and oxygen from the first reactor would also join in 

the oxidation of cyclohexene to form adipic acid with loading current catalyst. The 
unsuccessful results indicate that multifunctional catalyst needs to be developed for 

oxidizing cyclohexene by both hydrogen peroxide and the mixture of oxygen and hydrogen 

to form adipic acid. Last but not least, for the safety reason, the operational pressure for the 

hydrogen peroxide synthesis from H2 and O2 can be set maximally at 20 bar, which was 
much lower than the highest pressure (70 bar) used for the adipic acid synthesis in the 

fourth chapter. Low pressure is also an obstacle for accelerating the reaction rate of adipic 

acid synthesis in continuous-flow microreactors.  

6.3.3. Simulated in-situ synthesis of H2O2 from H2 and O2 in plasma reactor 

In literature, for the direct synthesis of hydrogen peroxide in batch reactors, the maximum 
concentration is 10%, which is much smaller than that used normally in our experiments. 

As shown in the second chapter, it is obvious that high H2O2 concentration is necessary for 

speeding up the reaction rate of the adipic acid synthesis from cyclohexene and H2O2. Thus, 

literature review was carried out in order to find higher H2O2 concentration (more than 10%) 
obtained from the approach of direct synthesis with continuous-flow processing.  

Guo et al. published two papers about the H2O2 synthesis from hydrogen and oxygen in a 

double dielectric barrier discharge (DDBD) plasma reactor [58,59]. A metal powder was 

selected as high voltage electrode, due to easy assembly and good mobility. Since they 
aimed to produce H2O2 with high purity, ultrapure water was selected as the liquid phase. 

They reported that 65 wt. % concentration of H2O2 was obtained with 15 mol % oxygen 

concentration at atmospheric pressure and 5 °C of aqueous grounding electrode. The 
plasma method allowed the reaction safely to be carried out in an explosive range and 

avoided the usage of catalyst.   

The H2O2 concentration obtained was high enough for the adipic acid synthesis. Thus, we 

considered such a H2O2 solution as a good starting reactant for the oxidation of 
cyclohexene. The whole process involves two parts. First, hydrogen peroxide will be 

synthesized in a DDBD plasma reactor. According to our purpose, ultrapure water can be 

replaced by the acidic aqueous solution with H2O2 stabilizers that stabilize hydrogen 
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peroxide in the next oxidation step at high temperatures. Next, the H2O2 in-situ produced in 

the DDBD plasma reactor will react with cyclohexene to form adipic acid in a second 

reactor. Therefore, we decided to do some simplified experiments based on the produced 

hydrogen peroxide from the DDBD plasma reactor. The step of hydrogen peroxide 
synthesis was skipped over. Instead, the ordered  hydrogen peroxide was employed, with 

which several impurities were added based on the H2O2 obtained in the plasma reactor in 

literature [58,59]. Actually, 65 wt.% hydrogen peroxide is unavailable commercially and 

the maximum concentration of H2O2 available commercially is 50 wt. %. Thus, 50 wt. % 
hydrogen peroxide was selected as the oxidant. By communicating with Guo et al. and 

carefully checking the papers they published, the impurities in the hydrogen peroxide 

solution produced in the plasma reactor were clearly known (Table 6.1).  The proper 

amount of boric acid, calcium chloride, magnesium nitrate hexahydrate, zinc chloride, 
aluminum nitrate and copper chloride were added into 50% hydrogen peroxide as metal 

sources for preparing simulated in-situ produced H2O2. 

Table 6.1. Impurity in H2O2 synthesized from H2 and O2 in DDBD plasma reactor 

Elements 
H2O2 synthesized in DDBD plasma reactor 

(ppb) 

Ba 1.5 

Cr 3.2 

Bi 5.3 

Co/Cu 7 

Al 8 

Pb 8.4 

Ag 9.9 

Zn 20 

As 21 

Mg 24 

Ca 47.5 

B 198 
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6.3.4. Study of adipic acid synthesis from cyclohexene and simulated in-situ produced 
H2O2 

From previous experiments, we know that 2-stage and 3-stage temperature ramping are 
beneficial for the reaction process. Therefore, we applied 2-stage temperature ramping in 

this process. The schematic diagram and picture of two connected micro-flow packed-bed 

reactors with a 2-stage temperature ramping are depicted in Figure 6.14. The length of the 

first reactor (L1) was 50 mm, while the length of the second reactor (L2) was 150 mm. 
Two reactors were connected with a PFA microcapillary. All reactants were introduced into 

the system from the inlet of the first reactor after mixing in the T-mixer, and flowed 

through the two connected reactors. The sample was collected from the exit of the second 

reactor. The effect of 2-stage temperature ramping on the yield of adipic acid with 
simulated in-situ H2O2 was compared with that with commercial H2O2 and the results are 

indicated in Figure 6.15. It is obvious that two different H2O2 produced quite similar yield 

of adipic acid, indicating the addition of impurities mentioned above had negligible 

influence on this oxidation process in micro-flow packed-bed reactors. The maximum yield 
of adipic acid reached 61% at 70-100 °C with a residence time of 20 min.  

 

      

Figure 6.14. Schematic diagram (a) and picture (b) of two micro-flow packed-bed reactors 

for experiments with 2-stage temperature ramping (L1 = 50 mm, L2 = 150 mm)   
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Figure 6.15. Comparison of yield of adipic acid from simulated in-situ produced H2O2 and 
commercial H2O2. 

High concentration (up to 60%) of hydrogen peroxide was safely produced in the absence 

of catalyst in the DDBD plasma reactor, which made the oxidation of cyclohexene easy to 

conduct at high temperatures in the second step. Results in Figure 6.15 indicate the 
feasibility of coupling of hydrogen peroxide synthesis in a plasma reactor with the adipic 

acid synthesis in microreactors. It can be realized in the way depicted in Figure 6.16. 

Hydrogen peroxide is first produced in the plasma reactor and dissolved in the aqueous 

phase. The in-situ formed H2O2 can be further pumped into a cross micromixer to mix with 
another aqueous phase (water with sulfuric acid and sodium tungstate) and organic phase 

(cyclohexene and phase transfer catalyst). Then, the mixture of organic phase and aqueous 

phase is introduced into two tandem micro-flow packed-bed reactors. After the reactant 

streams exited the reactor, the samples are collected. 
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Figure 6.16.  Schematic diagram of the setup for coupling H2O2 synthesis from H2 and O2 

in a plasma reactor with adipic acid synthesis from cyclohexene and in-situ produced H2O2 

in microreactors (left); schematic diagram of plasma reactor for directly producing H2O2 

from H2 and O2 (right) [58]. 

6.4 Conclusions 

Environmental sustainability of the direct continuous micro-flow process and the two-step 
commercial route for producing adipic acid was analyzed with the LCA approach. The 

results display that the production of H2O2 dominate the impact categories of the direct 

process. Accordingly, hydrogen and oxygen instead of H2O2 were employed as starting 
materials for adipic acid synthesis. The synthesis of adipic acid from cyclohexene, 

hydrogen and oxygen was initially investigated with two methods. In the first try, the 

integral setup of coupling H2O2 synthesis from H2 and O2 in a wall-coated glass capillary 

microreactor with adipic acid synthesis from cyclohexene and in-situ produced H2O2 in two 
tandem stainless steel capillary microreactors was built. Nevertheless, no adipic acid was 

obtained yet due to short residence time and low H2O2 concentration. Next, simulated in-

situ produced H2O2 in a plasma reactor was employed as oxidant for adipic acid synthesis. 

It is demonstrated that the performance of H2O2 produced in the plasma reactor has 
negligible difference with that of commercial H2O2. Therefore, a process was proposed to 

connect the direct synthesis of H2O2 in a plasma reactor from H2 and O2 with the adipic 

acid production in microreactors. Adipic acid synthesis starting from hydrogen, oxygen and 

cyclohexene is more environmentally friendly compared to that from hydrogen peroxide 
and cyclohexene, due to the fact that the industrial production of H2O2 is a cost, pollution 

and energy intensive process. This proposed process has high potential for industrial 
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application in the future with more and more stringent environmental policies and 

increasing consciousness of environmental protection. 
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7.   Conclusions & Recommendations 

7.1 Conclusions 

The project conducted during the last four years focuses on the development and 

optimization of the process for the direct synthesis of adipic acid from hydrogen peroxide 

and cyclohexene with the use of microreactor technology. The application of microreactors 
allowed the process intensification to be realized under harsh conditions (e.g. high reactant 

concentration, high temperature and high pressure) in a safe mode,  as a consequence of 

high mass and heat transfer rates in such a kind of reactors. The maximum adipic acid yield 

of 66% was obtained with a short reaction time under optimized operational conditions. 
Moreover, the kinetics of H2O2 decomposition was investigated in order to understand the 

key factors that affect the H2O2 decomposition under harsh reaction conditions. In addition, 

in situ produced H2O2 or simulated in-situ produced H2O2 was employed to oxidize 

cyclohexene for synthesizing adipic acid. The main conclusions of this thesis are 
summarized here. 

Kinetics study of H2O2 decomposition 

The kinetic study of H2O2 decomposition catalyzed by Na2WO4 was conducted with 50 wt. % 

initial concentration at high temperature (up to 105 °C) and 10 bar. A capillary 
microreactor made of PFA or stainless steel was used for this decomposition process. The 

effects of process parameters on the H2O2 decomposition, such as residence time, reaction 

temperature and catalyst loading, were investigated in the PFA capillary microreactor. A 

new approach for deducing reaction order was proposed, which considers the influence of 
produced gas phase on residence time. Reaction orders and reaction rate constants were 

obtained based on the experimental data, with the standard deviations and confidence 

intervals as criteria. The reaction was confirmed to be zeroth order with respect to H2O2 and 

first order with respect to sodium tungstate in the PFA capillary microreactor when the 
H2O2 concentration ranged from 8 mol/ml to 15 mol/ml. The activation energy of this 

decomposition process in the PFA capillary microreactor was found to be 106 kJ/mole, and 

the reaction rate equation could be expressed as 0.194 cat
dc c t
dt

− = . The simulated data 

from the kinetic expressions fit well with that of experiments, indicating the accuracy of the 

proposed reaction model in PFA capillary. Although the tendency of H2O2 decomposition 
in the stainless steel capillary was similar to that in the PFA capillary, the H2O2 conversion 
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in the stainless steel capillary was much higher compared to that in PFA capillary. It was 

because the surface of stainless steel capillary worked as a heterogeneous catalyst. The 

decomposition study gives the hint not to use PFA and steel under ‘normal’ (10 bar) high 

p,T conditions, but rather here the inert material glass or to increase further the high-p 
novel process window to 70 bar, beyond the needs of superheated processing only, 

allowing notable compression of the decomposed gas.  

Application of micro-flow packed-bed reactors  

The synthesis of adipic acid from hydrogen peroxide and cyclohexene was the first time 

carried out in a micro-flow packed-bed reactor. The interstices among the packing 

materials (glass beads) could be considered as simulated microchannels and the 
comparably large cross-sectional area could efficiently reduce the influence of the in situ 

produced gas bubble from H2O2 decomposition on the main reaction flow. Moreover, the 

packing materials resulted in continuous redispersion of the biphasic mixture and thus 

ensured better mixing and larger effective interfacial area between the two immiscible 
phases, leading to the improved mass transfer performance. High temperature processing 

was used to speed up the reaction rate and too high temperature could cause a large amount 

of H2O2 to decompose. High concentration (up to 50%) of H2O2 was safely employed as 
oxidant without explosion hazard. The maximum isolated yield of adipic acid reached 

almost 50% with adding a proper amount of sulfuric acid at 100 ˚C when the theoretical 

residence time was only 20 minutes. Excellent space-time yields were obtained in this 

continuous-flow process, which offered a twenty-fold increase compared to that in 
laboratory batch reactors reported in literature. 

Performance of new temperature strategy in micro-flow packed-bed reactors 

Various temperature strategies were applied for adipic acid synthesis from cyclohexene and 

hydrogen peroxide in micro-flow packed-bed reactors. With setting temperature as 100 ˚C, 
it was found that the increase of residence time was beneficial for improving the yield of 

adipic acid. The addition of phosphoric acid did not largely increase the yield of adipic acid. 

2- and 3-temperature ramping were applied for the oxidation process aiming to 

accommodate reaction temperature for six elementary reaction steps, which were both 
proved as an effective way to improve the yield of adipic acid. Experiments with 2-stage 

temperature ramping were realized with two tandem micro-flow packed-bed reactors. 

Lower temperature was set for the first reactor in order to reduce the unfavorable 

consumption of hydrogen peroxide. The maximum yield 63% was obtained at the 
temperature combination of 70 °C-100 °C. For experiments with 3-stage temperature 

ramping, three tandem micro-flow packed-bed reactors were applied, which led to the 

maximum yield (66%) of adipic acid at the temperature combination of 70 ˚C-100 ˚C-110 

˚C. The isolated yield of adipic acid and the H2O2 utilization efficiency with 2- and 3-
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temperature ramping were effectively improved compared those with setting a single 

reaction temperature. The temperature profiles along the flow axis showed that harsh 

reaction conditions did not lead to huge hot spots inside reactors and no safety risk existed 

in this exothermic reaction. In addition, multi-injection of H2O2 was proved to have 
negative effect for increasing the adipic acid yield. Notably, the space-time yields with 

multi-stage temperature ramping in continuous-flow process are more than one order of 

magnitude higher than those obtained in batch reactors. 

Synthesis in capillary microreactors with novel process windows 

Large amount of oxygen produced from hydrogen peroxide decomposition during the 

synthesis of adipic acid with high H2O2 concentration and high temperature, which largely 

affected the mass transfer efficiency of two immiscible liquid phases and residence time. 

Also, high temperature caused a lot of evaporation of reactants, which further lowered the 
mixing efficiency and reduced the residence time in reactors. Therefore, a high pressure 

setup was built for adipic acid synthesis from cyclohexene and H2O2 in order to decrease 

the negative impact of produced gas phase and high temperature. As an initial try, we used 

a stainless steel micro-flow packed-bed reactor with high pressure for this synthesis process. 
However, it could not provide good reaction performance due to the occurrence of huge hot 

spots at the bottom of this reactor. Next, a stainless steel microcapillary was selected as the 

reactor in order to match harsh reaction conditions. It was demonstrated that both higher 
pressure and longer theoretical residence time could increase the yield of adipic acid in the 

capillary microreactor. The influence of produced gas phase on residence time can be 

reduced with higher pressure. Meanwhile, the evaporation of reactants under high 

temperature can be efficiently reduced with higher pressure. Higher flow rate was proven to 
improve the yield of adipic acid due to intensified mass transfer efficiency. Moreover, the 

strategy of 2-stage temperature ramping was found to be effective for improving the yield 

of adipic acid. The best yield of 59% could be obtained at the temperature combination of 

70 ˚C -115 ˚C and 70 bar.  

To avoid the appearance of clogging phenomena for the adipic acid synthesis in capillary 

microreactors, we proposed several methods, including enlarging the inner diameter of the 

last section of the capillary and wrapping this section with Teflon tubing. For a clogged 

capillary, the combination of ultrasonication and gas introduction can fragment the solids 
inside this blocked capillary microreactor, showing the possibility to unclog and reuse it.  

Synthesis from cyclohexene and simulated / in-situ produced H2O2 

The comparison between the direct synthesis of adipic acid and the industrial synthesis of 

adipic acid was done via life cycle assessment. The results show that each process has 
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advantages in different impact categories. For the direct route, the formation of H2O2 play a 

dominant role in most of the impacts. Based on the LCA results, two different new methods 

for the synthesis of adipic acid from cyclohexene, hydrogen and oxygen were proposed. In 

the first approach, we built an integral setup to couple the H2O2 synthesis from H2 and O2 in 
a wall-coated microreactor with the adipic acid synthesis from cyclohexene and in-situ 

produced H2O2 in another two tandem capillary microreactors. However, low H2O2 

concentration obtained from the wall-coated microreactor and short residence time due to 

the dilution with nitrogen resulted in no adipic acid production in the two tandem capillary 
microreactors. In the other approach, simulated in-situ produced H2O2 in a plasma reactor 

with high concentration was employed as oxidant for the adipic acid synthesis. 

Experimental results demonstrated that the performance of H2O2 produced in the plasma 

reactor could reach the same quality as that of commercial H2O2 in the adipic acid synthesis. 
Therefore, a process was proposed to connect the direct synthesis of H2O2 in a plasma 

reactor from H2 and O2 with the adipic acid production in microreactors. This proposed 

process has high application potential for the adipic acid production, concerning more and 

more stringent environmental policies and increasing consciousness of environmental 
protection. 

7.2 Recommendations 

Kinetic study of the direct synthesis of adipic acid from H2O2 and cyclohexene 

The synthesis of adipic acid from H2O2 and cyclohexene was conducted in both micro-flow 

packed-bed reactors and capillary microreactors. The isolated yield of adipic acid could 
reach above 66 % via process optimization and intensification. One of the biggest 

challenges is the decomposition of hydrogen peroxide with high H2O2 concentration at high 

temperature. Therefore, the kinetic study of hydrogen peroxide decomposition was done in 

capillary microreactors in this thesis in order to understand the controlled parameters in this 
decomposition. However, in the direct synthesis of adipic acid from H2O2 and cyclohexene, 

a much more complex reaction network is encountered. That is, this direct synthesis 

includes both the adipic acid production and the H2O2 decomposition, which indeed can be 
considered as a parallel-competitive reaction system. Moreover, currently there is no 

detailed study on the reaction kinetics and mechanism of the adipic acid synthesis from 

H2O2 and cyclohexene due to the complexity of this reaction process. Only one possible 

mechanism has been proposed, in which six reaction steps constitute this direct synthesis 
[4]. Therefore, it is meaningful to study the overall reaction kinetics and the kinetics of 

these possible six elemental steps in the adipic acid synthesis from cyclohexene and H2O2, 

which will facilitate the process optimization and intensification and thus increase the 
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adipic acid yield and the process efficiency. Furthermore, highly efficient multifunctional 

catalyst can be developed, with the purpose of controlling different elemental steps. 

Cyclohexene oxidized with hydrogen and oxygen 

The traditional process for producing hydrogen peroxide is cost, pollution and energy 

intensive. Therefore, it is more environmentally friendly to start the synthesis of adipic acid 

from hydrogen, oxygen and cyclohexene, namely, coupling the synthesis of H2O2 with the 
formation of adipic acid together in one flow process. The process can be realized in a 

cascaded way, which means the formation of hydrogen peroxide from hydrogen and 

oxygen and the synthesis of adipic acid are carried out in two tandem reactors. The 

cascaded strategy has been proposed in Chapter 6. However, due to low-concentration 
H2O2 obtained from the upstream reactor, no adipic acid was synthesized in the 

downstream reactor. In order to cope with this issue, more efficient reactor (e.g. plasma 

reactors) should be developed as the upstream reactor for the synthesis of H2O2. In Chapter 

6, we have proposed this concept and have proven its feasibility by the successful synthesis 
of adipic acid using cyclohexene and the simulated in-situ produced H2O2. Obviously, more 

efforts should be put in order to build such a cascaded setup which can efficiently produce 

adipic acid. Another alternative method is a “one-pot” process, in which both reactions (c.f., 
H2O2 synthesis and adipic acid synthesis) happen in one reactor chamber. Actually, the 

“one-pot” method has been illustrated in literature [5–7]. The key is the development of 

multifunctional catalyst and design of reactors. Mizukami and coworkers reported that 

benzene was effectively oxidized by hydrogen and oxygen in a shell-and-tube reactor [6]. 
They coated a porous alumina tube with a layer of palladium and then used it as the reactor 

to avoid the direct contact of hydrogen and oxygen. As shown in Figure 7.2, benzene and 

oxygen were fed inside the tube and hydrogen was introduced into the shell. The 

dissociated hydrogen penetrated into the shell and reacted with oxygen and benzene. 
Besides this member reactor, microreactor may be a good choice since the reaction 

involves hydrogen and oxygen, and the potential explosion of hydrogen and oxygen 

mixture can be significantly reduced by quenching effect of the microreactor wall [8–11]. 
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Figure 7.2 Schemetic diagram of the device for hydroxylation of benzene with hydrogen 

and oxygen.  

Similar organic oxidations with H2O2 as an oxidant 

The direct synthesis of adipic acid from cyclohexene and hydrogen peroxide under harsh 
reaction conditions caused a large amount of H2O2 decomposition.As mentioned before, the 

process is a parallel-competitive reaction system in which the synthesis of adipic acid and 

decomposition of hydrogen peroxide exist together. In this thesis, we proved that the 

formation of adipic acid with H2O2 as an oxidant can be conducted safely in microreactors 
with medium yields, using high H2O2 concentration and high temperature. The continuous-

flow processing we developed can also be applied for other organic oxidation processes 

with H2O2 as an oxidant, such as the oxidations of alicyclic ketone [12]. By means of 
process intensification with microreactor technology, the space-time yield of products can 

be largely improved, especially when the reaction rate of the oxidation process is faster 

than that of H2O2 decomposition. This will enlarge the scope of organic substrates, leading 

to the development of both microreactor technology and flow chemistry. 
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Optimization of reactor design 

In both Chapters 2 and 3, we have demonstrated that the micro-flow packed-bed reactors 

were a strong means to synthesize adipic acid from cyclohexene and hydrogen peroxide. 

However, they only could provide a small-scale production of adipic acid, which is far less 
than the industrial requirement. Furthermore, adipic acid is one of important bulk chemicals, 

with its extensive application in chemical industry [13]. Therefore, the scale-up of micro-

flow packed-bed reactors for the adipic acid production should be conducted. This can be 

realized through two ways, including enlarging reactor dimension with a certain degree 
while keeping excellent transport properties, and numbering-up of reactors [11,14]. For the 

approach with enlarging reactor dimensions, the key is to create even interstices among 

packing beads that provide small-scale spaces similar to microchannels, and to ensure the 

well mixed reaction mixture can equally pass through any cross-section of the packed-bed 
reactors. Enlarging the inner diameter of micro-flow packed-bed reactors in a certain range 

(e.g. lower than 100 millimeters) might not encounter tricky issues. However, to further 

enlarge the reactor size will require careful process design and optimization to keep 

comparable mass transfer rate as small-scale micro-flow packed-bed reactors. Meanwhile, 
the heat transfer issue in the packed-bed reactor with larger dimensions becomes more 

serious, demanding cautious consideration. This issue may be dealt with a proper 

arrangement of parallel heat exchange tubes inside the packed-bed reactor. In order to 
ensure the process safety, thermal equilibrium in the whole packed-bed reactor system 

should be made based on reaction kinetics of H2O2 decomposition and adipic acid 

formation. An alternative heat management approach, to using parallel single cooling lines 

in one central (and thus larger) packed bed system, is provided by the external numbering-
up of several small packed-bed micro-reactors, each with its own cooling line. To our best 

knowledge, no literature about such true equaling-up approach is given. This requires a 

more stringent design on distributors which will be used in the numbering-up process. The 

use of constructal distributors with pressure adjustment units can be considered as a 
pathway to reach the micro-flow packed-bed reactors numbering-up objective.  
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