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Abstract 
Biocatalytic reactions have been industrially performed since the 1960s and early 1970s but a major interest 
in enzymes as catalytic tools for the synthesis of specialty organic chemicals has emerged in the past few 
years. A biocatalytic approach in synthesis is generally considered as a mild and green way to circumvent 
many issues derived from the utilization of dangerous and toxic chemicals. Recently, pharmaceutical 
industries have shown increasing interest in continuous-flow production of environmentally friendly and 
difficult to synthesize products. The focus of this project is to perform a biocatalytic reaction in a 
continuous-flow system which guarantees a safer and greener system. To accomplish that, an enzymatic 
reaction will be performed in a microflow reactor to synthesize a halohydrin using a vanadium 
chloroperoxidase (VCPO) enzyme and subsequently synthesize an epoxide. The first part of the project 
consists in characterizing the reactor to perform the halohydrin synthesis, while the second part is focused 
on the optimization of the reaction and the synthesis of the epoxide. To demonstrate the feasibility of the 
flow system, 0.04g of the 2-chloro-1-phenylethanol is synthesized using an immobilized (covalently linked) 
VCPO and 0.015g using a liquid phase VCPO. 
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1 Introduction 
Worldwide, industries are interested in attractive and more sustainable options to produce chemicals. 
Ideally, Companies aim for high product selectivity using nontoxic reagents and solvents during the process. 
Clearly, a catalytic procedure is the way to go for these requirements, but nonetheless it has not been yet the 
existence of a catalyst that can perform a 100% sustainable reaction and be 100% efficient1. Therefore, a 
biocatalytic reaction begins its journey, in which the catalyst is a natural compound that can diminish toxic 
waste in a process. Synthetic application of novel biocatalytic methods is a continuously growing area in 
production of organic compounds, since biocatalysts are selective, easy-to-handle, and environmentally 
friendly.2 Using a biocatalyst is a start to what a production of chemicals with high selective biocatalyst can 
accomplish. 

A continuous-flow process is with no doubt a system that can enhance productivity, selectivity, and mass 
transfer, and allow performing a toxic reaction safely. For instance, a microfluidic system increases surface 
area-to-volume ratios due to the decreased size of the reactor, and for this reason a microfluidic system tends 
to outperform their batch counterparts.3 With this in mind,  putting together a continuous-flow biocatalytic 
process will be of interest to many companies. 

Performing a biocatalytic reaction in flow can enhance the productivity of chemicals. The continuous-flow 
microreactor technology has emerged as a safe and scalable way to approach oxidation reactions4 which 
will be an advantage for the use of enzymes. However, industrialization of biocatalytic processes so far has 
only been realized for a few large-scale operations. The limited substrate tolerance of available enzymes, 
the tedious and costly process development, and the need for an extended knowledge base across many 
scientific disciplines have often hampered a straightforward replacement of traditional chemical operations 
by utilization of enzyme catalysis.5  

Major applications for these reactions include synthesis of detergents, biofuels, supplements, food and 
beverage, agrochemicals, and pharmaceuticals.  Basically many industries are starting to invest highly in 
research on this new technologies and these methods are replacing or adding to the traditional methods.2 

Meanwhile, one of the businesses who have been recently focusing on these reactions, since it is a mayor 
advantage for their companies, is the pharmaceutical business due to the large amount of waste produce 
after synthesis. This is an important contribution since the waste produced after a reaction will be non-toxic 
and easy to handle (Table 1). The field has not been exploited 100% but is indeed generating a major 
attraction. As said before, a biocatalytic process is more ecofriendly, sustainable, and profitable, and hence 
biocatalysis is proving to be key for the development of the so-called bioeconomy. It is then considered 
more of a green technology.  
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Industry Segment 
Product  

(tonnage) 

E factor 

(Kg waste/kg product) 

Oil refining 106 – 108 <0.1 

Bulk chemicals 104 – 106 <1-5 

Fine Chemicals 102 – 104 5->50 

Pharmaceuticals 10 – 103 25 -> 100 

Table 1. Waste produce in different industries 6 

In this project many advantages have been found to overcome traditional technology. The halogenation 
reaction performed in a continuous-flow system will be investigated to demonstrate what a biocatalytic 
reaction can do in industry. Studied reactions will be performed and result into a series of advantages leading 
to an eco-friendlier reaction with new ways to handle side products being produced during the study of a 
homogeneous and heterogeneous approach. 
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1.1  Biocatalysis 
Biocatalysis may be broadly defined as the use of enzymes or whole cells as biocatalysts for synthetic 
chemistry. A biocatalyst is a natural compound, such as a peptide, an enzyme, or even a whole organism, 
that promotes chemical transformations on an organic molecule. Biocatalytic agents offer a range of 
advantages, including chemoselectivity, regioselectivity and enantioselectivity under mild conditions, often 
with high yield and purity, and at low costs.2 

Biocatalysis has been used for hundreds of years in the production of alcohol via fermentation, and cheese 
via enzymatic breakdown of milk proteins.7 But a major interest of enzymes as catalytic tools in synthesis 
of specialty organic chemicals has been considered over the past few years. Enzyme properties such as 
stability, activity, selectivity, and substrate specificity can now be routinely engineered in the laboratory.  

Similarly, to other catalysts, biocatalysts increase the speed with which a reaction takes place but does not 
affect the thermodynamics of the reaction. However, they offer some unique characteristics over 
conventional catalysts. The most important advantage of a biocatalyst is its high selectivity. This selectivity 
is often chiral, positional, and functional group specific.  

Enzymes are nature’s catalysts. An enzyme is a large protein, the structure of which results in a very shape-
specific active site. Having shapes that are optimally suited to guide reactant molecules in the optimum 
configuration for reaction, enzymes are highly specific and efficient catalyst, as shown in Figure 1. 

 

Figure 1. Schematic representation of an enzyme-catalyzed reaction 

A simple example to understand this reaction is perhaps the breakdown of alcohol to acetaldehyde inside 
the body by the enzyme alcohol dehydrogenase. The acetaldehyde is in turn converted into acetate by 
aldehyde dehydrogenase. Some people cannot tolerate alcohol because they lack the form of the enzyme 
that breaks down acetaldehyde.6 

Enzyme classes for industrial applications include hydrolases, transferases, oxidoreductases, lyases, 
isomerases, ligases and lipases. Hydrolases are a class of enzymes that catalyze the hydrolysis of chemical 
bond and are instrumental to many degradation/polymerization methods. Lipases on the other hand, are the 
most used enzymes in industry, mostly for kinetic resolution.2  
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There are many applications of these reactions in many fields but as mentioned before it has been in recent 
years that it has become of interest to produce specialty organics.  

1.1.1 Vanadium chloroperoxidase 
In this research the enzyme studied will be the vanadium chloroperoxidase, which exhibits both 
haloperoxidase and phosphatase activity and is related to glucose-6-phosphatase.  

Vanadium haloperoxidases are enzymes that catalyze the oxidation of halides to the corresponding 
hypohalous acids at the expense of hydrogen peroxide.  

 

Haloperoxidases are named after the most electronegative halides they are able to oxidize: thus, vanadium 
chloroperoxidase (VCPO) from Curvularia inaequalis oxidizes Cl-, Br-, and I-. This type of enzymes have 
a series of active sites, whose identity and structure have been disclosed (Figure 2). 

 

Figure 2. Active sites of vanadium chloroperoxidase from fungus C. inaequalis8 

The use of hydrogen peroxide as oxidant is one of the advantages of this catalyst. It is activated via binding 
to the vanadium center as metal ion or a coenzyme (non-protein organic complexes), after which the halide 
is oxidized. During this process the vanadium remains in the V5+ state. It has been proposed that the 
vanadium behaves as a Lewis acid, withdrawing electron density from the bound peroxidase (V+2,V+4,V+5) 
states. Besides this, it has also been demonstrated that the apo form of CPO exhibits phosphatase activity. 
Apoenzyme is referred to an enzyme that is inactive, activation of tis enzyme occurs upon binding of an 
organic or inorganic cofactor.9 But although the activity is less efficient than the phosphatase and than its 
peroxidase activity, the active sites of VCPO and the aligned phosphatases are similar.8  

Studies showed that the enzyme VCPO is a highly efficient catalyst to produce singlet oxygen from 
hydrogen peroxide.8 This was demonstrated in research by using the vanadium chloroperoxidase and 
vanadium bromoperoxidase as catalysts with hydrogen peroxide disproportionation to singlet oxygen in a 
chemiluminescence reaction.8 Wever and coworkers demonstrated that by using larger concentrations of 
hydrogen peroxide a decrease of activity in time was observed for a vanadium bromoperoxidase, but for a 
vanadium chloroperoxidase this was not the case, as it showed no inactivation under the same conditions.8 
In Figure 3 chemiluminescence at 1268nm produced by VCPO, indicative for O2 formation. A clear 
emission at 1268 nm is observed and the activity even increases after 2 minutes and after 4 minutes the 
activity decreases because of complete conversion of the hydrogen peroxide.   
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Figure 3. Chemiluminescence from singlet oxygen produces by vanadium chloroperoxidase. 8 

On the next sections of this chapter, it will be explained how this biocatalyst and others interact on to a 
homogeneous or heterogeneous system. For more information on the enzyme VCPO used in this project 
check supporting information, section 5.1. 

1.1.2 Homogeneous biocatalytic reactions 
Several studies on lab-scale homogeneous biocatalytic reactions exist. For instance, it was discovered that 
biocatalysis also in principle enables the conversion of alkenes to halohydrins using haloperoxidases. 
Hollman and coworkers performed reactions on lab-scale with 160mM, 40mM concentration of potassium 
bromide and styrene, respectively, using a very robust enzyme towards hydrogen peroxide. Because changes 
in pH could affect the efficiency of the enzyme, all reactions were performed in buffered reaction solutions.10  

The compound was produced in gram scale with low concentrations in a batch system as shown in Figure 
4. The advantage of using this homogenous approach was that all the components were in the same phase, 
with no issues of diffusion, and the concentration of the enzyme could easily be modified if needed. But a 
great drawback was the subsequent separation between the product and the catalyst, but this was solved 
under a different approach. 
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Figure 4. Time course of the chemoenzymatic oxidation of alkene 1g (♦) (substrate) to 2g (■) (product). 
Results obtained by 1H NMR10 

1.1.3 Heterogeneous biocatalytic reactions 
Currently, different biocatalytic systems, such as soluble enzymes, immobilized enzymes, and whole cells 
are explored. The application of liquid-phase enzymes often encounters limited enzyme stability, whereas 
this problem can be overcome by using immobilized catalyst. Immobilization is defined as the physical 
confinement or localization of intact cells to a certain defined region of space with the preservation of some 
desired activity.11  

Enzyme immobilization improves structural stability and yields high catalyst density. Furthermore, 
recovering and reusing immobilized enzymes is much more feasible than for the soluble counterparts.12 
Immobilization can also have its drawbacks: higher structural stability is not always maintained, 
immobilized enzymes can also add transport limitations, both internal and external, therefore 
immobilization is not always the best alternative, it will depend on reaction, substrates, temperature, and 
many other factors.  

Despite this, it gives great advantages to work with immobilized catalyst since it can be re-used and gives 
broad alternatives for its utilization. The immobilization process consists in attaching the biocatalyst to a 
solid support. This support can be either an organic or inorganic material, such as cellulose derivatives, 
glass, ceramics, metallic oxides, or a membrane (Figure 5).  
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Figure 5. Examples of solid supports used for adsorption for heterogenous catalysis13 

To retain enzymes, they are typically attached to different solid supports, including immobilization on 
beads, enzyme entrapment in porous matrices, and immobilization on the walls of a microchannel. 
Preserving activity and stability of the enzyme may dictate the preference of enzyme immobilization 
(heterogeneous biocatalysis) versus the use of free enzymes (homogeneous biocatalysis), although the 
overall performance comparison needs to be considered case by case and is usually enzyme specific.14 As 
described before, enzyme immobilization increases its performance due to more stability even though 
inactivation or rapid loss can also be a factor to consider.  

There are many type of supports for the immobilized enzymes, as already known, but as there is a variety 
of supports there is also a variety of immobilization methods that are applied. This indeed depends on the 
reaction, type of enzyme, and reaction conditions (Table 2).  

Enzymes Immobilization 
method 

(1) 1,3,6,8-tetrahydroxy 
naphthalene synthase 

(2) Soybean peroxidase 
(SBP) 
 

His-tag affinity on Ni-NTA agarose 
beads and covalent immobilization 
on microchannel wall 

(1) Acid phosphatase 
(2) Fructose-1,6-

diphosphatase aldolase or 
rhamnulose-1-phosphate 
aldolase 

 

Immobilized on beads 

(1) Acetylcholine esterase 
(AchE) 

(2) Choline oxidase (ChOx) 

Covalent attachment to channel walls 
and microparticles 

Table 2. Examples of some immobilization methods for specific enzymes14 
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An enzyme may sometimes have to tolerate harsh conditions in an industrial process, including high 
temperatures, extreme pH values, high substrates and product concentrations, oxidants, and the presence of 
organic solvents. Therefore, it has been considered that for some cases immobilization would be a way to 
increase robustness of enzymes in such conditions.15 In other words it depends on to which conditions the 
catalyst is going to be used and if it is a benefit to use it as a heterogeneous or homogeneous catalyst.   

An example is the synthesis of carbohydrates by using immobilized phosphatase and aldolase. In Wever’s 
research, a covalent immobilization method was used since is one of the most advantageous methods. Strong 
and stable linkages between enzyme and solid support were formed which limited enzyme leaching.16 It was 
also shown that using different immobilization methods the enzyme lifetimes and efficiencies can be lower 
than with a covalent immobilization.13 

In Wever’s work it was shown how using seven different enzymes immobilized by histidine tags on nickel 
agarose beads it was possible to synthesize a product on gram scale.16 The reaction was performed using a 
cascade packed bed reactor, with combination of supported enzyme. 

On the other hand, it was also demonstrated that connecting various packed bed reactors in series was greatly 
advantageous for the synthesis.4 Cascading reactions are known as series packed bed reactors and are 
employed for chemical synthesis with great success. A cascading system can remove the need for isolating 
unstable intermediates, overall increasing the yield of the synthesis. The reactors were connected as shown 
in Figure 6, in which an injection of the substrate in each reactor was added. 

 

Figure 6. Cascade reaction scheme 14 

Another advantage in these systems is the in-situ removal of the product and a connection to a recycle 
stream. These of course are possible implementation routes (depending on the reaction) that give great 
flexibility in changing parameters. 

Two approaches were described in this part of the introduction, as seen both give great advantages and 
disadvantages in performing biocatalytic reactions (Scheme 1). It is important to study both approaches and 
make sure it is a suitable behavior for the reaction that is going to be carried out.  
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Scheme 1. Advantages and disadvantages of homogeneous and heterogeneous biocatalytic reactions 

1.2 Biocatalytic reactions in flow 
Generally microfluidic systems increase surface area-to-volume ratios due to the decreased size of the 
reactor. In multiphasic systems, the interfacial area plays an important role in phase transfer which can be 
rate limiting.3 For this reason, microfluidic systems tend to outperform their batch counterparts. 
Additionally, the increased surface area-to-volume ratio of microreactors effectively increases mass transfer 
by 2 orders of magnitude.3 Another point to consider is the mixing levels, for tube reactors inherently have 
much smaller diffusion times and achieve mixing much faster than in batch. And this are only some 
parameters that can make a reaction more efficient and faster in a flow microreactor than in batch (Figure 
7). 

Heterogeneous 

Advantages 

Disadvantages 

• Many support/enzyme 
combinations possible 

• Easy separation of product 
• Lower catalyst loading 

• Diffusion/ transport limitation 
• Deactivation of catalyst 
• Leaching problems 

Homogeneous 

Advantages 

Disadvantages 

• All soluble in the same phase 
• Controlled catalyst concentration 
• Possible recycle stream of the 

catalyst 
 

• Complicated separation of 
product and catalyst 

• Use of a catalase (quencher) at 
the end of the reaction  

B
IO

C
A

TA
LY

TI
C

 R
EA

C
TI

O
N

S 



13 
 

 

Figure 7. Characteristics (blue) and improvements (green) for a continuous-flow system17  

It is also important to consider that by performing a reaction with toxic compounds or at high temperatures 
scientists are exposed to serious unsafe environments. Carrying out toxic reactions in flow systems these 
risks are lower due to smaller reaction volumes. As to this and Table 1, we diminish waste produced from 
a reaction since an enzymatic reaction in a continuous-flow system results in a very selective and very easy 
to set up assemble of a reactor.  

The use of biocatalysis in continuous-flow systems is only now becoming popular, although immobilized 
enzymes and whole cells in batch systems are common, their continuous-flow counterparts have grown 
rapidly over the past few years. As mentioned before, with continuous-flow systems offering improved 
mixing, mass transfer, thermal control, pressurized processing, automation, process analytical technology, 
and in-line purification, the combination of biocatalysis and flow chemistry opens a new powerful process 
window.13 

Other studies have also demonstrated that by applying a flow system instead of batch gives more flexibility, 
for instance there exist opportunities for improvements such as: process control, ease of scale-up, 
minimizing of interruption in production, reducing reactor size, and economic use of biocatalyst due to 
lower loading. There are infinite parameters that can be improved by using a plug flow reactor, and many 
advantages that can be done in industry after scaling up. The improved control capabilities of flow systems 
can also deliver better yield and productivity. Imagine having a fully optimized flow process that can be 
used to continually synthesize complex products in a single process from inexpensive and simple starting 
materials, a task unparalleled by batch chemistry methods.17 

 

 

 

 

Feed/discharge/cooling operates 
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Higher heat transfer capacity

Improved mixing

Plug flow

Optimum separation of reactants 
and products

Reduced reaction time

Improved reaction time control

Hazardous reactions can be 
handled

Extreme transient temperatures 
can be employed
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Smaller equipment
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Reduced solvent use
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1.3 Project aims 
The project aim is to perform an enzymatic reaction (Figure 8) in a flow system to increase the performance 
as compared to a batch system. Halogenation reactions leading to the synthesis of an epoxide have been 
done in batch systems for a long time, but the toxicity and amount of waste generated are still issues to 
overcome. With high selectivity and less side products a continuous-flow system is the solution to this 
problem. This research is focused on the study of a halogenation reaction using a vanadium 
chloroperoxidase enzyme as a catalytic tool which is known to be robust to variations in concentrations of 
hydrogen peroxide. The main goal is to optimize the conditions for an enzymatic reaction in a continuous-
flow system leading to the synthesis of a toxic compound, styrene oxide, using a homogeneous and 
heterogeneous approach.   

 

Figure 8. Enzymatic reaction 
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2 Results and discussion 
This section is focused on results, observations and discussion of the multiple setups used for the 
performance of the halogenation reaction. First, the reaction will be performed in a batch system collecting 
results that will later be comparable to a microfluidic system. Second, the reaction will be performed in a 
continuous-flow system studying different setups for homogeneous and heterogenous system. Finally, as 
proof of concept, the results will be compared to relevant literature data.  

2.1 Batch assay 
Prior to the start of the reaction, the concepts of activity and turnover will be defined. The specific activity 
of an enzyme is defined as the amount of substrate (in moles) that 1mg of enzyme can convert into a product 
in a given time. The turnover number of an enzyme is the number of substrate molecules that one molecule 
of enzyme can convert into a product within a given time. In this section activity and turnover number will 
be used to describe the performance of the enzyme during an activity assay measuring the decrease in 
absorption of monochlordimedone (MCD) by performing a reaction as follows: 1mM MCD (stock in 
ethanol), 1mM H2O2, 1mM NaCl, 100μM orthovanadate and 100nM VCPO all in a citric buffer solution at 
pH 5. This compound was screened at 290nm, and the following graph was obtained (Graph 1). 

 

Graph 1. Base screening for the MCD to measure activity of VCPO. 

The graph shows the behavior of the activity of the enzyme under MCD conditions measuring its absorbance 
with time. A few seconds after the beginning of the reaction the absorbance of the MCD begins to decrease 
until flat. This indicates that the enzyme has deactivated. It has been reported that the activity of the VCPO 
varies due to alteration on pH and hydrogen peroxide concentrations.8 The turnover was calculated for the 
initial 10 seconds, therefore the following graph was obtained (Graph 2). 
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Graph 2. Turnover calculated at the beginning of the slope using MCD assay 

In the graph, a straight line is observed giving an activity and turnover frequency of 50 per second. Multiple 
assays were carried out using the same procedure (See also supporting information, section 5.2). 

With this information the reactions in batch were carried out to obtain data to be compared with the flow 
system. The substrate used was 4-styrene sulfonic acid sodium salt hydrated (1) as shown in Figure 9. As 
the reaction with styrene in DMSO in batch gave byproducts, this substrate was chosen as an alternative for 
the batch reactions.  

 

Figure 9. Reaction carried out in batch  

Samples were then collected to measure in the NMR but one of the drawbacks present in this method is that 
while the samples were being collected and taken to another floor to be measured, the enzyme was still 
reacting in the vial. It is important to take this into consideration when analyzing the results. The batch 
reaction was carried out (Graph 3) using 100nM VCPO to convert to sodium 4-(2-chloro-1-hydroxyethyl) 
benzenesulfonate (2) during 2 hours of reaction time.  
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Graph 3. NMR conversion for a halogenation reaction carried out for 2 hours using 100nM VCPO, 
170mM H2O2, 160mM KCl, 20mM citrate buffer pH 5 and D2O as solvent 

As shown in the graph, the reaction in batch results in a conversion of 80% after 2 hours of reaction time. 
Besides this, it is also noticeable that from t = 0h to t = 0.5h there is an induction period which must be 
considered in later experiments. This results were comparable to the work of Hollman and coworkers.18 
With this data the performance in flow had to overcome these results and this will be described in detailed 
in the next part of the project. More information of NMR spectra results can be found in supporting 
information, Section 5.3. 

2.2 Flow assay 
To improve the results in batch a continuous-flow system was implemented to carry out the reaction using 
100nM VCPO to produce (2) under ambient temperature. This system will overcome mass transfer 
limitations, reaction time, and mixing conditions. This will result in lower impurities, reduced enzyme 
mechanical stress, use of smaller equipment and shorter process time. The system will be studied using a 
homogenous and heterogeneous approach. 

2.2.1 Homogeneous catalysis 
As homogeneous catalysis is performed in the same phase, in this case everything will be in the liquid phase. 
The reaction was performed using the same concentrations used in batch for comparison (Figure 10). 
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Figure 10. Setup of the homogeneous reaction 

Subsequently, a preliminary residence time screening in flow was carried out. From this it was observed 
that the reaction was a bit slower than expected, giving approximately 7% conversion in 1hour residence 
time (Graph 5). 

 

 

Graph 5. NMR conversions under different conditions for the halogenation reaction using (1), H2O2 and 
KCl for a 1hour residence time in a continuous-flow system (blue bars) and in batch (grey bar). The first 
bar indicates the reaction performed under the same concentrations as in batch, the others were obtained 

with double concentration of the enzyme (2xE)  

As seen in the graph, higher conversions were obtained by increasing concentrations of substrates as well 
as duplicating the enzyme concentration (2xE), but in none of these cases it was possible to replicate the 
conversion obtained in the batch reaction (gray bar). During the reactions it was observed that the H2O2 was 
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reacting in the syringes (bubble formation), therefore the setup of the reactor was changed. All the substrates 
were separated so that the reaction could only start at the cross-mixer point (Figure 11).   

 

Figure 11. Setup using a cross-mixer using a 750μm ID, 3mL reactor PFA tube. 

As seen in the figure above, the new reactor setup was based on a similar approach as the first one. As in 
the first set up, different concentrations were used to be able to reach higher conversions in this system but 
none of them overcame the results in batch (gray bar) (Graph 6). Increasing residence time was also an 
option in this case, but after 3 hours of reaction time it showed 23% conversion. 
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Graph 6. NMR conversions under different conditions for the halogenation reaction using 1, H2O2 and 
KCl for a 1hour residence time reaction in a continuous-flow system (blue bars) and in batch (grey bar). 
The last bar indicates the reaction performed under the same concentrations as in batch, and others were 

obtained with double concentration of the enzyme (2xE) 

A batch replica in flow gave 10% conversion, while increasing substrates and enzyme concentration only 
result in 32% conversion as seen in the graph above. Despite this, the addition of a third stream as shown in 
Figure 10, helped implementing a portion-wise addition of the oxidant.18 Reactions were carried out by 
varying the flow rate of the H2O2 stream (Graph 7). 
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Graph 7. NMR conversions under different conditions for the halogenation reaction using (1), H2O2 and 
KCl for a 1hour residence time reaction in a continuous-flow system (blue bars) and in batch (grey bar). 
The last bar indicates the reaction performed under the same concentrations as in batch, and others were 

obtained with double concentration of the enzyme (2xE)  

As shown in the graph above different flow rates for the H2O2 stream were implemented but no variation 
helped overcome the results in batch (gray bar). Since the issue persisted, the analysis of Graph 3 and the 
induction period observed in batch gave a hint to the problem. The substrates needed a mixing time in a T- 
mixer for 30 minutes or more. Afterwards, addition of the oxidant in a longer reactor could help the 
throughput of the continuous-flow system. Therefore, a different setup was built which consisted of two T-
mixers located at the beginning and middle point of the reactor with an injection of the hydrogen peroxide 
(Figure 12).  
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Figure 12. Setup using 2 T-mixers, injecting the oxidant portion-wise and mixing the substrates for 30 
minutes by using a 750μm ID, 3mL and 6mL reactor PFA tube. 

The reactions were carried out with the same concentrations as in batch but only for 30 minutes residence 
time instead of 1 hour as was done before. It was not possible to replicate them for 1hour time residence 
because the enzyme VCPO was out of stock.  

 

 

Graph 8. NMR conversions under different conditions of the halogenation reaction using (1), H2O2 and 
KCl for a 30 minutes residence time reaction in a continuous-flow system (blue bars) and in batch (grey 

bar). The first bar indicates the reaction performed under the same concentrations as in batch  
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The results obtained matched the ones obtained in the batch system (Graph 8), which by conclusion of this 
section the batch system was replicated in flow, but overcoming batch results was still an issue and therefore 
the next part of the project leads to a heterogeneous system approach.19,20  

2.2.2 Heterogeneous catalysis 
Based on the reactions performed in a homogeneous system it was decided to move to a heterogeneous 
approach since promising results have been obtained in the past with immobilized enzymes.21,16,13 Higher 
mass transfer, shorter reaction time, recycling enzymes and a faster separation between product and enzyme 
were characteristics expected from this approach.  

The first solid support used to test this hypothesis were the Sephabead® with glutaraldehyde as linker.22 An 
activity assay was also performed for this immobilized enzymes (Graph 9). 

 

Graph 9. Activity test performed for the Sephabead® with glutaraldehyde linker using 1mM H2O2, 1mM 
MCD, 1mM NaCl, 100μM orthovanadate, 20mg Sephabead® and everything in 100mM Citric acid buffer 

at pH 5 while constant stirring and ambient temperature for 8 minutes 

The activity test demonstrated that the beads were indeed active, and the halogenation reaction could be 
performed under such conditions. A drawback of this assay is that the solid beads interfere with the light 
from the UV-Vis that goes through the quartz cuvette, therefore the results are not as accurate as for the 
homogeneous conditions. After this analysis, a reactor setup for the heterogenous approach was designed.   

The reactor was constructed using the immobilized beads. 500mg of the Sephabeads® were inserted in a 
tube and closed with glass wool at each end, this was done to avoid the particles leaving the reactor. The 
procedure to do this is as follows: 
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Scheme 2. Sequential steps to build a packed bed reactor with supported enzymes 

As seen in Scheme 2, sequential steps to build the reactor are required to control the amount of beads inside 
the reactor, to avoid losing beads during reactions and avoid empty spaces in between the beads. After 
everything has been correctly inserted and closed, the packed bed reactor (PBR) should be tested by applying 
pressure of water with a syringe to make sure that the glass wool is not coming out of the reactor.  

A residence time screening was performed to be sure of the amount of liquid going through the reactor for 
a certain amount of time. This is of great importance because when working with a PBR, residence time can 
be an issue, depending on back pressure and spacing in between the beads. For the screening, citrate buffer 
at pH 5 and water were used. The reactor was filled up with water and then injected with buffer, collecting 
samples at different times checking the residence time.  

 

Figure 13. Sephabead® packed bed reactors  

The color of the Sephabead® was light brown as seen in Figure 13. Finally, the reactor was tested in vertical 
and horizontal position for the screening of residence time and no significant difference were observed. 

Halogenation reactions were performed using the PBR starting with the same concentrations used as in the 
batch system. The reactions were performed for 30 minutes residence time under ambient temperature and 
the results proved superior than in batch. For a 30 minutes residence time 87% conversion of the product 
was obtained (Graph 10). Based on this result it was decided to use a lower concentration of the oxidant to 
observe how this would affect the conversion. 100mM and 140mM H2O2 were tested and both gave lower 
conversions as seen below.  
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Graph 10. Halogenation reaction performed in a Sephabead® PBR (blue bars) and in batch 
(homogeneous, grey bar). 30 minutes residence time under ambient temperature. The first bar indicates the 

reaction performed under the same concentrations as in batch 

During the reaction, air bubbles were formed after the reaction mixture had gone through the packed bed 
reactor (Figure 14). 

 

Figure 14. Formation of bubbles after the PBR during the halogenation reaction 

This was mainly observed during the first reactions but after running 3 – 4 reactions the bubbles started to 
diminish. Besides this, lower conversions and decolorizing of the beads were observed when using lower 
concentrations of the oxidant, so it was decided to replicate the first reaction performed over the PBR as 
seen in (Figure 15). 
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Figure 15. Sephabead® PBR after 5 reactions, the beads were completely white as compared to the 
starting beads. 

The same reaction was performed in the PBR and the conversion was now 7%. To prove that the beads had 
completely deactivated, a batch reaction was performed for 1 hour of reaction time using the recycled beads. 
Collecting samples after 15, 30, 45 and 60 minutes showed that there was no reaction being carried out 
during this time.  

A phenol red test was then performed (Figure 16). 20mL of citrate buffer at pH 5 were injected through the 
PBR for 1 hour, samples were collected and afterwards and 0.5mM phenol red was inserted in the sample 
vial collected as seen in Figure 16. This test was done to make sure the enzymes were not leaching from 
the support. 

 

 

Figure 16. (A) Citrate buffer 0.1M and 0.5mM phenol red; (B) Citrate buffer 0.1M after pushed through 
the Sephabead® PBR for 1 hour and after the collected vial injected with 0.5mM phenol red 

(A) (B) 
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The phenol red assay proved the hypothesis, the enzyme was leaching from the PBR. This was because the 
glutaraldehyde linking between the support and enzyme was being destroyed during the halogenation 
reaction and therefore the support was not going to resist the reaction conditions (large concentrations H2O2). 
After this test, it was discovered that the enzymes were also deactivated after the reactions. As known from 
the theoretical background there are multiple types of supports that can be linked to the enzyme VCPO, not 
only covalently but also with cationic and anionic linking, or via adsorption. Due to this, the scope of the 
research was extended and it was decided to investigate new suitable supports for this reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 
 

2.2.2.1 Other Supports 
In collaboration with Delft university many supports were then tested to prepare new heterogeneous 
catalysts. In this project 12 different supports were tested as shown in Table 3 and therefore 12 different 
reactors built.  

PRODUCT TYPE MATRIX FUNCTIONAL 
GROUP 

PARTICLE 
SIZE 
(μm) 

IB-COV-1 Covalent, 
apolar Polyacrilic epoxide, butyl 150-500 

IB-COV-3 Covalent, 
polar Polyacrilic epoxide 300-700 

IB-ADS-1 Adsorption, 
apolar Polyacrilic carboxylic ester 350-700 

IB-ADS-2 Adsorption, 
apolar Styrene phenyl 150-300 

IB-ADS-3 Adsorption, 
apolar Methacrylate octadecyl 150-300 

IB-ADS-4 Adsorption, 
polar Styrene styrene, methyl 300-700 

IB-CAT-1 Cationic, 
strong Styrene sulphonic 300-700 

IB-ANI-1 Anionic, 
apolar Polyacrilic amino C6 spacer 150-300 

IB-ANI-2 Anionic, 
weak Polystyrene tert. Amine 630 

IB-ANI-3 Anionic, 
weak Polystyrene quat. ammon 

type 800 

IB-ANI-4 Anionic, 
strong Polystyrene quat. ammon 

type 690 

Table 3. Supports tested with VCPO for the halogenation reaction performed in packed bed reactors 
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The supports used were based on different combinations of linking with the VCPO. Covalent apolar, 
adsorption apolar, cationic apolar, and anionic apolar supports were studied and had to be tested for the 
conditions in which the halogenation reaction was going to be performed. Previously, the reason why the 
Sephabeads® did not work was because the oxidant concentration was too high, destroyed the linker and 
beads had deactivated. Therefore, the aim of this part of the research is to achieve a stable behavior over the 
beads by using suitable concentrations of the oxidant. The variation of the oxidant concentration was set at 
10, 25 and 50mM H2O2 and a fixed concentration for styrene at 10mM. For the VCPO enzyme, the 
immobilization method used was a series of steps (check supporting information, Section 5.4 for more 
details).  

The reactors were built (Figure 17) using the procedure in Scheme 2 and a phenol red assay was applied to 
make sure there was no leaching of the beads. 

 

Figure 17. 4 of the 12 reactors built using different supports 

After performing the red phenol assay no leaching was observed and the halogenation reactions were carried 
out running several reactions at the same time. The setup used for these new reactions was similar to the 
one used in the Sephabead® assays (Figure 18).  

 

Figure 18. Setup of the packed bed reactors for the supported catalysts 

The solvent used for the new reactions was acetonitrile (MeCN) and therefore styrene (3) was diluted in 
this. The reactions were now carried out using styrene instead of 1 (Figure 19). As explained above, the 
reactions were performed varying the concentration of the oxidant so that suitable supports for the 
halogenation reaction would be selected. 
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Figure 19. Reaction performed in flow to measure the stability of the differently supported enzyme 

After building all the reactors the reactions were carried out using the parameters reported in Table 4. 
Variations of flow rates are observed due to sizing of the reactors and sizing of the beads. All the reactions 
were studied for a 30 minutes residence time and for a reaction time of 24 hours.  

 

SUPPORT 

Tube 
diameter 

PBR 
(mm) 

Tube 
diameter 
after and 

before 
PBR 
(mm) 

Length 
after 
PBR 
(mm) 

Length 
PBR 
(cm) 

Volume 
PBR 
(mL) 

Volume 
after 
PBR 
(mL) 

Residence 
time 
(min) 

Flow rate 
(mL/min) 

IB-COV-1 1.6 0.75 300 6.5 0.13 0.13 30.00 0.0044 
IB-COV-3 1.6 0.75 300 6 0.12 0.13 30.00 0.0040 
IB-ADS-1 1.6 0.75 300 8.5 0.17 0.13 30.00 0.0057 
IB-ADS-2 1.6 0.75 300 7 0.14 0.13 30.00 0.0047 
IB-ADS-3 1.6 0.75 300 7 0.14 0.13 30.00 0.0047 
IB-ADS-4 1.6 0.75 300 6.3 0.13 0.13 30.00 0.004 
IB-ANI-4 1.6 0.75 300 6.2 0.12 0.13 30.00 0.004 
IB-ANI-2 1.6 0.75 300 10.5 0.21 0.13 30.00 0.007 
IB-ANI-3 1.6 0.75 300 10.5 0.21 0.13 30.00 0.007 
IB-CAT-1 1.6 0.75 300 8.3 0.17 0.13 30.00 0.006 
IB-ANI-4 1.6 0.75 300 13.5 0.27 0.13 30.00 0.009 
SEPHA 1.6 0.75 300 6 0.12 0.13 30.00 0.004 

 

Table 4. Characteristics of the 12 PBR built using different supports  
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COVALENT SUPPORTS 

For the covalent apolar COV-1 with an epoxide, butyl functional group, the stability of the reaction seemed 
to increase after 15 hours of reaction time using 10mM H2O2 but, on the other hand, when increasing the 
concentration of the oxidant the tendency seemed to decrease. This indicated that the beads were not stable 
enough for this halogenation reaction (Graph 11). A similar trend was observed for COV-3, which presents 
a stable behavior under 10mM H2O2, whilst increasing the concentration of the oxidant results in the 
decrease of the reactions yield. Even though this behavior is observed, the yield of the reaction is acceptable 
(45%) as seen in Graph 12. 

 

 

Graph 11. Halogenation reaction performed over COV-1 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 0.1M citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 
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Graph 12. Halogenation reaction performed over COV-3 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 20mM citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 

 

ADSORPTION SUPPORTS 

A promising PBR was observed with ADS-1 using 10mM H2O2. The reaction seemed stable during the 24 
hours of reaction time but as seen in Graph 13 the concentration of the oxidant could not be increased due 
to the decrease in yield. On the other hand, for ADS-2 the yield seemed to decrease rapidly for all the 
different concentrations of the oxidant (Graph 14). For the adsorption apolar with a styrene matrix and 
phenyl functional group (ADS-3), the yield after 30 minutes residence time was below 20% for 25mM H2O2. 
With 10mM H2O2 the tendency seemed to be stable but after 30 minutes residence time no reaction was 
observed (Graph 15). For the ADS-4, also in the category of adsorption apolar, the reaction seemed stable 
for all concentrations, having minimal variations in between. But the yield did not increase whilst increasing 
the oxidant concentration, as seen in Graph 16.  
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Graph 13. Halogenation reaction performed over ADS-1 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 20mM citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 

 

 

Graph 14. Halogenation reaction performed over ADS-2 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 0.1M citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 
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Graph 15. Halogenation reaction performed over ADS-3 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 0.1M citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 

 

Graph 16. Halogenation reaction performed over ADS-3 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 0.1M citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 
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ANIONIC SUPPORTS 

For the anionic supports, the initial yields were between 0 – 20% and the behavior of the reaction was 
constant for ANI-2 and ANI-3 but below 20% yield as seen in Graph 18 and Graph 19, respectively. These 
two cases look promising for further investigation, this could be tested by increasing the substrate 
concentration to reach higher yields. In this project this was not done because the ones selected showed 
higher yields under the same conditions. Graph 20 (ANI-4) and Graph 17 (ANI-1) show an instable 
behavior of the reaction during the 24 hours of reaction time.  

 

Graph 17. Halogenation reaction performed over ANI-1 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 0.1M citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 
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Graph 18. Halogenation reaction performed over ANI-2 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 0.1M citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 

 

 

Graph 19. Halogenation reaction performed over ANI-3 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 0.1M citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 
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Graph 20. Halogenation reaction performed over ANI-4 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 0.1M citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 

 

CATIONIC AND SEPHABEAD SUPPORT 

For the cationic and Sephabeads® supports, the yields after 30 minutes residence time were below 10% and 
after a couple of hours the yield decreased to 0% as seen in Graph 20 and Graph 21. For these two last 
cases the reaction was not going to resist using these immobilized beads. For the Sephabeads® this was 
expected due to the previous results (see section 2.2.2). 
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Graph 21. Halogenation reaction performed over CAT-1 PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 0.1M citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 

 

 

Graph 22. Halogenation reaction performed over SEPHA PBR varying H2O2 concentrations and 10mM 
Styrene in MeCN stock solution, 50mM KCl, 100μM Orthovanadate, 0.1M citrate buffer pH 5. For 24 

hours reaction time under ambient temperature. 
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After performing several reactions and careful analysis, two of the supports were selected. The most 
promising results were seen on the covalent, polar COV-3 and adsorption, apolar ADS-1 with stable 
behavior using 10mM H2O2 after 24 hours of reaction time. This can be seen on Graph 12 and Graph 13. 

The halogenation reaction performed on a covalent polar COV-3 with a polyacrylic matrix PBR, had a stable 
behavior using 10mM H2O2. But by using higher concentrations of the oxidant the yields seemed to decrease 
after 15 hours of reaction time. Even though this was observed, no other support gave similar results and 
therefore this one was selected to carry out further experiments.    

The reaction performed on an adsorption apolar ADS-1 linking with a polyacrylic matrix PBR, had a stable 
tendency using 10mM H2O2. But increasing to 50mM H2O2 the reaction was inhibited. Even though this 
was also observed on this PBR, the result yield for 10mM H2O2 was higher than other supports. Both 
supports discussed were selected to proceed into the optimization part of the project by testing new setups 
and increasing yields. 

 

2.3 Optimization  

 

Three different approaches were studied for both supports. First, increasing residence time to 1 hour instead 
of 30 minutes. Second, increasing to double the concentration of beads in the reactor, therefore the length 
of the packed bed reactor was doubled in size. Finally, as reported in literature, connecting in series 2 PBR.14  

For the first case, two reactions were performed on the same PBR used. The flow rate was changed to 
0.002mL/min to increase residence time for COV-3 and to 0.0028mL/min for ADS-1. 0.28% yield was the 
result of the new reaction for COV-3 and for ADS-1 0.32% (HPLC yields). 

Doubling the concentration of beads in the reactor was the new variation. The residence time was kept the 
same, but after careful analysis and controlling the pH and temperature there was no reaction being carried 
out and traces of the starting material were observed. Therefore, hydrogen peroxide could not have been 
enough through the whole reactor, and an injection in between was considered as a possible alternative, so 
a different setup was explored (Figure 20). 
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Figure 20. Two packed bed reactors connected in series with an injection of H2O2 in the middle 

After 1 hour of reaction in the 2 PBR a sample was collected, and 0.13% yield of the product was observed. 
It was decided to repeat the reaction only for one PBR as done previously in Figure 18, but no reaction 
occurred. However, the starting material was being consumed, which suggested that the product was being 
formed and stuck in the walls of the immobilized beads. To prove this hypothesis, buffer was flushed 
through the PBR and analyzed, and as no surprise the product started coming out with some starting material 
as well. This was done for one day and it showed that after 2 hours of flushing there was no product coming 
out, but the starting material kept flushing out with the citrate buffer for around 20 hours. This was an issue 
that was not expected after having a good behavior of the combination of support and catalyst tested before. 

In spite of all the assays performed before and after the reaction, a new hypothesis was deduced. Since it 
was seen that the product and starting material were stuck into the beads after the reaction, indications of: 
first, incorrect combination of supports for the reaction; second, structure problems in the beads; and finally, 
issues of affinity between the beads and the supports can be now affecting the results. These issues can be 
resolved either by understanding affinity and structure of the beads or in future research as will be explained 
in section 4. Other supports tested in this project had a stable tendency with lower yields but can be improved 
by increasing starting material concentration.   

2.4 Epoxide synthesis 
Finally, the second aim of the project consists in performing a reaction to synthesize a styrene oxide (5). 
Normally, this reaction is carried out in a batch system at 70°C using a catalyst to achieve 96% yield.23,24 In 
this project, the reaction was performed under ambient temperature in a continuous-flow system using 
concentrations that would not affect the outcome of the first reaction (4). The reaction was carried out using 
30mM halohydrin (4) and a suitable concentration of sodium hydroxide in a microfluidic reactor. This 
continuous system (Figure 21) will be then connected to the first system of PBR.   
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Figure 21. Epoxide reaction performed in a continuous-flow system yielding 17% of the product 

The reaction was intended to be done under ambient temperature, but after several attempts using up to 5M 
of NaOH the maximum GC-FID yield reached was 21% as seen in Table 5. The temperature was increased 
up to 70°C, obtaining a GC-FID yield of 17% in this system. The reaction was not performed in batch with 
the same conditions as in flow in this project. In future studies this can be done as well as increasing up to 
2 hours residence time and using a 750μm ID PFA tube. This could increase throughput and increase the 
GC-FID yield of the reaction and improve results for the reaction.  

 

 

4 
(mM) 

NaOH 
(mM) 

Temperature 
(°C) 

Residence 
time  
(min) 

5  
GC-FID Yield 

% 
30 30 25 30 10.72 
30 230 25 30 17.19 
30 5000 25 30 19.23 
30 1000 25 60 10.35 
30 1000 25 60 21.71 
30 1000 40 30 14.66 
30 1000 60 30 14.89 
30 1000 70 30 16.86 

 

 Table 5. Styrene oxide (5) GC-FID yields under different conditions in a microfluid reactor  

As seen in Table 5 several reactions were performed at ambient temperature overcoming the results at 70°C. 
This indicates that by using a continuous-flow system it is possible to avoid using a catalyst to reach higher 
yields. Higher mass transfer and improved mixing can solve the problems of extra costs in an epoxide 
synthesis performed in batch. Even though, this reaction under this conditions will take at least a day to 
reach higher yields, it is comparable to a batch system with higher temperature, catalyst and lasting 2-3 
days.23 
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3 Experimental 
3.1 General information 
All components as well as reagents and solvents were used as received without further purifications. Regents 
were bought from Sigma Aldrich and TCI Chemicals. Technical solvents were bought from VWR 
International and Biosolve and used as received. 1H-NMR spectra were recorded on ambient temperature 
using a Bruker-Avance 400. 1H-NMR spectra are reported in parts per million (ppm) downfield relative to 
Chloroform-d (7.26 ppm). The product screening experiments were analysed by GC-MS using a GG 
(Shimadzu GC-2010 Plus), GC-FID using GG (Shimadzu GC-2010 Plus), HPLC (Shimadzu) and UV-Vis 
Spectrophotometer (Agilent Cary 60 UV-Vis) 

3.2 Activity assay – liquid phase 
The activity of VCPO consists of a reaction carried out in batch and performed in the quartz cuvette used in 
UV-Vis spectroscopy. The reaction: 1mM MCD (stock in ethanol), 1mM H2O2, 1mM NaCl, 100μM 
orthovanadate and 100nM VCPO all in a citric buffer solution at pH 5.  It was evaluated by following the 
decrease in absorption of the monochlordimedone (MCD) at a wavelength of 290nm using. The reaction 
was performed at 25°C. 

3.3 Batch reactions 
The batch reactions were performed using a heating plate, thermocouple, round-bottom flask (20mL) and 
magnetic stirrer, as seen in Figure 22. All samples were collected during 2 hours of reaction times using 
D2O as solvent in the reaction. The samples were extract from the round-bottom flask after 15, 30, 45, 60 
and 120 min and introduced in the NMR tubes without diluting. The samples were immediately read by the 
1H-NMR at ambient temperature. 

 

Figure 22. Batch reaction using 100nM VCPO 

3.4 Experimental enzymatic reaction setup (Homogeneous)  
For all enzymatic reactions performed, the setup used consisted of 1 syringe pump, 1 heating plate with a 
thermocouple to control temperature using a water bath, as seen in Figure 23. The reaction mixture was 
pumped using 2 syringes of 20mL connected to PFA tubes of 750μm ID with a reaction volume of 3mL. 
The samples were collected in vials of 20mL and they were immediately introduced into NMR tubes without 
dilution and read at ambient temperature.  
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Figure 23. Setup for a continuous-flow system using a homogeneous approach 

 

2 Streams setup. Following the general procedure in 3.4. 2 streams of 750μm ID were connected into a T-
mixer. Connected to a 3mL volume reactor PFA tube of 750μm ID which was submerge into a water bath 
to control the temperature of the reaction to 25°C 

 

3 Streams setup. Following the general procedure in 3.4. 3 streams of 750μm ID were connected into a 
cross-mixer. Connected to a 3mL volume reactor PFA tube of 750μm ID which was submerge into a water 
bath to control the temperature of the reaction to 25°C 
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Induction setup. Following the general procedure in 3.4. 2 streams of 750μm ID were connected into a T-
mixer. Meanwhile, a third stream was connected at the middle of the reactor using a T-mixer and PFA tube 
of 750μm ID. The first coil was a 3mL volume reactor whilst the second coil was of 6mL volume. Both 
were submerged into a water bath to control the temperature of the reaction to 25°C. 

3.5 Activity assay – Sephabeads ®  
The activity of the immobilized VCPO consists of a reaction carried out in batch and read using UV-Vis 
spectroscopy. The reaction was evaluated by following the decrease in absorption of the 
monochlordimedone (MCD) at a wavelength of 290nm. The reaction was performed at 25°C buffer at pH 
5.0 and using 20mg of Sephabead®. 

3.6 Experimental enzymatic reaction setup (Heterogenous)  
3.6.1 Sephabeads® 
For all enzymatic reactions performed with immobilized Sephabeads®, the setup used consisted of 1 syringe 
pump and 1 heating plate with a thermocouple to control the temperature in a water bath. The reaction 
mixture was pumped using 1 syringe of 25mL connected to PFA tubes of 1600μm ID and 3000μm ID, using 
2 reducers as seen in Scheme 3. 500mg of the Sephabeads® were introduced in the packed bed reactor 
(PBR) and each extreme was closed using glass wool to avoid the particles leaving the reactor.  

 

 

Scheme 3. Schematization of the sizing of the PBR connected to PFA tubes of 1600μm and 3000μm ID 
using 2 reducers on each extreme. 

3.6.2 Other supports 
For all enzymatic reactions performed with the immobilized beads seen in Table 3, the setup used consisted 
of 1 syringe pump and 1 heating plate with a thermocouple to control the temperature in a water bath. The 
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reaction mixture was pumped using 1 syringe of 10mL connected to PFA tubes of 750μm ID and 1600μm 
ID, using 2 reducers as seen in Figure 24. 100mg of the different beads were introduced in the PBR and 
each extreme was closed using glass wool to avoid the particles leaving the reactor.  

 

Figure 24. Setup for the immobilized PBR 

3.7 General procedure to prepare reaction mixture 
 

 Sodium 4-(2-chloro-1-hydroxyethyl) benzenesulfonate. 4-styrene sulfonic acid sodium 
salt hydrated (40mM) was first dissolved into citrate buffer pH 5. In a second beaker mix hydrogen peroxide 
(170mM) with citrate buffer pH 5. In a third beaker add KCl (160mM) to dissolve into citrate buffer pH 5, 
next add orthovanadate (100μM) and finally add VCPO (100nM) into the mixture. Yielding 0.015g of the 
product, under 30 minutes RT, using setup on Figure 12. 
1H NMR (399 MHz, Chloroform-d) δ: 7.67 (d, J = 8.2, 2H), 7.52(d, J = 8.2, 2H), 2.72 (s, 3H) 

2-chloro-1-phenylethanol. Dissolve KCl (160mM) into citrate buffer pH 5, add styrene in MeCN 
solution (10mM), next add orthovanadate (100μm) and hydrogen peroxide (10mM). Yielding 40% of the 
product under 30 minutes RT, using setup on Figure 18. 
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3.8 Reactions performed in 12 supports for the PBR 
5 syringes of 10mL were used to carry out several reactions at the same time. Following the protocol in 
general procedure to prepare reaction mixture (3.7) the reaction mixture was first mixed in batch during 20 
minutes for homogenization (Figure 25). Afterwards it was pushed through using a syringe pump. PFA 
tubes of 750μm and 1600μm ID were used. The samples were collected in vials of 10mL. The samples were 
collected and with no dilution applied they were measured in the HPLC. 

 

 

 

 

 

 

 

 

Figure 25. Preparation of the stock solution before being in contact with the packed bed reactor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20 minutes – 600rpm 
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Conclusions 
This master thesis was focused on the performance of an enzymatic reaction in a microfluidic system. A 
halogenation reaction was performed as a biocatalytic reaction using a vanadium chloroperoxidase enzyme 
in a homogenous and heterogeneous system. Many variations were studied in accordance to literature, 
achieving new methodologies for the performance of the reaction.  

The most significant part of the thesis was however the quest to find a continuous-flow system setup of an 
already established reaction in batch. Finding suitable designs, with portion-wise injection of the oxidant, 
increments in substrate concentrations, duplicating concentrations of the catalyst, residence time, working 
in homogenous and heterogeneous systems were many of the parameters studied with relevant results found. 
It has been proved by this project that injecting a portion-wise oxidant in this reaction in between the reactor 
gives an improvement in performance to the reaction, both in a homogenous and heterogeneous system.  

On the other hand, some tests are of importance when performing an enzymatic homogenous and 
heterogenous reaction. Checking activity of the enzyme before carrying out a reaction is the first test to 
being sure that the catalyst is active. Second, checking of any leaching by flushing buffer through the reactor 
and performing a phenol red assay can also save a lot of time before carrying out a reaction. Finally, always 
make sure to check the pH of the collected samples and reaction mixture, as this factor can interfere a lot 
with the results. These steps to follow can help perform a more efficient halogenation reaction, but this 
could only be learned after multiple assays in a microfluidic system.  

Overall, the halogenation reaction was performed efficiently in a continuous-flow system using an 
immobilized and soluble VCPO enzyme to synthesize a halohydrin (4). New methodologies were achieved 
for future uses and studies over the environmentally friendly and non-toxic reaction which give great 
outcomes for future projects, new research and possibly a new industrial process for the synthesis of 
epoxides and halohydrins.  
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4 Outlook 
There are many possible variations that can be done to achieve higher yields for this reaction. Many of them 
have already been tested, like using other enzymes, cascading reactors, using combination of supports, but 
none of them have achieved more than 1g of product. Nevertheless, future experiments can be done with 
halogenation reaction to increase yields using combination of ideas from different sources. 

4.1 Studied immobilized enzymes 
During the study of the supported enzymes, two of the immobilized beads showed stable behavior under the 
halogenation reaction conditions shown in Figure 20. 20% HPLC yield was shown after increasing to 10, 
20, 50mM H2O2 for ADS-4, while for ANI-1 using 25 and 50mM H2O2 also showed similar HPLC yield. 
Both immobilized beads showed promising results and could be extended to future studies by increasing the 
concentration of styrene (3) as well as the oxidant as seen in Figure 26. 

 

Figure 26. Future studies for immobilized enzymes ADS-4 and ANI-1 

Keeping the concentrations of the oxidant, KCl and styrene (3) similar in relation to each other as considered 
in this project, different conditions for the halogenation reaction can be studied. By performing these 
reactions studying the stability of the immobilized beads, higher yields of the product (4) might be expected 
using a similar setup (Figure 27). Figure 26 shows two possible combination of concentrations for the 
starting material, but this could be increased to 170mM H2O2 to compare to the batch assay. 

 

Figure 27. Setup for future studies on ADS-4 and ANI-1 supports 

4.2 Connecting reactors in series 
Significant challenges to establish multi-enzyme cascade reactions, include the optimization of reaction 
conditions (temperature, pH, flow rates and substrate concentrations) to overcome the inhibition of the 
enzyme in the cascade by reactants and products. The general idea is using microreactors to screen for 
different enzyme variants to find the best possible combination of enzyme and substrates as seen in Figure 
28. The advantage of being quick and efficient due to the small amount of reagent and enzymes needed.   



49 
 

 

Figure 28. Cascade halogenation reaction in PBR 

As seen in the figure multiple reactors are connected in series with an injection of H2O2 in between the 
reactors. In this project it was done only for 2 PBR but based on different studies an increase of PBR with 
the same approach can increase the efficiency of the reactions.14,16 This approach can also be considered for 
a homogeneous system as seen in Figure 29. 

 

Figure 29. Series halogenation reaction for a homogenous catalyst 

In this figure 3 coils are connected in series performing reactions in reactors of 3mL volume. In this project 
it was proved that 2 coils connected gave results comparable to a batch system. For future experiments this 
can be studied with more than 2 coils. 

4.3 Possible setup 
In the work of Blacker, studies of a highly productive oxidative biocatalysis in continuous-flow was 
achieved by enhancing the aqueous equilibrium solubility of oxygen. In his paper the author report a simple, 
mild, and synthetically clean approach to accelerate the rate of enzymatic oxidation reactions by a factor of 
up to 100 when compared to conventional batch gas/liquid systems.20 As was performed in this thesis, he 
started by synthesizing the reaction in a batch system in cascade and with these parameters replicate the 
reaction in a continuous-flow system.  

Blacker and coworkers20 could recognize that generating soluble O2 at multiple positions across the length 
of the reactor is essential for rapid oxidation substrate and therefore a multipoint-injection flow reactor can 
be designed that would be capable of dosing H2O2 across the full reactor. 
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Figure 30. Multipoint-injection flow reactor with a 1mL syringe for scale20 

Similar to this project, this is a very ambitious idea for further experiments in a homogenous continuous-
flow system. Even though it looks very promising to insert injections of the oxidant into the halogenation 
reaction in this multipoint-injection flow reactor (Figure 30), it still needs more experimental data to build 
this reactor.  

4.4 Epoxide synthesis 
An epoxide synthesis in a microfluidic reactor was studied in this project. Ambient temperature became an 
advantage for the performance of the epoxide reaction in a continuous flow-system. This reaction can be 
studied in future project by extending the reaction time to 2-3 hours and using the same setup as seen in 
Figure 31. It is known that the reaction carried out in batch takes 2-3 days to reach higher yields and because 
of higher mass transfer and better mixing, promising results could be obtained by performing the reaction 
with longer residence time.24    

 

 

Figure 31. Setup for epoxide synthesis using 120 and 180 minutes residence time. 
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Abbreviations 
 

Abbreviation Meaning 
2xE 2 times Enzyme concentration 
ADS Adsorption 
ANI Anionic 
CAT Cationic 
COV Covalent 
D2O Deuterium Oxide 
DMSO Dimethylsulfoxide 
DMSO2 Dimethyl Sulfone 
GC-FID Gas Chromatography-Flame Ionization Detector 
GC-MS Gas Chromatography-Mass Spectrometry 
HPLC High-Performance Liquid Chromatography 
ID Internal Diameter 
KCl Potassium Chloride 
MCD Monochlordimedone 
MeCN Acetonitrile 
NaCl Sodium Chloride 
NMR Nuclear Magnetic Resonance 
PBR Packed Bed Reactor 
PFA Perfluoroalkoxy Alkane 
RPM Revolutions per Minute 
RT Residence Time 
UV Ultra Violet (part of the electromagnetic spectrum) 
VCPO Vandium Chloroperoxidase 
VIS Visible (part of the electromagnetic spectrum) 

 

Symbol Meaning 
g Gram 
H hour 
Hz Hertz 
Kg Kilogram  
mg miligram 
MHz Mega Hertz 
Min Minutes 
mM MiliMolar 
nM nanoMolar 
μm Micrometer 
μM Micromolar 
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5 Supporting information 
 

5.1 Vanadium-containing chloroperoxidase (VCPO) from Curvularia inaequalis in 
E. coli  
organism:    E. coli TOP10 pBADgIIIB VCPO 
inducer:   L-arabinose 
expression volume:  2 L (2 x 5 L flasks)  
purification steps:  French press, heat treatment (2x)  
expected enzyme amount:  134 mg 
 
 General reagents and solutions  
50 mg/mL of ampicillin solution 
20% L-arabinose  
100 mM PMSF solution (in isopropanol) 
50 mM Tris/H2SO4, pH 8.1  
 

LB medium (400 mL) 
2 g NaCl 
4 g peptone  
2 g yeast extract 
ad 400 ml dH2O 
 

TB medium (1 L) 
12 g peptone 
24 g yeast extract  
4 mL (87%) glycerine  
ad 900 mL with ddH2O 
add 100 mL 10x phosphate buffer, pH 7.0 after 
autoclaving 
10x phosphate buffer, pH 7.0 
KH2PO4 23,6 g 
K2HPO4 164,3 g 
ad 1000 mL with ddH2O 

 
E. coli cultivation 
A 100 mL pre-cultures of LB medium (100 mL) containing 50 μg/mL of ampicillin was inoculated with E. 
coli TOP10 pBADgIIIB VCPO and incubated overnight at 37°C and 180 rpm. Overexpression was carried 
out in 5 L flasks with 1 L of TB medium supplemented with 50 μg/mL of ampicillin. Two main-cultures 
were inoculated with pre-culture (OD600 =1.87) to an OD of approx. 0.05 and grown at 37°C and 180 rpm.  
When an OD600 of 0.8-1.0 (0.92 in this case) was reached (approx. 3 h), 1 ml 20% L-arabinose was added 
to reach a final inducer concentration of 0.02%. After induction, cultures were incubated for additional 24 h 
at 25°C and 180 rpm.  

Purification 

The cells were harvested by centrifugation (10 000 rpm for 20 minutes). The bacterial pellets obtained after 
centrifugation were re-suspended in 50 mM Tris/H2SO4 buffer (pH 8.1) (0.5 g cells per mL). 0.1 mM PMSF 
(100 mM stock in isopropanol) was added to the re-suspended cells, which were ruptured by three cycles 
through a French press (1900 Bar). The samples were centrifuged (10 000 rpm for 20 minutes) (Sample 1) 
and the supernatant was incubated at 70 °C for 20 minutes. The samples were then centrifuged again (10 
000 rpm for 20 minutes) (Sample 3) and the supernatant was concentrated using Amicon filters (10 kDa 
cut-off). Next, the solution was desalted with a PD10 against the Tris buffer containing 100 µM otho 
vanadate (Sample 4). Finally the samples were incubated at 70 C and spun down again (Sample 5. The 
protein purity and concentration were determined by a protein gel and a BCA experiments respectively. 
Activity was determined by the phenol red assay.  
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5.2 Enzyme activity test 

 

Graph 23. Activity test done for 60 seconds for liquid VCPO, orange circle indicates the data used for 

calculations of the activity. 

 

 

 Graph 24. Activity test #1 zoom in from Graph 12. 

 

 

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0 10 20 30 40 50 60

A
b

so
rb

an
ce

Time (Sec)

y = -0,0265x + 0,7281

0

0,1

0,2

0,3

0,4

0,5

0,6

0 5 10 15 20 25

A
b

so
rb

an
ce

Time (Sec)



57 
 

5.3 NMR spectra 

 

 

Graph 25. In aqueous medium (D2O) 40 mM substrate, 0.1 M citrate (pH5), 160 mM KCl, 170 mM H2O2, 
100 nM VCPO was mixed at room temperature. The 1H NMR spectra were measured in 2 hours followed 

by time. 
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Graph 26. Zoom in 1H NMR spectra from 5.2 ppm to 7.8 ppm. 

 

 

Graph 27. Zoom in 1H NMR spectra from 3.3 ppm to 4.0 ppm. 

 



59 
 

5.4 Immobilization procedure 
Immobeads – Immobilization procedure 
Immobilizing an enzyme normally requires optimization to achieve maximum activity recovery. Although 
the standard procedure is very straightforward do not hesitate to contact ChiralVision if recoveries are 
unexpectedly low. 
 
Prewashing of beads (the IMMO-12 kit is ready for use and does not require prewashing) 
For anionic and cationic Immobeads it is important to adjust the material to the correct pH to ensure enzyme 
binding. Stir up the beads in an adequate volume and adjust with concentrated sodium hydroxide or 
hydrochloric acid. Once the desired pH is obtained (we advise 6.5 – 7.5) wash with 3 bedvolumes of 
demineralized water and remove the excess of water. Now the beads are ready for use 
 
Immobilization 
Use a proportion of up to 4 ml of enzyme solution (10 – 100 mg protein / ml) per 1 gram (dry weight) of 
Immobead. The pH used should be close to the optimal pH for the enzyme. A value between pH 5 and pH 
8 is most optimal. For epoxide beads use a minimum pH of 6.0 to ensure reaction. The quantities can be 
either scaled down or up, as long as the ratio is maintained. Working with disposable 1.5 ml vials 100 mg 
beads and 400 μl enzyme is a convenient quantity for screening purposes. Mix beads and enzyme on a ice 
bath at 4°C. After mixing thoroughly with a spoon, let the beads stand overnight at 4°C in the fridge without 
stirring or shaking. On larger scale (100 g and above) stirring or shaking for a few hours may be needed 
prior to overnight incubation. 
 
Aqueous work-up and storage 
After overnight incubation check the supernatant to determine the degree of binding of the enzyme and wash 
the beads 3 times with a bed volume of cold buffer. The buffer must be the standard solution used for the 
specific enzyme. Filter of the liquid, the beads can stay sticky. For prolonged storage it is recommended to 
store the beads either in 51% (wt/wt) propanediol or glycerol or saturated ammonium sulphate. Care must 
be taken that the enzyme is not washed off by these additives (applies only to the non-covalently bound 
enzymes). Samples in propanediol or glycerol can be stored at -20 °C, all other samples must be stored at 4 
°C. For filtration either a P1 glass filter or a 100 μm sieve can be used. 
 
Work-up for application in organic solvents 
After overnight incubation wash the beads on a filter 3 times with cold buffer. The buffer must be the 
standard solution used for the specific enzyme. Filter of the liquid, the beads can stay slightly sticky. Dry 
with a stream of nitrogen / air. Covalently bound enzymes can be washed 5 times with a bed volume of cold 
acetone followed by washing with the desired solvent for the reaction. For prolonged storage it is 
recommended to use the aqueous work-up described above. 
 

 

 


