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EDITOR-IN-CHIEF’S WORD

Micro process engineering is a growing area of the technological process research today, particularly due to
the use of experimental systems such as micro structured reactors, or microreactors.

Bruno Zeli¢, a prominent full member of Croatian Academy of Engineering and Professor at the Faculty of
Chemical Engineering and Technology, the University of Zagreb, and his research team have deeply entered
the mentioned field by doing laboratory and academic researches. In this issue, as a guest editor, Prof. Bru-
no Zeli¢ presents some of the significant results achieved in some of his projects.

I believe that you will read this paper with great interest, gaining new insights in this field.

Editor-in-Chief
Vladimir Androcec, President of the Croatian Academy of Engineering

EDITOR’S WORD

Dear readers,

As an academy of engineering sciences, Croatian Academy of Engineering is especially pleased to report on
excellent research activities that — beside publications in scientific journals — result in successful collabora-
tion with high-tech oriented industry.

In the same vein, in this issue of Engineering Power we present Guest-Editor Bruno Zeli¢, Full Member of
the Academy and Professor at the Faculty of Chemical Engineering and Technology, and his team.

I am sure you will enjoy reading the presented contributions.

Editor
Zdravko Terze, Vice-President of the Croatian Academy of Engineering

FOREWORD

Microreactors are widely used in different fields of chemical and pharmaceutical industry, biotechnology and
medicine. A large surface area to volume ratio, a short diffusion time, a quick and efficient heat and mass
transfer are only some of the most important advantages of microreactor systems that have been successfully
utilised in the field of chemical synthesis. By using microreactor systems for chemical syntheses, higher
conversions and productivity were obtained compared to the reactions carried out in conventional reactor
systems. The application of different microreactors for intensification of the chemical and biochemical pro-
duction processes is intensively studied. According to literature more than 50% of reactions in the fine
chemical or pharmaceutical industry could be intensified by microreactor technology. Although a great majority of the reaction
systems that are studied in microreactors are connected with chemical synthesis, biocatalysis and biotransformations in a micro-
reactor are demonstrated as promising alternative. Syntheses, oxidations, transesterifications, polymerizations, hydrolyses and
coenzyme regenerations catalysed by enzymes or whole cells are just some of numerous different biotransformations that have
been successfully performed in microreactors.

The following papers are part of the scientific research in the field of microreactors and microdevices performed by the members
of the Laboratory for Bioseparation Processes at the Faculty of Chemical Engineering and Technology, University of Zagreb and
their associates from University of Zagreb and J.J. Strossmayer Unniversity of Osijek. Process development, innovations and
investigations shown in those papers are mainly supported by Croatian Science Foundation and European Regional Development
Fund. The first paper is an extensive overview of microtechnology and microreactors in general. Development of integrated
microsystem for production of green note chemical, hexanal is presented in the second paper. The third paper deals with sustai-
nable biodiesel production on micro-scale. All experimental studies performed in microreactors and microdevices are usually
supported with mathematical models. Therefore, the fourth paper describes basic principles for mathematical description of hy-
drodynamics, mass and heat transfer in microreactor systems. Synergy of solid-state fermentation and microreactors is presented
in the fifth paper. Finally, the last paper deals with production of microreactor systems by additive manufacturing technology.

Guest-Editor
Bruno Zeli¢, University of Zagreb, Faculty of Chemical Engineering and Technology
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Abstract

There is a well-known expression The Bigger, The Better, on which many would agree but when it comes to microreac-
tors it is necessary to make the slight modification and say The Smaller, The Better. Reduction in reactor size emerged
in many positive effects on many chemical and biochemical reactions. Faster reactions, smaller usage of reaction com-
ponents, smaller amount of waste streams, safer reaction conditions, easier process manipulation etc. are just some of
the advantages of microreactors. The aim of this review is to present microreactor technology in a simple way and to
show its basic characteristics such as structure, advantages and disadvantages, types and general application.

Keywords: microreactors, production, application, advantages, disadvantages

1. Microreactors at a glance

When something is present in the science for almost half
of the century it can no longer be called as new technol-
ogy. However, “new” is usually an adjective related to
microstructured devices. On the other hand, if we cannot
talk about new technology itself, we can still relate the
word new to the new concepts, new approaches and new
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methodologies that are for sure connected with micro-
structured devices. From the early days, back in 1977
this technology has withdrawn significance attention.
From that time, when a microreactor was considered to
be a straight tube with microchannel size (Fig. la),
thanks to the significant scientific and technology pro-
gress, the technology itself grown to more complex sys-
tems (Fig. 1b).
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Fig. 1. Schematic diagram of a) simple and b) complex microtechnology system
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Regardless to the complexity, microreactors are defined
as miniaturized reactor systems constructed by using
methods of microtechnology and precision engineering
[1] and always consist of same structural units (Fig. 2).
First of those structural units is always a microchannel.
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Usually in microchannels with smoot walls, parallel flow
is formed and in those with rough walls, segmented flow
is more typical. Flow formation is important for several
reasons. First, it directly affects the size of interphase
area that is important for mass transfer. Second, it affects

Fig. 2. Structural units of microreactor system

Microreactor is a channel etched in a solid substrate (e/-
ement). As mentioned, microchannel is a basic structure
of microreactor system but in order to function properly,
it needs additional parts (Fig. 2). First, it is an element,
a material/base in which a channel is positioned. Ele-
ment and microchannel together form a chip. In order to
supply microchannel with reaction mixture connection
fluid lines are necessary. Together with chip, they form
an unit. Combination of unit and all other parts of equip-
ment (pumps, systems for analysis etc.) is called a system
[2]. High pressure pumps are especially important since
they are responsible for reaction time determination and
flow regulation.

Typical diameters of microchannels are in the range from
10 um to 500 pm. Microchannels can be in a simple,
straight tube form (Fig. 3a and b) or more complex i.e.
with integrated micromixers (Fig. 3¢ and d). Usually,
they are round or rectangular in cross section. De-
pend-ing on a final purposes they are fabricated from
different materials mainly glass, silicon, quartz, metals
and polymers. The selection of material depends on its
chemical compatibility with the reaction mixture and
production price. In this way microreactors are adapting
to the reaction not vice versa. The most commonly used
material is glass since it is chemically inert and transpar-
ent. Several methods can be applied for etching a micro-
channel in to solid sub-strate like: micromilling, lithog-
raphy, embossing processes and laser ablation processing
[3]. Choice of method affects channel depth and surface
roughness (Fig. 3a and b). Surface roughness is consid-
ered to be one of the most important factors for micro-
reactors. Decreasing the size of the channel impact of
roughness is significantly increasing and thus increases
its impact on reaction. The average channel roughness
ranges between 0.8 and 2.5 pm and as mentioned, it
depends on microchannel production method [4].
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the phase separation at the exit of microchannel and
third, mathematical modelling becomes more challeng-
ing when going from parallel to segmented flow.

Chemical and biochemical processes are never simple (Fig.
1b). They are usually a combination of reactant preparation,
reaction(s), product separation, reactant recirculation, anal-
ysis, etc. As mentioned, this means that microreactor sys-
tem can vary from a simple one to certainly complex one.
Integration of different processes such as, for example, re-
action and separation, in microreactor system is currently
one of biggest challenges in microreactor technology.

When going on a small scale, size is not the only thing
that is changing but also a lot of new physical phenom-
enon’s are observed. They all present a certain challenge
to science and usually demand a new approach to reac-
tions that are by now well known on a macro scale. Re-
ducing the scale a lot of new advantages [4] emerged
that brought new spotlight on old processes. Microreac-
tors are characterised as safe, reliable, scalable and ro-
bust. They allow better process control and offer rapid
dynamic response. Some of the other advantages and
disadvantages of microreactors are listed in Table 1.

Among all advantages, adaptability of microreactors is
considered to be one of the major benefits. This is espe-
cially important for process intensification and integra-
tion. The best way to simply describe this is to identify
microreactors with a LEGO system. Like them, connect-
ing different microstructured devices complex systems
can be built up. As mentioned in Table 1., under the
Numbering up part, all the rules, all the chemistry that
is defined on a single microreactor unit just replicates on
all other units when they are multiplied in order to en-
hance the production capacity. This makes the transition
from laboratory to the industry easier and makes the gap
between them significantly smaller.

[T

Fig. 3. Different types of microchannels: a) tubular microchannel with rough walls, b) tubular microreactor with smooth walls, ¢) teardrop
micromixer and d) swirl micromixer



4 Engineering Power

Table 1. Some advantages and disadvantages of microreactor

Fast mixing and mass + diffusion limitations are minimised
transfer * no concentration gradient
» mixing takes place by molecular diffusion
High surface-to-volume e from 10,000 to 50,000 m?*/m?
ratio « efficient energy, mass and moment transfer
Laminar flow * Dbetter control of reaction conditions
» favours modelling of reactions
» provides high surface to volume ratio and interface area
 eliminates back-mixing
Small substrate volume  significant cost savings
2 + alot of information about the process can be collected with small inlet volumes
)
& | Environmentally friendly + small substrate input and small product output
§ » reduction in waste stream and total amount of waste
2 » small energy consumption
Safe reaction conditions » small volumes, extensive heat transfer and variety of materials for production that can
adapt to extreme reaction conditions (high pressure and temperature, explosive reaction etc.)
Selectivity » formation of purer products in shorter residence time
Rapid reactions rate * due to combination of previous mentioned advantages, reaction rates are faster on macro scale
 higher space-time yield/productivities
Numbering-up + simple construction
* uninterrupted continuous operation since a broken unit can be easily replaced without
disturbing other units
» chemistry performance of single unit is replicated on all other
Easy to manipulate (Fig. 4) | * like LEGO system, microreactors can be easily assemble
Clogging (Fig. 5) * demands careful preparation of substrates (usually filtration before usage)
 limits the usage of substrates
Production price » production of microreactor can significantly increase in cost depending on used material,
" production technique, complexity of the reactor
§> » additional equipment (pumps, sensors etc.) also increase overall cost
E Handling the formation of | ¢ if the product of the reaction is a solid, particles aggregate and cause blockage of the
2 solids channel
2 Significant effect of surface | « when working on a small scale surface roughness plays important role on the process
_ (microchannel wall)
Chemical adsorption on + chemicals in solution adsorb on the channel walls thereby resulting in a loss of chemical
microchannel wall concentration
Industrial application « still difficult to find general industrial application due to the production volumes

2. Microreactor types

It is hard to make one uniform classification for different
microreactor types. Usually the classification depends
upon the aspect (microreactor physical characteristics,
application or fabrication method etc.) from which the
reactors are observed. According to the one classification
[4], microreactors can be divided into two large groups:
chip- type microreactors and microcapillary microreac-
tors.

Fig. 4. Steps to assemble a microreactor (from a suitcase to a

functional reactor system) Chip-types are most often used. They offer better process

control and easier integration in comparison to micro-
capillary microreactors. Microcapillary microreactors
are usually produced from polymers like fluoropolymer
microcapillary film (MCF) and they consist of larger
number of parallel capillary channels with mean hydrau-
lic diameters typically between 150 and 400 pm. Exam-
ple of microcapillary microreactor are microcapillary
Fig. 5. Formation of clogging and leaking in a microreactor flow discs used in chemical synthesis [5].
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On the other hand, when scoping the literature or search-
ing on the internet, terms like microreactor for chemical
reactions, photocatalytic microreactors or enzymatic mi-
croreactors can be found. Consequently, most common
classification is based on application of microreactors.
Another classification of microreactors is based on pro-
duction material so there are glass microreactors, stain-
less steel microreactors, polymer microreactors etc. Fur-
ther classification is based on the shape of channel itself
or upon different structures added in to the channel. In
that case most common type of microreactors are micro-
reactors with micromixers, zigzag microreactors, micro-
reactors with nozzle injections etc.

Further classification can be based on microchannel
properties, type of flow, number of phases etc. Some of
them are listed in Table 2.

Table 2. Different microreactor types based on specific characte-

ristics
Characteristics: | Microreactor types:
Flow type * laminar flow microreactors
» segmented flow microreactors
Design * basic (i.e. single tubular microreactor)
complexity microreactors
» complex (i.e. u- Total Analysis System)
microreactors
Channel wall + smooth (relative roughness around 1%)
surface microreactors
roughness » rough (relative roughness around 10%)
microreactors
Shape of the * T microreactors
inlet * Y microreactors
* \y microreactors
Number of * single-phase microreactors
reaction phases | » multi-phase microreactors
Durability  disposable microreactors
» reusable microreactors
Phase type * liquid-phase microreactors
» gas-phase microreactors
Application » microreactors for (bio)chemical synthesis
* microreactors for polymer synthesis
* microreactors for process analysis
» microreactors for material analysis
Fabrication  glass microreactors
material * ceramics microreactors
* silicon microreactors
* polymer microreactors
* steel microreactors
» perfluoroalkoxy (PFA) microreactors
Product type * T, Y or y microreactors
+ falling fil microreactors
Mixing + round bottom flask microreactor
* jacketed microreactor
* asia microreactor

3. Application of microreactors — bridging
the gap between laboratory and industry

For many years now microreactor technology has been re-
served mainly for laboratory research. Main focus in re-
search was to collect as much as possible information about:
(i) the transferring the process from batch regime to contin-

uously operating regime, (i) process optimization, (iif) pro-
duction, (iv) kinetic measurements, (v) separation, (vi) dis-
covering new production routes, etc. The biggest progress
was made in chemistry especially in organic or polymer
synthesis of a variety of products [6,7]. During the organic
synthesis main challenges are usage of toxic chemicals and
extreme conditions like high pressure and temperature. Mi-
croreactors present advantage by carrying such reactions in
much safer environment [8]. In polymer synthesis it was
reported that narrow particle size and molecular weight dis-
tribution was achieved in microreactor due to good efficient
mass transfer and good heat removal [9]. Photochemical
application of microreactors was also studied [10]. By com-
bining the benefits of micro-scale with continuous-flow
mode, microstructured reactors enable, when compared to
conventional photochemical equipment, higher conversions
and selectivities while reducing irradiation time. Additional
benefit is more efficient light penetration, minimization of
side reactions, easy control or irradiation time and safer
conditions. Synthesis of nanoparticles in microreactors was
demonstrated as potential alternative for large scale produc-
tion of nanoparticles. Most progress was made on synthesis
of inorganic and metal nanoparticles [11].

Of all the fields, biochemical and pharmaceutical applica-
tion of microreactors is the last explored. Enzymatic mi-
croreactors for biochemical and pharmaceutical applica-
tion can be roughly divided in to two groups, one includes
biosynthesis and biochemical processes and second,
screening, protein folding, enzyme kinetic estimation and
analytical assays [3]. Enzymes as key element can be used
in immobilized or in suspended form. Different approach-
es can be applied to immobilize enzyme in to microreac-
tor. Most common are covalent immobilization, adsorp-
tion and co-polymerization [4]. The main problem in this
field is that many microreactors that are well established
for chemical productions can not be used for biochemical
reactions. The first problem is residence time distribution
since enzymatic reactions are usually slower then chemi-
cal. This leads to development of new microreactors that
will satisfy demand for longer residence times. The sec-
ond problem is catalyst lifetime because in comparison to
chemical catalyst, enzymatic catalysts have shorter life-
time. As a solution, immobilization and development of
new reactor systems that will enhance enzyme stability
and activity are proposed. The third problem is cascade
catalysis where one has to adapt different reaction condi-
tions for different enzymes. As a solution, compartmen-
talization of microreactors is proposed [4].

Besides laboratory research, lately the interest is slowly
shifting towards development of modular systems that
should be the next step that is necessary if microreactors
will be implemented in to the industry. Main idea is that
these modular systems include all production steps —
from substrate preparation to clean product ant the end
of the process. Some systems presented by Corning and
Chemtrix B.V. are already present on the market but
there are still several disadvantages to overcome like
numbering up, production costs, flow stability etc.
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4. Microreactor technology in Croatia

As mentioned, microreactor technology is known and
implemented in science for more than 40 years. The first
reaction in the microchannels done by Croatian scientists
was performed in the laboratory of Faculty of Chemistry
and Chemical Technology, University of Ljubljana in
Microprocess Engineering Research Group by prof. Tis-
ma [12]. Laccase-catalyzed L-DOPA oxidation in an
oxygen-saturated water solution was studied in a
Y-shaped microreactor at different residence times.

In Croatia, a decade has passed since the first chips were
assembled and tested for different processes. The first one
was bought by the Faculty of Chemical Engineering and
Technology, University of Zagreb and up to today they were
applied mostly in biotransformation processes by group of
Prof. Zeli¢. Main research focus of Prof. Zeli¢ group was
related to the production of valuable chemicals such as hex-
anol [13-15] and hexanoic acid [16], polyphenol oxidation
[17,18] and coenzyme regeneration [19-22]. Besides that,
application of microseparators for polyphenol extraction in
two-phase aqueous systems was analysed [23,24]. Follow-
ing the world trends, they were uses in the synthesis of
different chemical compounds [25] and in photochemical
processes. Applications of microreactor for biodiesel pro-
duction and purification [26,27] as well as expanding the
research on photochemical application of microreactors for
production of pharmaceutical chemicals were set as future
challenges in the same group by dr. Salié.

The research group of Prof. Vrsaljko from the same Fac-
ulty is focused on utilising the 3D-printing technology
for microreactor production from different polymers
[28]. The combination of microreactors and 3D-printing
reactors is also a worldwide growing terrain. Production
of cheap but highly efficient reactors is something worth
of the attention. Manufacturing of microreactors by
3D-printing technology is performed also in group of
Prof. Sercer at Faculty of Mechanical Engineering and
Naval Architecture, University of Zagreb.

Two research groups from the Faculty of Food Technology
and Biotechnology, University of Zagreb are also imple-
menting microreactor technology in different fields. While
group of Prof. Jurinjak Tusek is oriented towards mathe-
matical modelling [29] of microreactor processes, the group
of prof. Rezic¢ is focused on dye decolourization processes
and microreactor production by PolyJet Matrix Technology.

Recently, the research group from the Josip Juraj Stross-
mayer University of Osijek, Faculty of Food Technology
Osijek, set-up a microreactor system and started with the
research in the field of biotransformations of phenolic
compounds originated from food industry waste.

5. Future perspective of microreactor technology

Worldwide, there are several key players when it comes to
microreactor technology: Soken Chemical & Engineering
Co., Ltd., Bronkhorst (UK) Ltd., Chemtrix B.V., Little Things

Factory GmbH, Ehrfeld Mikrotechnik BTS GmbH, Micronit
Micro Technologies B.V., AM Technology Co., Ltd., Corning
Inc. and Vapourtec Ltd. They usually set the trends and these
days; they are holding majority of microreactor technology
market. There are many different predictions about the future
trends of microreactors worldwide. Some estimation says that
global microreactor technology market will reach 105 million
USD by the end of 2025, and some even triple the mentioned
number [30-32]. Although the numbers vary depending on
initial parameters, all market researchers predict significant
growth in the next five-years period. They estimate that the
main focus of technology itself will be in expansion in regions
with significant growth potential, such as India and China.
Also, reduction of labour costs is expected and connected
with high level of plants automatization. The predictions are
that the switching from batch to continuous processes, will
lead to the increase of labour costs between 10-20%, while
the investments will decrease between 5 — 15%. Focus will
also be on high speed development and high-performance
products (i.e. development of new materials) together with
process intensification (performance, stability etc.). It is be-
lieved that during process intensification, the yield should
grow from 0 —40% and energy should decrease from 5 —15%
and by shortening the time-to-market aspect development
time should be reduced between 10-30%.

As for research area, three areas are marked as spotlights
in the next time period: drug development processes,
chemical production and biodiesel synthesis.

Chemical production in microreactors is present from
the early days of microreactor technology, while drug
development processes and biodiesel production drown
the attention later on.

Drug development process is still considered as one of
the most expensive processes. Because of that pharma-
ceutical companies are trying to find new development
routs that will decrease time-to-market aspect, that will
enable new process formation and increase production
throughput. Microreactors are considered as good and
efficient tools that could meet all those demands [33].

As for biodiesel production, biodiesel as an alternative
fuel with low environmental impact become interesting
with increasing concerns of global warming. Most com-
mon method of biodiesel production is transesterification.
Application of microreactors in the production will allow
the reaction to be carried out faster and higher gains will
be achieved in reasonable period of time [26,34].

At the end, as mentioned before, researches, by devel-
oping robust modular systems, are working on how to
bridge the distance between laboratory and the industry.
It is believed that application of microreactors in the in-
dustry will have several advantages in comparison to
traditional macro reactors as follows:

1. technical, meaning better process control, efficient heat
transfer and better performance at extreme conditions

2. ecological, meaning safer production of chemical
and pharmaceutical products, smaller usage of che-
micals and reduction of waste
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3. economical, meaning reduction of costs by imple-
menting numbering-up instead of scale-up and”inte-

gration of different production steps.

Going towards industry is the final challenge that micro-
reactor technology will face in the future.
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Abstract

In comparison with macro level, batch production processes development of continuous, micro level production pro-
cesses presents a certain challenge since a lot of new physical phenomena emerge. Different heat and mass transport
phenomena, different diffusion time, enhanced surface roughness impact, different flow profiles etc. are just some of
the challenges that have to be overcome in order to develop a functional production system on a microscale. As a
case study for this statement production of hexanal has been investigated. Different experimental approaches for
production in a microreactor were necessary in order to transfer already established microscale batch production.
While “one pot” principle was working perfectly for batch production, it was necessary to develop an integrated
system with several connected microchips for successful and effective hexanal production on a microscale. In this
paper, basic steps that led from idea to integrated system of hexanal production on a microscale are demonstrated.

Keywords: hexanol oxidation, hexanal, microreactor, alcohol dehydrogenase, coenzyme regeneration, immobilization

1. Introduction

Hexanal is part of the group of natural volatile chemi-
cals, the so-called “green notes”. “Green notes” (alde-
hydes and alcohols) are high-value molecules widely
used in the aroma industry to impart the green character
associated with freshness. Hexanal has a pleasant grassy
odor and its organoleptic fresh note is what makes it so
interesting for consumers [1].

Nowadays, several methods are applied for hexanal produc-
tion based on fermentation, extraction from plants, and en-
zyme-catalyzed reactions [2]. Main problem of these tradi-
tional methods is small amount of produced hexanal.
Additionally, fermentation processes and extraction from
plants result with formation of large amounts of unwanted
by-products and a lot of waste. Main problem of the enzyme
catalyzed synthesis is low yield. The general opinion is that
the demand for hexanal would increase if it could be pro-
duced in a more economical way. In addition, although the
yield is low, the use of enzymes for catalysis compared to
classical chemical catalysts is highly desired in food indus-
trial processes, because the resultant products would be clas-
sified as “natural” by food regulatory agencies, a feature that
increases their public acceptance as ingredients for food [3].

Following that idea Vrsalovi¢-Presecki [4] demonstrated
that hexanal can be produced by oxidation of hexanol using
NAD(H) dependent alcohol dehydrogenase (ADH) from
baker’s yeast as catalyst in a batch reactor (V' = 10 mL).
Using equimolar concentration of hexanal and coenzyme
5.3% conversion was obtained during 3 min. Results indi-
cated that coenzyme regeneration is necessary, not only to
reduce process costs, but also to shift the production in the
direction of products.

When enzyme regeneration system based on acetalde-
hyde reduction was introduced into the process (Fig. 1)
conversion in a batch reactor increased to 11% (¢ =
25 min). Although the results demonstrated that it was
possible to produce hexanal by this approach, conversion
was still too low.

OH o]
ADH
Hexanol ; ;\ Hexanal
NAD* Nﬁ )H +H*
C,H;0H = 5 CH;CHO
Ethanol ADH Acetaldehyde

Fig. 1. Reaction scheme of ADH-catalysed hexanal oxidation with
NADH coenzyme regeneration based on acetaldehyde reduction

By combining enzymatic biocatalysis and microreactor
technology, a new way for hexanal production was pro-
posed. Microreactor technology is a new interdiscipli-
nary technology. Benefits of this new technology pose a
vital influence on chemical industry, biotechnology, the
pharmaceutical industry and medicine. A high surface to
volume ratio, faster diffusion dominated transport, en-
hanced heat transfer and thus reduced energy demands,
good process control, high throughput, usage of minimal
(microlitres) of reagent volumes, etc., are some of a mi-
croreactor advantages that are usually stressed [5].

2. State of the art

Within this paper application of microreactor technology
for hexanal production is presented. Overall research
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was divided in to three phases. First phase was focused
on hexanal production on a microscale, second on co-
enzyme regeneration and third on the development of
integrated system for parallel hexanal production and
coenzyme regeneration. The idea behind integrated
system (Fig. 2) was to introduce hexanol dissolved
in hexane as one process phase and enzyme and co-
enzyme dissolved in buffer as second phase. After
introducing the phases, it was necessary to accom-
plish stable and parallel fluid flow to separate the
phases at the end of the first microreactor. At the outlet
of the first reactor, an aqueous phase containing en-
zyme and coenzyme (NADH and NAD") dissolved in
buffer would be directed in to the second microreactor
in order to regenerate the coenzyme. Acetaldehyde dis-
solved in buffer would be used for coenzyme regenera-
tion.

/i Fused silica connections

Syringe pump for coenzyme) 5 )
(NAD") and enzyme dissolved Microreactor

Recirculation
=

acetaldehyde (buffer) ethanol (buffer)

Coenzyme regeneration

enzyme,
coenzyme
(NAD"), buffer

Hexanol oxidation

hexanol (hexane) hexanol, hexanal (hexane)

Fig. 2. Process scheme for hexanol oxidation with coenzyme re-
generation and recirculation

The outlet of the second microreactor containing regen-
erated coenzyme and enzyme would then be reused
again (recirculation) and fed as the second stream in to
the first microreactor. Main goal was to increase the con-
version and yield and reduce production time to make
the process sustainable.

5ol

3

Different
microreactor

experiments

Syringe pump for hexanol
dissolved in hexane

types used in

Sample
collection vials

Fig. 3. Process scheme and reactor types used for hexanal production in a microreactor

3. Results
3.1. Hexanal production in a microreactor

As mentioned, first phase was focused on hexanal produc-
tion on a microscale. Same reaction mechanism as the one
described by Vrsalovi¢-Presecki [4] was chosen, meaning
hexanol oxidation was performed by using NAD(H) de-
pendent alcohol dehydrogenase (ADH) from baker’s
yeast. Besides purified enzyme, permeabilized baker’s
yeast cells were also used as a potential source of ADH.

Permeabilized baker’s yeast cells were used as inexpen-
sive and easy to obtain. Additionally, in order to overcome
some disadvantages of suspended biocatalyst usage, like
decrease of stability during storage, complicated cata-

lyst-product separation, harder operation and impossible
reuse, biocatalyst immobilization was investigated for
both types of biocatalysts, purified enzyme and permea-
bilized baker’s yeast cells, respectively.

Different types of microreactors:

() tubular microreactors with rough walls with internal
volume of 6 pL and 13 pL,
(ii) tubular microreactor with smooth walls and
(iif) microreactor equipped with micromixers,

different inlet concentrations of substrate and biocatalyst
as well as different flow rate ratios of the organic and
aqueous phase were investigated in order to propose the
best reactor type and best process conditions for hexanal
production.
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Comparison of results for different process conditions
are shown in Table 1. Simplified process scheme and
different microreactor types are presented in Fig. 3.

Obtained results, for every investigated microreactor
system, indicated that microreactors could be a good
choice for hexanal production in comparison to tradi-
tional (batch) production process where, as mentioned,
conversion of 5.4% was achieved in 3 min. Best results
in microreactors (Table 1) were obtained by using sus-
pended enzyme in microreactor with rough walls (exper-
iment 13) and equimolar concentration of substrates and
in microreactor with smooth walls with concentration of

Engineering Power

coenzyme 10 fold lower than the concentration of the
hexanol (experiment 16).

As already mentioned, in order to develop integrated
system it was necessary to establish stable and parallel
fluid flow that will allow phases separation at the end of
the microreactor.

Using the microscope and staining the aqueous phase
with blue dye, formation of the flow patterns was ob-
served. It was noticed that in the microchannel with
rough walls formation of segmented flow is more char-
acteristic while in microchannel with smooth walls a
stable and parallel flow is developed (Fig. 4).

Table 1. Comparison of the highest conversion of hexanal under different reaction conditions

Experimental conditions Results
£ inlet concentration flow microreactor
]
E .
£ _i; S _ ratio Y 2 Reference
5. catalyst form 53 é?; ;—‘q 2 o profile o 5; 3 g 7(s) | X (%)
= Z 3 o =) > ~ = on
GE| VE| = o s = N Z2
g g = g0 2
= ~ S ]
55 1055 | 092 1 1 7.2 7.8
5510550092 1 1 k= 72 | 118
1-4 | suspended enzyme segmented | 2 6 rough
5.5 1.1 |0.092 1 1 E] 4.8 14.3
5.5 11 0.92 1 1 4.8 9.1
5
5 |suspended enzyme| 5.5 | 0.55 | 0.092 1 1 segmented | 2 13 rough 78 11.3
2
5
K
6 |suspended enzyme| 5.5 | 0.55 ] 0.092 1 1 segmented g 2 rough 12 10.9 [6]
S
=
1 3 . 90 11.3
<
7-9 |suspended enzyme| 5.5 | 0.55 | 0.092 1 5 segmented | 2 6 rough 60 9.7
=
1 10 . 81.8 | 115
3 1 - 90 11.4
<
10-12 | suspended enzyme | 5.5 | 0.55 | 0.092 5 1 segmented | 2 6 rough 60 10.4
=
10 1 . 81.8 | 7.9
g
13 |[suspended enzyme | 4.4 4.4 10.092 1 1 segmented g 6 rough 72 80 [7]
2
g
14 |immobilized cells | 5.5 - - - - B 6 rough 20 8
=
(8]
g
15 |suspended cells 5.5 - - - - g 6 rough 2 24
=
g
16 [suspended enzyme| 5.5 | 0.55 | 0.092 1 1 parallel B 6 smooth | 20 53
=
(2]
g
17 |suspended enzyme| 5.5 | 0.55 | 0.092 3 1 parallel E 6 smooth | 10 19
=
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Fig. 4. Microscopic observation of the flow pattern formation in
microreactor with rough and smooth channel walls (blue — aqueo-
us phase, colorless — organic phase)

Another effect was noticed when both phases enter the
reactor with same velocity. In that case less viscous hex-
ane occupies a much smaller part of the channel and the
interphase area between two phases is stable but not
formed in the middle of reactor (Fig. 5). This presented
a problem for phase separation at the exit of the micro-
reactor. Phase separation was necessary for enzyme re-
generation and recirculation as well as for product sep-
aration.

In order to resolve this problem, hexane flow velocity
was elevated and the new flow ratio of aqueous:or-
ganic phase of 1:3 was proposed. Unfortunately, this
lead to decrease of conversion but obtained result was
still higher than those obtained in batch reactor (Table
1, experiment 17) and phase separation was now possi-
ble.

3.2. Coenzyme regeneration in a microreactor

Since the price of coenzyme, which is essential for ADH
functionality, coenzyme regeneration process in a micro-
reactor was second phase of process development. Co-
enzyme must be added in reaction in a stoichiometric
amount and may not be replaced by more economical
synthetic products. Enzyme ADH used as the biocatalyst
in the hexanal production process was also used for re-
generation of coenzyme. Other substrate, acetaldehyde
was used as a substrate for coenzyme regeneration be-
cause of its low price and the high specificity of ADH
towards it. Disadvantages of selected reaction system
were the possibility of the enzyme deactivation both by
substrate, acetaldehyde, and the product, ethanol, insta-
bility (possibility of self-condensation in the solution)
and volatility of acetaldehyde [9].

Fig. 5. Microscopic observation of the flow patterns at the exit
of the microchannel for the flow ratio of aqueous and organic
phase 1:3 and 1:1

Table 2. Comparison of the different systems used for NADH regeneration

Experimental conditions Results
- inlet concentration microreactor
5 3
£ e
= = = 5
= catalyst form ;Z:‘ é:] ES :i 7(s) X (%) &
= 59 z9 < type =
£g ST E & b0 A

CEl E

1 suspended enzyme 5.5 6.9 0.2 glass microreactor 6 2 80
[10]
2 suspended enzyme 44 6.9 0.2 glass microreactor 6 0.8 100
3 suspended cells 5.5 5.5 0.1 glass microreactor 6 36 65.3
4 immobilized enzyme | 5.5 55 - glass microreactor 6 3.6 12
5 immobilized cells 5.5 5.5 - glass microreactor 6 7.5 3.6
[11]

6 suspended cells 5.5 5.5 0.1 PTFE microreactor 273.15 47.1 86.67
7 suspended enzyme 5.5 5.5 0.1 PTFE microreactor 273.15 47.1 94.35
8 immobilized enzyme | 5.5 5.5 - PTFE microreactor 273.15 94.3 11.91

5.5 5.5 - . o | square magnet 10 (min) | 100

enzyme loaded m 8=
9-11 | on magnetic 5.5 5.5 - = g E cylindrical magnet | 273.15 6 (min) 96.4 [12,13]
nanoparticles ~Z 8
5.5 5.5 - electromagnet 180 100
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These problems could be solved by using continuously
operated microchannel system at different flow rates that
could provide short contact time between enzyme and
the components with inhibition effect. Summary of the
conditions and results are presented in Table 2.

Different forms of biocatalyst (suspended and immobi-
lized enzyme and permeabilized baker’s yeast cells) in
different reactor types (i) glass microreactor with smooth
walls, (i7) PTFE (polytetrafluoroethylene) and (iii) mi-
croreactor with and electromagnet or oscillating magnet-
ic field that allowed better distribution of biocatalyst
immobilized on nanoparticles were tested to find the best
solution for coenzyme regeneration.

In order to generate magnetic field to utilize magnetic
properties of magnetic nanoparticles as carrier for bio-
catalyst, a system for magnetic field generation and reg-
ulation was developed (Fig. 6). According to Derks et al.
[14] in magnetic bead motion within a fluid, the mag-
netic and drag forces dominate the bead motion, since at
the micrometer scale, effects of gravity and inertia be-
come very small. Therefore, a bead will almost instan-
taneously accelerate to its terminal velocity at which the
magnetic and drag force are exactly at balance with each
other.

Recirculation

Engineering Power

Fig. 6. Experimental set up used for magnetic field regulation
developed at University of Zagreb, Faculty of Chemical Enginee-
ring and Technology

Using this concept, it was possible to actively move or
restrain the particles across the channel. If the oscillating
magnetic field is applied constantly, particles will move
towards both the north and south poles. Particle oscilla-
tion is obtained by switching the poles on and off. When
one pole is active, the particles are attracted to it. When
the field is switched and the poles are switched, the
beads will be attracted towards opposite direction.

When the results of all experiments were compared the
best results (Table 2) were obtained by using suspended

i

acetaldehyde (buffer)

enzyme, coenzyme

me,
o (NAD*, NADH),

coenzyme
(NAD"), buffer

Hexanol oxidation

a) hexanol (hexane)

Coenzyme regeneration

ethanol (buffer)

hexanol, hexanal (hexane)

Recirculation

e

Micromixers

ethanol (buffer)

acetaldehyde (buffer)

Coenzyme regeneration

hexanol (hexane) hexanol, hexanal (hexane)
Recirculation
[
enzyme, coenzyme
— (NAD", NADH),
8 - buffer
(NAD"), buffer
Hexanol oxidation and b 1 taldehyd.
s hexanol, acetaldehyde,
Hexanol, acetaldehyde coenzyme regeneration ethanol, hexanal (}::&Xane)
C) (hexane) ’

Fig. 7. Different process schemes for hexanal production in integrated systems
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enzyme in a microchannel with smooth walls. A conver-
sion of 100% was obtained for the residence time less
than 0.8 s when acetaldehyde was in excess. Therefore,
this type of the reactor and excess of acetaldehyde in
reaction mixture were proposed as the best reaction sys-
tem for further development of completely integrated
system for hexanal production.

3.3. Production of hexanal with in situ product
separation — integrated system

In order to develop the production of hexanal with in situ
product separation all obtained results were analyzed
and three different microreactor systems were proposed

(Fig. 7).

In the first system two microreactors were connected into
the series (Fig. 7a). First chip was used for hexanol oxida-
tion and second for coenzyme regeneration. After regener-
ation, regenerated coenzyme was recirculated into the first
microreactor where oxidation step was continuously per-
formed. During the first 4 hours of continuous production,
a maximal conversion of 19.5% was achieved. In that pe-
riod, amount of produced hexanal didn’t change but, pro-
longing the process time, a significant decrease in produc-
tion was noticed. In 3™ day, process stopped since the
activity of the enzyme decreased and only 1% of hexanal
was measured at the entrance of microchannel. The biggest
advantage of this system was that no additional enzyme and
coenzyme were added in the process for all 3 days.

Based on the results presented in Table 1 (experiment 3),
where high conversion [6] of hexanol to hexanal were
achieved in the microreactor equipped with micromix-
ers, a second system was developed (Fig. 7b). It was
basically the upgrade of the first system where one mi-
croreactor for hexanol oxidation was replaced with two
microreactors connected in to the series. First microre-
actor was microreactor equipped with micromixer and
second one was tubular microreactor. On one of the pre-
vious research [15] it was noticed that when microreac-
tor chip with micromixers and microreactor with smooth
microchannel were connected in series it was possible to
enhance mass transfer and separate flows at the exit of
microreactor. This would allow regeneration in the third
microreactor chip. Unfortunately, despite the literature
and previously obtained results, it was not possible to
achieve stable flow with the interphase positioned exact-
ly in the middle of second microchannel proving that this
developed system was not sustainable for development
of integrated system for hexanol oxidation.

Finally, third system that was developed was downsizing
of the first system (Fig. 7c). The main idea was to make
the integrated process as simple as possible, so oxidation
and regeneration were placed on the same chip. Maximal
conversion obtained at the beginning of the experiment
was 17.1% but enzyme activity decreased (deactivation
by organic components) rapidly and the process stopped
after 1.5 day.

4. Conclusion

Taking all the results into consideration, we believe that
with some additional optimization, and further produc-
tion cost projections, microreactors could serve as the
next-generation production process not only for hexanal
production but also for the fast and efficient production
of different fine chemicals and pharmaceuticals as well
as for production of large-scale products.
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Abstract

Due to the fact that fossil fuel resources are decreasing significantly and that their usage has a negative impact on
the environment, there is a constant search for alternative fuels. Biofuels, especially biodiesel, attract more and more
attention since they are usually considered as environmentally friendly. However, conventional methods of biodiesel
production include the application of large amounts of acids or bases together with large amounts of water needed
for purification. Therefore, a question mark can be put on the term environmentally friendly. The most common in-
dustrial process of biodiesel production is transesterification of different oils with methanol in a batch reactor using
acids or bases as catalysts. Alternative production paths are constantly being explored. One of the solutions to max-
imize production efficiency and minimize the production costs is the use of enzymes as catalysts in a continuous
process. Advantages of continuous biodiesel production processes are being more and more explored whereby appli-
cation of microreactors results with many advantages comparing to conventional, batch and macroscale processes.

In this paper, a short overview of different microreactor types for biodiesel production has been presented.

Keywords: microreactors, biodiesel, transesterification

1. Introduction

Pursuant to the Biofuels for Transport Act (OG65/09,
145/10, 26/11 and 144/12), biodiesel, as one of the bio-
fuels used for transport, is defined as a fatty acid methyl
ester (FAME), produced from vegetable or animal oil, of
diesel quality, to be used as biofuel. The main advantag-
es of biodiesel compared to conventional fuels are in-
creased biodegradability, increased lubricity, high flash
point, non-toxicity, and reduced emissions of hydrocar-
bons, sulphur, carbon monoxide and particulate matter
[1-4]. The main disadvantages of biodiesel production

—
Biodiesel production methods
Pyrolysi: king i Isificatic Ti ificati Dilution/blending
—~ N N— N—
Catalytic Super—crltf:ceael/ catalyst Presence of co-solvent
i s N’
Heterogeneous Homogeneous
Enzyme catalysis . oo
(immobilized) ise cakabssis
N N
Organic and inorganic
catalysis (i.e. metals, Acid catalysis
zeolits etc)
N

Enzyme catalysis
(suspended)

.
Fig. 1. Different methods for biodiesel production

and application are especially high raw material prices
(75% of the total costs of biodiesel production [5]), sta-
bility in storage and after exposure to atmospheric con-
ditions, increased NOx emissions, low calorific value
and poor low temperature properties [6-9]. There are a
variety of methods used in biodiesel production (Fig. 1).

Microemulsification [7] is based on blending animal and
vegetable oils with solvents and microemulsions or sur-
factants, to form a microemulsion biodiesel fuel. Pyrol-
ysis [10-14] is based on heating dried biomass without
oxygen in a reactor at a temperature of about 500 °C with
subsequent cooling. Blending is based on blending veg-
etable oils as biodiesel directly with conventional diesel
fuels in a suitable ratio. Currently, catalytic transesteri-
fication is the most important method for the industrial
production of biodiesel [15-19].

On the industrial scale, transesterification (or alcoholy-
sis) is nowadays mostly performed in batch reactors.
Different biomass and feedstock like edible vegetable
oil, animal fats, waste edible oil remaining after roasting
and non-edible oil [20] in combination with short-chain
alcohols (methanol and/or ethanol) can be used as sub-
strates for the biodiesel production.

Based on the source of biomass biofuels, in general, can
be divided into four generations as shown in Fig. 2. Bio-
diesel is mostly produced by feedstock from the first and
second generation.

Transesterification under moderate conditions is not pos-
sible without the catalyst. The selection of the catalyst
depends on the feedstock used. Homogeneous, hetero-
geneous and enzymatic catalysts can be used in the bio-
diesel production. Homogeneous catalysts in the alka-
li-based process (with NaOH and/or KOH) or in the
acid-based process (with sulphuric acid) are commonly
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used in industrial production. The disadvantages of the
alkali-based process include the undesirable saponifica-
tion side reactions that lead to the formation of emul-
sions and lower ester yield. Acid-catalyzed transesterifi-
cation requires higher amounts of the catalyst but
function better at higher alcohol-to-oil ratios. Regarding
downstream, more process steps are required in ac-
id-catalyzed production, which is more energy and eco-
nomically demanding. Moreover, acids can cause equip-
ment damage. Generally, huge amounts of wastewater
are generated during chemically-catalyzed biodiesel
production, which is environmentally unfriendly [21].

First-generation biofuels - related to a biomass that is generally
edible (corn oil, sugarcane oil, wheat oil, rapeseed oil, sugar-beet oil)

Second-generation biofuel - related to a wide array of different
agricultural residues (waste cooking oil, industrial waste etc.)

Fig. 2. Generations of biofuels production

Due to high costs and low reaction rates in these pro-
cesses, the formation of by-products in parallel, side
reactions, necessity to neutralize the catalyst and high
energy consumption, possibilities of applying some oth-
er catalysts are being explored. Significant process im-
provements are predicted by the implementation of
transesterification using enzyme as a catalyst. The appli-
cation of enzymes in the transesterification process,
comparing to acids and bases as catalysts, has several
advantages. Besides the fact that enzymatic processes
are performed under mild conditions, enzymatic biodies-
el production leads to the production of food-grade glyc-
erol without soap formation.

Some of disadvantages and limitations in biodiesel pro-
duction by the method of transesterification together
with the suggested solutions are listed in Table 1.

In order to overcome the mentioned limitations and to im-
prove the process, advantages of continuous production of
biodiesel in microreactors are being widely explored. Inten-
sive mass and heat transfer in microreactors, which is a
result of the high surface-to-volume ratio of the reactor,
leads to a higher reaction rate and consequently to consid-
erable savings in energy and raw material consumption.
The high surface-to-volume ratio is a result of the reactor’s
structure, regarding the fact that a microreactor is a build-up
of microchannels, whose dimensions are 10 um — 500 um,
whereby microchannels are made by cutting on a solid
plate. Flow in microchannels is mostly laminar due to their
small diameter which consequently allows more precise
regulation of the process. In addition, their reduced dimen-
sions significantly reduce implementation and operational
costs [25]. Xie et al. [26] outlined the main features of
biodiesel production in microreactors compared to the con-
ventional reactor systems such as the smaller volume of the
reactor, reduction in the total size of the plant, higher sur-
face area-to-volume ratio, higher productivity, higher effi-
ciency of mixing and heat transfer, savings in capital costs
and production costs and less energy consumption.

The enzymatic process for the production of biodiesel is
simpler and more environmentally friendly than the
chemical one [27-29]. The basic advantages of enzymat-
ic processes in relation to the chemical procedures are
mild reaction conditions (temperature 30 to 60 °C), sep-
aration of a large part of glycerol without further purifi-
cation and without creating chemical waste, and the
ability of lipase to catalyse the process of esterification
of free fatty acids present in oils so that the requirements
for purity of the starting materials are significantly mild-
er. Using enzymes as catalysts in the transesterification
reaction does not generate by-products as soaps, which
significantly facilitates additional purification proce-
dures and results in quality biodiesel. By using biocata-

Table 1. Disadvantages and limitations of biodiesel production by transesterification and possible solutions

Disadvantages and limitations

Solution

Reaction rate can be limited by a mass transfer between
immiscible alcohol and oil phases

Application of microreactors

The transesterification reaction is a reverse reaction

Application of continuous removal of the product or increasing
the alcohol to oil molar ratio

The majority of commercially used processes are based on
biodiesel production in batch reactors [22]

Exploiting the advantages of continuous production processes
by implementation of microreactors

The price of biodiesel is 1.5- to 3-fold higher than the price of
diesel derived from fossil fuels [1,23]

Making the process more sustainable. Search for a) novel
catalysts (obtained from waste materials, such as e.g. flying
ash) and biocatalysts; ¢) lowering the cost of enzyme producti-
on by genetic engineering or search for novel microorganisms
producers, d) application of immobilized enzymes using novel
materials for immobilization; e) use of feedstock such as
non-edible oil, waste frying oil, and oil with high FFA content

Long reaction time (the catalytic processes with acids and
alkalis can take from 2 to 24 h) [24]

Application of supercritical conditions (temperatures up to 300
°C and pressures higher than 40 MPa) or addition of solvents
that shortens the process of biodiesel production to just a few
minutes
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lysts, there is no need to rinse product in the final stage
of biodiesel synthesis and purification, which reduces
the amount of wastewater that poses a serious environ-
mental problem in conventional biodiesel production.

Despite numerous advantages, enzymatic methods are still
not competitive with chemical processes. The main obsta-
cle for the introduction of enzymatic production processes
is the high cost of enzyme and its reduced activity and
stability in the presence of polar alcohol such as methanol
and ethanol. Some of these deficiencies could be resolved
by applying microreactors, which are still underexplored in
terms of the enzyme-catalysed process of biodiesel.

2. Biodiesel production on a microscale

For some time now microreactors have been tested for bio-
diesel production [26,30,31]. Thanks to their flexibility in
design different varieties of microdevices emerged for bio-
diesel synthesis. Their main goal was to enhance mass
transfer to carry out the reaction in short residence time.
Microreactors are known to considerably increase the dis-
persion of two phases as needed for the biodiesel reactants
(alcohol and oil). This provides a much higher interface
area that by the elimination of mass-transfer hindrance has
shown to lead to shorter reaction time [32]. The capillary
microreactor was the first one reported for biodiesel pro-
duction and those that followed had more complex and
advance design [33]. The most used microstructured devic-
es for biodiesel production are listed in Table 2.

Table 2. Microstructured devices for biodiesel production

Engineering Power

that, lipases are among the least expensive enzymes.
Mostly used lipases for biodiesel production are from ge-
nus Candida and Thermomyces lanuginosus [34].

Overview of some transesterification processes per-
formed on a microscale is presented in Table 3.

There are several different parameters that affect trans-
esterification process on a microscale. They are present-
ed in Fig. 3.

Molar ratio of
alcohol to

triglyceride /
Microchannel Reaction

size - mperature

Parameters
affecting
biodiesel

production

Residence ti

Fig. 3. Parameters affecting biodiesel production in microreactors

Microtube - a simple channel ecched in a plate
reactors - by connecting multiple plates together, complex systems can be built up
- the reaction starts by introducing reactant(s) and catalyst(s) into the reactor
separately
Microstructured - characterized by multifunctionality
devices - they combine chemical reaction, efficient heat exchange, and phase separation
- micromixers (i.e., tear drop or swirl, zig-zag flow obstacles, nozzle injections,
different obstacles, etc.
M.embrane - not truly a microreactor but it combines the advantages of the membrane
microreactor reactor and the microreactor

- the plate-type and tubular-type.

Oscillatory flow
reactor

- the net flow of process fluid, an oscillatory motion is superimposed creating a
flow pattern which helps in efficient mixing and mass transfer

- the degree of mixing is independent of the net flow thus allowing long
residence times to be achieved

- the controlled oscillatory motion enhances radial mixing.

From the catalyst point of view, when comparing the num-
ber of transesterification reactions catalysed by chemical
or by the enzymatic catalyst, up to now, most of the pro-
cesses were oriented towards the application of chemical
catalysts. Despite the advantages of enzymatic methods,
as mentioned before, they are still not competitive to
chemical processes [33]. Lipases have attracted the most
attention for biodiesel production since they can catalyse
hydrolysis, esterification and transesterification. Besides

One of the most important parameters that has a signif-
icant effect on biodiesel productivity is the molar ratio
of alcohol to triglyceride. Since transesterification is an
equilibrium reaction, the excess of alcohol is needed to
shift the reaction towards the formation of esters [30].
On the other hand, excess of alcohols makes the recovery
of glycerol difficult. A second important parameter for
biodiesel production on the microscale is a microchannel
size, since reducing the channel size higher yield of es-
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Table 3. Production of biodiesel by transesterification on a microscale
Microreactor type Substrate Catalyst Rezﬁle:ce Yield (%) | Reference
Microtube Soybean/methanol NaOH 10.36 min 91 [35]
Microtube Waste cooking oil/methanol + Kettle limescale 10 min 97.03 [36]
n-hexane/tetrahydrofuran at 62 °C
Microtube Oleic acid/methanol and carbon dioxide | H2SO4 1 min 90 [37]
as solvent at 60 — 120 °C and 10 mPa
Microtube Sunflower oil/methanol at 75 °C NaOH 1 min 99.9 [38]
Microtube Soybean/methanol KOH 3 min 99 [39]
Microtube Sunflower oil/methanol Lipase 2h 95 [40]
Microchannel with circular | Sunflower oil/methanol at 50 °C KOH 12s 99.99 [41]
obstruction
Four active micromixer Soybean/methanol KOH 8s 98.1 [42]
and magnetic field
Microreactor with Soybean/ethanol KOH 49 s 96.1 [43]
micromixers
Membrane microreactor Triolein/methanol Lipase 19 min 80 [44]
Oscillatory flow reactor Sunflower oil/methanol at 50 °C NaOH 30 min 98 [45]
Jacketed stainless steel Jatropha oil/methanol NaOH 5 min 94 [46]
tubes
Zig zag channel shape Soybean oil/methanol KOH 28s 99.5 [47]

ters can be achieved. The reaction temperature is espe-
cially important for reactions catalysed by enzymes
since most of them have specific temperature optimum.
For lipase from Thermomyces lanuginosus temperature
optimum is around 40 °C. Reactions that are performed
at higher temperatures are faster than those performed at
room temperature (Table 3). Mixing mechanism has a
significant impact on mass transfer which is especially
important when immiscible phases (like oil and alcohol)
are part of the reaction mixture. In order to enhance mix-
ing different structures can be incorporated as part of the
microchannel: micromixers (i.e. teardrop or swirl), zig-
zag flow obstacles, nozzle injections, etc.

Although the transesterification can be performed in the
absence of biocatalyst (in that case the high temperature
and pressure are required), the addition of catalyst al-
lows moderate reaction conditions. Catalysts can be di-
vided into homogenous and heterogeneous. Base and
acid catalysts belong to the homogeneous group and are
used commercially while heterogeneous (i.e. enzyme
lipase) still need to undergo significant research.

3. Biodiesel purification on a microscale

Once biodiesel is produced, it must be purified. The pu-
rity of biodiesel according to the HRN EN 14214, must
be > 96.5%. Classical purification processes that are
used in industry include removal of alcohol excess, glyc-
erol, soap, unreacted triglycerides and catalyst. The first
step is usually sedimentation, based on the difference in
density of biodiesel and glycerol (Fig. 4a). The upper
layer (biodiesel) is then removed and due to the solubil-
ity of glycerol in the aqueous phase, biodiesel at the end
contains small amounts on impurity [48]. Wet washing
(purification of biodiesel by water) is currently the most
commonly used purification method for industrial bio-
diesel production. The biggest disadvantage of this ap-
proach is the generation of large amounts of waste-water
[49]. In addition, it results in a loss of biodiesel during
the washing phase. An alternative method would be dry
washing that includes different absorbents, adsorbents,
solvents and ion exchangers based on a variety of resins
or applications of deep eutectic solvents [40].
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When all the mentioned processes are performed on a
macroscale and as batch processes (Fig. 4a) a lot of ad-
ditional equipment is necessary to fulfill every step. The
biggest advantage of a microreactor is the possibility to
integrate all of the mentioned steps on a few chips (Fig.
4b). As presented by Sali¢ et al. [39], an integrated sys-
tem, with enzymatic production of biodiesel on the first
chip and purification on the second, can easily be assem-
bled and successfully applied.

Catalyst
Vegetable

Methanol

emulsifier,
catalyst

b)

Fig. 4. Comparison of different steps in enzymatic biodiesel production and purification in a) a batch reactor and b) in a microsystem

Development of the integrated systems, which would in-
clude production and purification of biodiesel, glycerol pu-
rification and catalyst recovery, is one of the goals of future
research in the area of biodiesel production on a microscale.

4. Conclusion

The application of microreactors for biodiesel production is
promising and prospective technology. Although this tech-
nology still needs some improvements especially in the area
of reactor production costs and biodiesel production capac-
ity, obtained results (the high FAME yield, the high produc-
tivity, the short residence time etc) are in favour of microre-
actors. Nowadays we are in an era where the application of
the small microreactor based portable factories that could be
used in households or restaurants for biodiesel production

Mixture of oil,

Engineering Power

from waste cooking old is not far away. Their development
is for sure less complicated and expensive than classical
scale-up of the batch biodiesel production process so pro-
gress in this area is expected in the near future.
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Abstract

Over the last decades the increased use of microrveactors in all types of industries is observed. This phenomenon is
based on the advantages that the microreactor systems can achieve in term of better process control, more efficient
heat transfer and handling of hazardous chemicals. During this time mathematical models that describe flow inside
microchannels have emerged ranging from Navier-Stokes equations to simplified mathematical models for laminar
and segmented flows. The aim of this review is to present current studies in term of mathematical models that are
nowadays commonly used for the description of hydrodynamics, mass and heat transfer in microreactor systems.

Keywords: microreactors, mathematical models, hydrodynamics, mass and heat transfer

1. Introduction

When talking about mathematical modelling in microreac-
tors nowadays most people almost instantly think about
computational fluid dynamics (CFD) and the results that
are presented as a colourful pictures or moving simulations.
CFD, as Zawawi et al. [1] explained, provides numerical
approximation of Navier-Stokes equations that are used to
describe flow conditions and is commonly used since the
middle of last century [2,3]. Primarily used for water flow,
pressure and velocity simulations today there is no industry
which does not use CFD for the modelling of different
systems ranging from micro scale (flow in microreactors)
to macro scale (ocean currents and weather forecast) [4].
The main problem today is which software to use since the
last two decades emerged with more than a few options that
are user friendly like ANSYS, Open FOAM, PowerFLOW,
SimScale, Comsol Multiphysics, Autodesk CFD, FLOW-
3D and others. All of the mentioned software’s come with
build in Navier-Stokes equations and some even have ex-
tensive libraries with prebuild materials and objects. The
main drawback still is the computer speed for solving the
vast number of equations simultaneously which depending
on the model quality can range from few hundreds for very
simple models to few millions which are used for more
demanding processes. The example of one CFD simulation
for the purification of biodiesel which was obtained with
the use of Comsol Multiphysics software is presented in
Fig. 1. In this case microdevice with two Y-shaped inlets
was used, where deep eutectic solvent (DES) was intro-
duced in upper channel and row biodiesel in lower channel
at the same flow rates. Based on the calculated Reynolds
numbers laminar regime of flow was observed and thus this
system was described as a laminar two-phase flow system.
As seen in Fig. 1a the very fine grid was used in order to
get the more precise model especially at the boundaries of
two phases for the calculation of velocities of two phases.

This sort of models like one presented in Fig. 1b can give
insight into the problems that may occur during the ex-

perimental phase and one can test different shapes of
microreactors in order to find the most suited one for
certain chemical or biochemical process. As often dis-
cussed one of the main problems with working with mi-
croreactors is the clogging. By using this approach clog-
ging can be predicted and even avoided with the use of
different flow rates or microreactor shape.

More details about Navier-Stokes equations, initial and
boundary conditions and the use of simplified models
which can be used to describe flow in microreactors are
presented below.

Time=l's Surface: Velocity magnitude (ms)

pm o
Ts00 Y0 T200 o 200 a0 00 200 o 200 400 Hm

Fig. 1. CFD simulation of velocity profile in microsystem (a) grid
used for the simulation, (b) velocity profile

2. Modelling of the flow in a microreactor

Microreactors are suitable for conducting processes in a
single-phase and multiphase systems. When talking
about reactions in multiphase systems it is important to
ensure good mixing and good mass transfer of matter. In
these systems the reaction rate is affected by concentra-
tion of reactants and with transfer between phases [5].
By applying micro precision engineering technologies,
it is possible to construct reaction systems that ensure
the intensification of mixing through effective heat and
mass transfer. To ensure the optimal process conditions
in a microreactor systems it is necessary to analyse the
hydrodynamic and heat and mass transfer conditions.
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The Navier — Stokes equation [6] can be used to describe the
flow conditions in microreactors. For multiphase systems,
these equations are obtained using the second Newton’s laws
for fluid flow [7]. If there is a gas phase in the system Navi-
er-Stokes equation for compressible fluids is used (Eq. 1):
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where v, is the component of the flow velocity in the x
direction, p is the fluid density, x is the dynamic viscos-
ity, p is the pressure, g is the acceleration of the force of
gravity, ¢ is the time and Sij is the Kronecker symbol. For
the complete definition of the system, the mass conser-
vation equation is also required (Eq. 2):
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To describe the flow of liquid in microreactors, Navier-Stokes
equation for incompressible fluids is applied (Eq. 3):
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When talking about fluid flow in pipes (as for micro-
channels), it is possible to simplify the Navier-Stokes
equation, assuming that the flow is stationary and there
is a constant pressure drop (Eq. 4):
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The above expression is known as the Hagen-Poiseuille
flow, where L and d are the length and the diameter of
microchannels. The Hagen-Poiseuille flow is characterized
by maximum velocity in the middle of the microchannel
and minimum velocity on the walls. According to Plazl and
Lakner [8] at laminar flow conditions, the velocity profile
fully developed in the least dimensions ([W, -W]) can be
described as a function of y position only (Eq. 5):

Ve (1) =V ll - (%ﬂ (5)

2.1. Liquid-liquid flow profiles in a microreactor

(4)

Liquid-liquid two-phase systems have found application
from extractions, reactive extractions, polymerizations,
to multiphase catalysis [9]. Despite its great industrial
importance, many details regarding the processes of
mass transfer in these systems are still poorly under-
stood. This is especially true for heterogeneous reactions
in which there is a “competition” between the mass
transfer and the chemical reaction [10].

Depending on the experimental conditions, several flow
profiles may be formed in the liquid-liquid system in the
microreactors; segmented (Taylor) flow, bubble flow, par-
allel flow or annular flow [11]. Segmented and parallel
flow profiles are most commonly developed (Fig. 2) [12].

™ Phase 1%

X Phase 24

Fig. 2. Liquid-liquid system flow profiles in a microreactor

The development of segmented flow occurs by introducing
two immiscible liquids into a microreactor. The main char-
acteristic of this flow profile is a series of alternating seg-
ments of two phases, each segment being considered as a
separate sub-volume. Segmented flow in the liquid-liquid
system provides intense mass transfer within and between
segments [13]. The mass transfer for liquid-liquid segment-
ed flow takes place through two mechanisms: convection
within a segment and diffusion between two segments [14].
The most important forces that describe segmented flow in
a liquid-liquid system are most easily analysed by placing
them in the ratios of dimensionless numbers (Table 1).

Jurinjak Tusek et al. [15] analysed slug flow in seven sys-
tems of organic solvents (chloroform, dichloromethane,
diethyl ether, ethyl acetate, ethyl acetate, ethyl acetoacetate,
hexane and toluene) and aqueous phase in a microreactor.
Influence of linear flow velocity on slug lengths was ex-
plored for microreactor systems. Physical and chemical
properties of the selected organic solvents were considered.
To predict the slug length of both organic and aqueous
phase non-linear regression model, liner regression model
and artificial neural network model were proposed. The
obtained results show that although quite simple and statis-
tically not precise enough, regression models describe qual-
itatively the organic solvent-aqueous phase two-phase sys-
tem with low accuracy. When true nonlinear models with
neural networks were applied, high significance (R* = 0.9)
of statistical predictions for the slug lengths were achieved.

3. Mass transfer in a microreactor

The basic equation used to describe the mass transfer in the
case of incompressible fluids is derived from the general
equation describing convection and diffusion (Eq. 6) [7]:

d 0 d 0
—C+vi-—c=— D¢ (6)
at ox;  0x; ox;

where ¢ represents the concentration, v the flow rate, D
the molecular diffusivity, and r the rate of the chemical/
biochemical reaction. Simple analysis of the mass trans-
fer in microchannels is performed by defining the value
of Peclet’s dimensionless number (Eq. 7):

_v-L
D

Pe 7
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Table 1. Important dimensionless numbers for describing liqu-
id-liquid segmented flow in a microreactor [14]

Dimensionless A
Description
numbers
Ca= u-v ratio of viscous force to surface
A= tension
_4a ratio of soluble saturation concen-
c; trations in phases 1 and 2
t-D ratio of real time to time needed to
Fo= 72 reach steady state
d*-v ratio of mass transfer by convection
Pe= e
D-L and molecular diffusion
v-p-d e .
Re = u ratio of inertial and viscous force
Dy = Dy solubility diffusivity ratio in phases
D, 1 and 2
Uy = M viscosity ratio of soluble substance
B u, 1 and 2

For most chemical and biochemical processes, especially
those taking place in multiphase systems, diffusion is a
limiting step [16]. By reducing the dimensions of the re-
actor, the characteristic distance that the molecules must
pass is reduced, leading to a significant shortening of the
diffusion time. Microchannels are characterized by small
values of the Reynolds numbers (values generally below
100) and flow is usually laminar. Under laminar flow con-
ditions phase mixing depends only on the diffusion of
molecules from one phase to another. Diffusion process
in microchannel take place according to Fick’s law which
correlates the dynamic change of concentration and the
product of diffusion coefficient and concentration gradi-
ent. Small molecules, characterized by higher values of
diffusion coefficients, can quickly diffuse and distribute
between phases even at short residence times. Opposite to
that, large molecules like enzymes or whole cells slowly
diffuse and remain largely in the phase at which they are
introduced into the microsystem [17].

The diffusion time is particularly interesting for diffusion
process in a microreactor channels. Since diffusion time
is the ratio of the square of the path and the diffusion
coefficient, by reducing the size of the process equipment
of a microreactor results in the very short time needed for
the molecule to diffuse in the process space (Fig. 3).

The application of diffusion to processes carried out in
microreactors can be divided into several main groups (i)
cell extraction from suspensions, (if) mass transfer with a
stable concentration gradient, (iif) protein deposition and
(iv) improving fluid mixing with the aim of more intensive
diffusion of solvents. When microreactors are used to in-
vestigate the kinetics of reactions, the rate of the reaction
should not be affected by the mass and energy transfer in
order to obtain intrinsic kinetics [18] or the effect of dif-
fusion needs to be taken into account [19].
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Fig. 3. Characteristic times for microreactor system

When substrate and enzyme suspension were fed through
the Y-shape inlet of the microreactor formation of laminar
flow in the microreactor channel was observed. The two
streams, the enzyme suspension and the substrate solution,
which both have a laminar flow profile, are not mixed by
convection. Namely, molecular diffusion takes place be-
tween them. The substrate is a smaller molecule, so it dif-
fuses faster into the enzyme stream, while diffusion of the
enzyme into the substrate phase is much slower. The reac-
tion takes place where both, the substrate and the enzyme
are present, respectively. Hexanol oxidation catalysed by
NAD" dependent alcohol dehydrogenase from baker’s yeast
in a microreactor was modelled by Tusek et al. [20] as a
pseudo homogeneous process with the double substrate
Michaelis-Menten rate expression. In comparison with ki-
netic parameters estimated in the cuvette, 30-fold higher
maximum reaction rate and relatively small change in the
saturation constants is observed for the kinetic parameters
estimated in the continuously operated tubular microreactor.
Kinetic measurements performed in a microreactor shown
results without product inhibition which could be explained
with hydrodynamic effects (all experiments were performed
in the slug flow regime) and continuous removal of inhib-
iting products. Sali¢ et al. [21] estimated kinetic parameters
of the mathematical model for the NAD" regeneration per-
formed in a microreactor. The influence of acetaldehyde,
ethanol, NADH and NAD" concentrations on the reaction
rates were measured. The negative effect of both products
on the reaction rate was not observed for kinetics measure-
ment performed in a microreactor which is a consequence
of investigated concentration range and continuous mode of
operation. Also, Jurinjak Tusek et al. [22] estimated param-
eters of double substrate Michaelis-Menten kinetic model
describing laccase catalysed catechol oxidation based on an
individual experiment performed in a microreactor. For the
estimation of kinetic parameters, the concentrations of one
reactant were varied, while the second was kept constant in
saturation. The estimated value for the maximum reaction
rate detected in a microreactor was approximately two-fold
higher than the one observed in a cuvette. This effect can
be explained by taking into account the high surface ar-
ea-to-volume ratio in a microreactor, and short diffusion
paths that ensure fast mass transfer, and make the reaction
performed in the microreactor faster.
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4. Simulation of chemical and biochemical
processes in a continuous flow microreactor

In order to simulate chemical and biochemical processes
in a continuous flow microreactor a coupled system of con-
vection-diffusion reaction in combination with hydrody-
namics has been developed. Many studies describing math-
ematical simulations of microfluidic systems are available:
(i) 3D model for description of the mass transfer of a single
steroid from water into ethyl acetate considering convec-
tion in the flow direction and diffusion in all directions
[23], (ii) 2D model of laccase catalysed L-DOPA oxidation
in a microchannel considering convection in the flow di-
rection and diffusion in two directions [24], 2D model of
laccase catalysed catechol oxidation in a microreactor [22]
(iit) 2D model of polyphenols extraction in aqueous two-
phase system [25]. All mentioned models are based on the
rectangular microchannel cross-section (Fig. 4).

Phase 1 Phase 2

Fig. 4. Scheme of the microchannel used for development of mat-
hematical models for different microsystems

The mathematical model for steady-state conditions in a
microextractor (polyphenols extraction in aqueous two-
phase system) [25] was composed of dimensionless par-
tial differential equations for polyphenols concentrations
in PEG an AMS phase and corresponding boundary and
initial conditions (Eq. 8-9):

» Polyphenols concentration in PEG phase:

b dy PEG _ D PEG 7y PEG PV poipi \PEG
o w oE? oy’
Y polyhenols,PEG (0.y)=0 I=sy=0
nomnsren i)
polyhenols,PEG | 17 *
v 0 I=sy=<0
* , ®)
y (§ 0)= AMP vd)’ AWP(E’O) 0<§<£
pobhenols PEG polyphenols! PEG oy w
W o (&1
Y polyhenols, PEG (& )= 0 0<& <£
i w
* Polyphenols concentration in AMS phase:
. Y polyphenols AMp _ D popyphenotst avp . azypa/whenolr,AMP oy polyphenols, AMP
o w a&? ap?
Y polyhenols, AMP (040) =Y polyhenols, AMP,i O=sy=l
L
Y potvhenols,amp | 77, > ¥
AW )y 0=y=1 (g
o0& )
? poishenots ave (&> 0)=K,- Y polyhenols.PEG (€.0) 0<éi<—
0 ,1
'Y polyhenols, AMP (5 ): 0 0<E< £
oy w

where v represents linear velocity, ¢ and y represent
independent dimensionless variables & = x/W, v = y/W,
x and y are coordinated in the length (L) and micro-
channel width @W).D . pr=2.37 - 107 m? s and

 otsphenotsap — 2-20 10°m’ s are diffusion coefficients
for polyphenols in PEG and AMP phases. The molecular
diffusion coefficients for polyphenols were calculated

using the Hyduk-Laudie empirical correlation (Eq. 10):

13.26-107°

Dpolyphenols/PEG(AMP) = 0.589 (10)

1.14
77PEG( AMP) Vm, polyphenols

where V| o 18 Molar volume of gallic acid as stand-
ard for polyphenolic compounds, and 1 is water dynam-

ic viscosity of prepared solution of PEG (AMP).

The goal of solving listed differential equations is to find
a function (or a discrete approximation of a function) and
boundary conditions along the boundary of a given do-
main, which satisfy the given relations between different
derivations in a given region of space and/or time. It is
very difficult to obtain a solution that satisfies the differ-
ential equation in the whole area of consideration. There-
fore, numerical methods based on the discretization of a
continuous system were used where the differential equa-
tions were replaced by a system of algebraic equations.
The three most common methods for numerically solving
partial differential equations are: (i) finite difference meth-
od, (77) finite element method and (ii7) finite volume meth-
od. Jurinjak Tusek et al. [23] described the simple method
for solving partial differential equation of the diffusion
and convection in a microreactor. Partial differential equa-
tions were solved by approximating microreactor with
two parallel plug flow reactors (Fig. 4) in order to inves-
tigate application of simple numerical approximations for
solving the system of partial differential equations.

5. Conclusion

The variety and complexity of process taking place in
microreactor systems pose major challenges to the mod-
elling approaches. To precisely describe the process in
micoreactors hydrodynamics, mass transfer and chemi-
cal/biochemical kinetics have to be taken into account
and efficient computational tool should be used to get
reliable simulation results.
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Solid-state fermentation technology and microreactor technology —
Opposites that attract each other
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Abstract

Solid-state fermentation can be considered as a robust technology as being a complex system of chemically hetero-
geneous substrate(s) and microorganism with the difficulties to assure homogeneity of the system, with oxygen trans-
fer limitation, heat accumulation, etc. However, higher production yield and lower economic aspect in comparison
to submerge fermentation are the main force for the work on its technical enhancement, especially in the work on
scale-up of the process for broader industrial purpose. Everything the opposite presents microreactor technology.

In this paper, interaction and complementarity of solid-state fermentation and microreactor technology have been
presented. These technologies have been synergistically performing in the last decade, via several national and
EU-funded projects, in the laboratories of the two groups from the J. J. Strossmayer University of Osijek, Faculty of
Food Technology Osijek, and University of Zagreb, Faculty of Chemical Engineering and Technology.

In the first part of the paper, the origin and the chemical structure of the substrates used for solid-state fermentation
and the main aspects of solid-state fermentation for different applications are presented. The basic aspects of sol-
id-state fermentation and basic principles of solid-state bioreactors are given in second part of the paper. The third
part is dedicated to the presentation of microreactors technology as a supportive and effective tool before, during
and after performing solid-state fermentation. The last chapter is our vision of the future work in the development of
the sustainable and effective processes of production of the valuable products from the waste materials.

Keywords: microreactors, solid-state fermentation, lignocellulose
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1. Origin and the chemistry of the
lignocellulosic substrates

The term “lignocellulosic biomass” refers to higher plants,
softwood or hardwood. Therefore, it mainly origins from
agricultural, food or wood industries. 52% of total land in
Croatia is agricultural land. Harvest residues are usually
left in the field, but with the improvement of the pretreat-
ment process along with soil protection, they could be
used for the production of huge amounts of energy in the
future or for the production of the fine chemicals [1].
Brewers spent grain (beer production), grape pomace
(wine production), oil pomace (oil production), sugar beet
waste (sugar production) can be considered as the main
lignocellulosic waste materials or by-products from food
industry in Croatia. When talking about wood industry,
plenty of sawdust remains during wood processing and
they are among all mention lignocellulose materials the
most difficult for degradation. The answer to the question
Why lays in the complexity of the material structure of
lignocellulose materials (Fig. 1) and in lignin as the most
difficult biodegradable polymer. Lignin is a major barrier
in lignocellulosic biomass bioconversion process and is
presented in the biggest quantity in lignocellulose from the
wood industry. The higher the lignin content, the greater
is the resistance of the biomass to degradation. Significant
efforts in the world scientific community are dedicated to
the production of fine chemicals from the lignin, designing
new lignin-based polymeric materials, development of
new processes of microbial or enzymatic conversion of
lignin, development of the sophisticated methods for
lignin concentration and structure measurements, etc. [2].

The composition of agricultural, food and wood lignocellu-
losic biomass depends on its source, but typically it is com-
prised of about 40-50 % cellulose, 20-30 % hemicellulose,
and 10-25 9% lignin [1, 2]. Structural formula and the visual
description of the complexity of lignocellulose from differ-
ent industrial waste streams are presented in Fig. 1.

As already emphasized, lignin is the most complex pol-
ymer in the nature. Chemically, it is a complex aromatic
and hydrophobic amorphous heteropolymer consisting
of three different phenylpropane alcohols, p-coumaryl,
coniferyl and sinapyl. Their quantity varies according to
species, maturity and the space localization in the cell.
Lignin gives the plant a structural rigidity, impermeabil-
ity, and resistance against microbial attacks and oxida-
tive stress. It is insoluble in water and optically inert.

Cellulose is the main component of plant cell wall and
gives a plant hardness and chemical stability. It is a linear
polysaccharide polymer made of long chains of cellobiose
units linked via B-1,4 glycosidic linkages. In the cellulose
chains a number of hydroxylic groups are presented lead-
ing to the formation of hydrogen bonds, while cellulose
chains are interlinked by hydrogen bonds and van der
Waals forces. Cellulose molecules can have different lev-
els of crystallinity — low crystallinity (amorphous regions)
and high crystallinity (crystalline regions). The crystalline
form prevails in the major part of the cellulose and is
hardly hydrolyzed in comparison to amorphous form. It

is therefore expected that high-crystallinity cellulose will
be more resistant to enzymatic hydrolysis, but reduction
of crystallinity will increase the degradability.

Hemicellulose represents a family of polysaccharides such
as pentoses (xylose and arabinose), hexoses (glucose, galac-
tose, mannose and/or thamnose) and acids (glucuronic acid,
methyl glucuronic acid, and galacturonic acid). The domi-
nant component of hemicelluloses from hardwood and agri-
cultural plants is xylan, while in softwoods dominate glu-
comanan. Hemicelluloses have a lower molecular weight
than cellulose and are more amorphous, random, and
branched with little strength which makes it highly suscepti-
ble to biological, thermal, and chemical hydrolysis [1].

Wood industry

Protoplast {\'T:P‘ /T'\\/\ T:\
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KON A

Lignin starch

Pectin

Food industry

Fig. 1. Structural formula of lignocellulose with the visual des-
cription of the complexity of lignocellulose from waste streams
of different industries

The main focus of our research in general is dedicated
to the development of industrially important processes
or products by the application of environmentally friend-
ly technologies. We are working with the different ligno-
cellulose substrates originated from different type of
industries, mainly from food industry as well as some
other waste materials (such as waste cooking oil etc.).

In Table 1, the list of our references where the utilization
of the lignocellulose-type of substrates from industry are
investigated is given:

2. Solid-state fermentation

Solid-state fermentation (SSF) is the method of cultiva-
tion of microorganisms on inert or non-inert solid sub-
strate(s) under controlled conditions. Lignocellulosic
materials belong to the noninert solid substrates serving
as a nutrients for microorganism’s growth and metabo-
lite production. When choosing a solid-state bioreactor,
understanding of the microorganism morphology is ob-
ligatory. The process conditions (temperature, substrate
humidity, initial inoculum concentration), and addition
of external carbon and/or nitrogen sources, mineral com-
pounds or specific enzyme’s inducers for microorgan-
ism’s growth and/or desired metabolite production, have
to be carefully chosen [6]. The most common applied
microorganisms in solid-state fermentation are fungi.
Our focus is mainly dedicated to the application of
white-rot fungi. The illustration of the effect of white-rot
fungi during SSF is given in Fig. 2.
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Table 1. Utilization of lignocellulose for different purposes
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Fig. 2. The basic principle of biodegradation of lignocellose by
white-rot fungi

SSF may be carried out in different types of bioreactors
such as tray bioreactors, rotating disc reactors, packed-bed
bioreactors, column-tray bioreactors, air-pressure pulsa-
tion solid-state bioreactors, rotating horizontal drum bio-
reactors, stirred-drum bioreactors, fluidized bed bioreac-
tors, air-lift bioreactors and immersion bioreactors [2].

Photos of solid-state bioreactors for the treatment of ligno-
cellulose are presented in the Fig. 3a (Tray bioreactor) and
3b (Horizontal bioreactor with mechanical mixing).

Tray bioreactors represent the simplest SSF technology.
They are consisted of a thermostated chamber with flat per-
forated trays where humidified air is circulated, or water is
sprayed to keep the atmosphere near saturation. They can
be built from different materials such as wood, bamboo,
wire or plastic. Their advantages are very simple technolo-
gy and low investment cost, but when transferring into to
industrial level significant problems occur, such as bed
loading and large areas requirements are needed, scalable
by numbers (great number of trays are needed), they are
cumbersome to handle, highly labor-intensive, etc. [2].

Tray bioreactor from the Faculty of Food Technology
Osijek, presented in Fig. 3a is made of stainless steel and
has dimensions of 75 x 154 x 70 cm. It is consisted of six
trays (50 x 5 x 40 cm) incorporated in the thermostatic
chamber (25 — 65 °C) allowing the air circulation around
the trays. The overall temperature of the bioreactor is con-
trolled with 7 temperature probes (one per each plate and
one for the measurement of the air temperature in the
chamber) connected to PLC system. Compressed sterile

-

Fig. 3. a) Tray bioreactor, b) Horizontal bioreactor with mechani-
cal mixing
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air is injected directly to the fan settled inside the reactor
allowing evenly air distribution with the regulation of the
airflow (0.5 — 3 dm? min'). Additional container with
water is used for moisturizing the air [2].

Another bioreactor from the Faculty of Food Technology
Osijek is horizontal stainless steel bioreactor with mechan-
ical stirring, with double walls and has total volume of
19 L. It is equipped with window glass for visual monitor-
ing of the material with LED diodes. Stirring is performed
by mechanical stirring with the possibility to regulate the
speed from 1 to 50 min™.. It has possibility to regulate time
of stirring and non-stirring period. It is settled on the vi-
bration table which has vibration on/off mode. The pur-
pose of vibration is mainly for the easier sampling during
the fermentation time. The port for the material sampling
is placed on the bottom of the bioreactor. Three tempera-
ture probes are located on the top of the reactor. Aeration
is performed with sterile air with the possibility of air-flow
regulation (1-10.5 L/min). Bioreactor is equipped with the
additional graduated tank for the water and liquid substrate
addition. Sterilization is performed in-situ.

There are many works done on the application of SSF pro-
cess at laboratory-scale for producing different metabolites
but only a few have been published where the scale-up of
the process is used and explained in details. Recent research-
es of solid-state fermentation for the production of enzymes,
phenolic compounds or as a pretreatment method for biogas
production, done by our group is presented in Table 2.

Phenolic compounds have been recognized for their in-
fluence on human metabolism and in prevention of some
chronic disease and being good antioxidants in food.
Usually, chemical synthesis or conventional extraction
are used for producing phenolics from natural sources
[21], but solid-state technology in that purpose is finding
its place among several groups in the world.

Table 2. Utilization of lignocellulose as substrates in SSF for di-
fferent applications

Substrate | Microorganism Application Refe-
rences
Production of caffeic
Cormn silage Trametes acid, vanillic acid, 7]
€ | versicolor p-hydroxybenzoic
acid, and syringic acid
Laccase production [7]
Brewers’ Trametes .
spent grain | versicolor Total polyphenolics [8]
Laccase production [8]
Cormn silage Trametes Pretreatment for [5]
&€ | versicolor biogas production
Cold-press Trametes Nutritionally enriched
. versicolor [22]
oil cakes . . product
Humicola grisea
Cold-press | Thermomyces . .
oil cakes lanuginosus Lipase production (23]

3. Microreactors

New trends in the world market of fine chemical produc-
tion are to switch from the batch process to the contin-
uous, flow process. The most commonly used expression
is flow chemistry.

Biotransformation in microreactors are described in de-
tails in previous papers via several important scientific
results that gave a contribution for the development of
faster, cleaner and easier biotransformation processes
thanks to the microreactor technology. There are several
basic supports that microreactors can offer to the sol-
id-state fermentation technology:

1) Research on the model solution of the substrates and
enzymes in order to get more in-depth knowledge on the
enzymatic reactions that occur during biotransformation
of lignocellulose by the whole cells of microorganisms

2) Measurement of reaction rate kinetics using model
solutions in microreactors

3) Enzymes produced by solid state fermentation can be
tested as biocatalyst in microreactors in the fast scree-
ning in order to find suitable substrate/enzyme system

4) Phenolic compound(s) produced after solid-state fer-
mentation can be tested as substrates for commercial
or produced (crude or purified) enzymes in microre-
actors in the fast screening in order to find suitable
substrate/enzyme system

Here, we are presenting the results of model solution of
phenolic compounds removal or degradation by enzymes
in microchannels (Table 3). The first reaction in that sense
was the investigation of L-DOPA oxidation catalyzed by
laccase where the superiority of the microreactor process
over batch process was strongly emphasized [24].

Table 3. Phenolic compounds biotranformations in microreactors

Substrate Enzyme Reference
L-DOPA Laccase [24]
Catechol, L-DOPA | Laccase [25]
Catechol Immobilized laccase [26]

4. Future prospective

In order to change chemical routes of the production of
some compounds with the biochemical routes, enzymes
of the high selectivities and productivities have to be used.
Here, the first connection of SSF with microreactors is
visible: production of enzymes in cheap and ecologically
friendly manner by the application of solid-state fermen-
tation and then, the use of produced enzymes as biocata-
lysts in biotransformation processes in microreactors.

The other vision of ours is to liberate phenolic com-
pounds that are entrapped in the lignocellulose matrix by
the application of SSF, to isolate this compound and to
perform biotransformation in microreactors with the en-
zyme produced by SSF.
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The vision of our future work is presented in Fig. 4.

A imter

Search and isolation of fungi
from the nature

Solid state
fermentation:
production of Biotransformation in
phenolic compounds microreactors: production

from lignocellulose of novel products
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S ; (Enzyme produced
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Fig. 4. Future prospective — synergy of solid-state fermentation

and microreactors
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Abstract

Microreactor systems are reactors with three-dimensional structures which are under a millimeter in size. They are
commonly fabricated by wet and dry etching, precision machining, laser treatment, blasting and lithographic tech-
niques. Additive manufacturing technologies have been overlooked in this area. This paper presents a part of research
related to fabrication of microstructured reactors (microrveactors and millireactors) by using two additive manufac-
turing technologies (fused filament fabrication and stereolithography). One example of static mixer used in a milli-
reactor and one reactor designed for uniform droplet production are also presented.

Keywords: microreactor, millireactors, additive manufacturing, fused filament fabrication, static mixers

1. Introduction

Compared to conventional reactors, microreactor systems
are significantly smaller in size. Microreactor systems are
generally described as reactors with three-dimensional
structures, the inner dimensions of which are under a mil-
limeter in size, but usually between 10 and 100 microm-
eters [1-3]. Also, sometimes they are divided according to
the dimensions of the internal structural units into nano-
reactors (1 nm to 100 nm), microreactors (100 nm to 1
mm) and millireactors (1 mm to 10 mm) [4].

When conducting reactions in such small systems that are
several orders of magnitude smaller than conventional
reactors, the diffusion path is very short, resulting in in-
tense mass and energy transfer, causing numerous positive
effects such as higher conversions and fewer byproducts.

Microreactors are most commonly made by wet and dry
etching, precision machining, laser treatment, blasting
and lithographic techniques. Additive manufacturing
(3D printing) technologies have, up till few years ago,
been overlooked in this area due to a perceived limitation
of resolution. Additive manufacturing technologies, es-
pecially fused filament fabrication printers, have become
widely available, enabling rapid and easy prototyping
and small-scale production of prototypes and objects. By
using additive manufacturing technologies, the whole
manufacturing process, from microreactor design in a
CAD (computer-aided design) program (Fig. 1) to de-
sign and usage, can take only a few hours and microre-
actors with different microchannel geometries can be
easily and quickly manufactured and studied. The paper
will describe part of research related to microstructured
reactors fabrication and design of static mixers, but also
how chemical compatibility of materials was studied.

Fig 1. CAD model of the microreactor

2. Manufacturing of microreactors

The Zortrax M200 printer and the Z-Glass transparent
material were used to manufacture microreactors by fused
filament fabrication technology. The resulting microreac-
tors were not completely transparent. It was found that
with the maximum fill settings in the model preparation
program, the fill was incomplete, leaving the air between
layers, causing a loss of transparency. In addition, incom-
plete filling causes leakage in microreactors, i.e. liquid
spills in the mass of microreactor (Fig. 2).

Fig 2. Microreactor manufactured on Zortrax M200 printer, visi-
ble penetration of blue colored fluid into microreactor mass
between the layers

By properly selecting the design parameters, microreac-
tors that do not leak and are transparent have been suc-
cessfully manufactured. This was achieved primarily due
to the complete filling of the mass around the microchan-
nels and very good adhesion between polymer layers.
Settings which had to be tweaked were the speed of fab-
rication, and the nozzle temperature which had to be
slightly above the recommended temperature in order to
achieve a better adhesion of the layers that will not leak.
It is also important that the substrate is completely
aligned with the nozzle, i.e. that there is no variation in
the distance between the nozzle and the substrate when
creating a single layer. The proper distance of the nozzle
from the substrate at the beginning of construction is also
important. If the nozzle is too close to the substrate, the
buildup of the following layers will cause excess mate-
rial to build up, which can clog the duct. If the nozzle is
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too far from the substrate, there will be insufficient ma-
terial and no good contact between the polymer lines and
the layers will occur, causing poor transparency and
leakage inside the microreactor. It has been observed that
microreactor transparency is a good indicator of wheth-
er the resulting microreactor will leak. If the microreac-
tors are transparent and do not have visible lines of pol-
ymeric material they will not leak (Fig. 3). Fig. 3 to 5
show 3D-printed microreactors, Fig. 5 shows a microre-
actor channels with diameter 0.49 mm.

Fig 3. Comparison of microreactor transparency; a) Microreactor

made of Z-Glass material on a Zortrax M200 printer, b) Microre-

actor made of Z-Glass material on a home-made printer, ¢) Mi-
croreactor made of Tough material on a home-made printer

1T

05

'

~ Calibration Ruler Line

ik o %
B¢

976 0. a

3

N s

R

ot T =
Fig 4. Manufactured microreactor and reference scale for deter-
mining microchannel width

Fig 5. Measuring the channel width of a 3D-printed microreactor,
diameter is a) 0.86 mm and b) 0.49 mm (scale is 10 mm).
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3. Chemical compatibility of filaments

Transparent filaments of various polymers are commer-
cially available that can be used to make microreactors.
Chemical compatibility of filaments in contact with re-
actants and synthesis products is an important property
that must be tested before using the material and fabri-
cating the microreactor. Otherwise, dissolution, swell-
ing, chemical reaction, or loss of material transparency
may occur during the reaction. Chemical resistance of
polymer materials is commonly tested with the swelling
test. In this test, polymer material is immersed in differ-
ent solvents during defined period. Before the test, ma-
terial sample is weighted, to define its mass before ex-
posure to solvents. During the test, material sample is
weighted several times and those values are compared
with initial mass of the sample [5, 6].

Swelling test was performed with four transparent polymer
materials (Z-Glass, Tough, ABS-T and PLA) that can be
used for microreactor manufacturing. Six different solvents
were used. Redistilled water, ethanol and acetone were cho-
sen as standard solvents that are commonly used for various
applications. To test their compatibility with filaments, bio-
diesel, sunflower oil and a mixture of methanol and potas-

Table 1. Results of swelling test [7, 8]

Mass increase
Filament Solvent after Comment
3h[%]]|6h [%]
water 0.4 0.4 /
ethanol 0.4 1.3 /
acetone / / dissolved
PLA biodiesel 0.6 0.5 /
sunflower oil -0.1 -0.1 /
methanol + KOH / / dissolved
water 0.6 0.6 /
ethanol 1.1 2.2 /
acetone / / dissolved
lost
ABS.T | biodiesel 21.1 30.3 transpa-
rency
sunflower oil -0.2 0.0 /
lost
methanol + KOH 7.3 9.8 transpa-
rency
water 0.0 0.0 /
ethanol 0.0 0.0 /
acetone 0.6 1.9 /
Tough R diesel 66 | 99 /
sunflower oil 0.6 0.4 /
methanol + KOH 0.5 0.5 /
water 0.0 0.0 /
ethanol 0.0 0.0 /
lost
acetone 19.9 19.9 transpa-
Z-Glass renfy
biodiesel 1.1 1.4 /
sunflower oil -0.2 1.0 /
methanol + KOH / / dissolved
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sium hydroxide (KOH) were used as specific product and
reactants during biodiesel synthesis. Mass concentration of
KOH in methanol was 36,12 g/L.. Used biodiesel was pro-
duced via batch reaction and it was not purified. For the test,
pieces of filaments (about 3 cm in length) were weighted
and placed in vials with solvents. During the test with bio-
diesel synthesis components, vials were kept in a laboratory
water bath at the temperature of 60 °C. The swelling test
with redistilled water, ethanol and acetone was conducted
under room conditions. Material samples were dried and
weighted after 3 and 6 hours of immersion in all of the
tested solvents. The mass values of the samples thus obtained
were used for calculation of mass increase during the test.
Results of the performed swelling test are shown in Table 1.

4. Effect of surface treatment on droplet
formation in microreactors

Microreactors are increasingly used, and the main reasons
for this are the small volumes of reagent consumed during
the reaction and the rate of reaction carried out within the
microreactor. In addition, reactions within liquid droplets are
being increasingly investigated today, for which microreac-
tors are also being tested. In order to carry out and control
the reaction and to ensure reproducibility of the results it is
necessary to obtain droplets of uniform size and shape.

The formation of droplets depends on the instability of the
liquids and their surface tension. In passive microfluidic
systems, the introduction of one immiscible fluid (dispersed
phase) into another (continuous phase) leads to droplet for-
mation by displacement, dripping, erupting or flowing

All these methods, except extrusion, are the result of
capillary instability. Capillary instability is the effort of
a fluid to minimize surface tension. The formation of
droplets within a microreactor can be influenced by the
introduction of force (electrical, magnetic or centrifugal)
or by changing the material properties or the flow rate
within the microreactor [9].

One of the key factors defining droplet shape is the chan-
nel geometry. In our study, the formation of droplets in
channels perpendicular to each other was examined. For
reactors with channel diameters of 1 mm to 2 mm, dif-
ferent flow rates were used (oil : water; in pL/min): 1000
: 100: 1000 : 200: 1000 : 400; 1000 : 500 for the refer-
ence sample, and additionaly 500 : 100, 500 : 500 and
500 : 50 for reactors with hydrophobized channels. Our
research has shown that the size, shape and stability of
droplet production is influenced by channel size, surface
pretreatment (hydrophobization), and fluid flow rate.

Fig. 6a shows the flow instability in the untreated channel,
while by treatment of the channels with a hydrophobic
agent the flow becomes stable with the droplets in the
outlet channel being regular. From all of the above, it is
concluded that the treatment of the channels with hydro-
phobic treatment in some channels increases the number
of droplets that become more regular (uniform in size). In
some, however, it reduces the number of droplets, which

Fig. 6. Comparison of the number and shape of the droplets insi-

de the channels (diameter of inlet 1.5 mm, outlet 2.0 mm), a)

without treatment, b) treated with hydrophobic agent. Measured
at flows: oil 1000 pL/min; water: 400 puL/min [10]

become elongated. Flow rate also significantly affects the
appearance and number of droplets in the channels.

5. Addition of static mixers to millireactors

The idea of moving from batch to continuous processes is
gaining interest in the industry since they allow for econom-
ical production and the inflow of larger quantities of input
currents. Continuous production reduces energy consump-
tion and waste production compared to the equivalent
amount of product produced by the batch method. As many
of these processes rely on good mixing and heat transfer,
static mixers are being increasingly incorporated into pro-
cess systems [11, 12]. Since mixing directly affects the ef-
ficiency of the process and the amount of released by-prod-
ucts, it is very important to characterize mixing in
industrial processes for economic and environmental rea-
sons. Static mixers, due to a series of fixed elements, redis-
tribute fluid flow in directions transverse to the main flow.
With this mixing method, mass transfer is occurring by
convection rather than diffusion [13-16].

In our study [17], the effect of static mixers on the reaction
conversion was examined. Fenton oxidation of organic
pollutants (dye Reactive Blue 182) was studied. Millire-
actors with static mixers were fabricated by stereolithog-
raphy (one of the additive manufacturing technologies).
The millireactor used as a benchmark was a simple tubu-
lar millireactor, with 2 mm circular diameter. Several
types of static mixers were designed and tested. The ge-
ometry of the millireactor with static mixers shown on
Fig. 7 was in the form of a cylinder inside the cylinder
with the inlet and outlet on opposite sides, which resulted
in centrifugal mixing of the fluid. The flow rates used
were between 100 pL/min and 2600 uL/min.

The values of Reynolds’ numbers calculated for the tu-
bular millireactor suggest laminar flow for all used flow
rates. During the reaction, the laminar flow was clearly
visible at all lower flow rates, while at higher flow rates,
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Fig. 7. Comparison of millireactors with centrifugal mixing whi-

le using low flow rates (200 puL/min, left picture) and high flow

rates (2600 pL/min, right picture). Stronger mixing at the contact

point of two reactant currents is noticeable on the right picture
showing higher flow rate.

strong mixing at the contact point of two reactant cur-
rents was visible as shown in Fig. 7.

6. Conclusions

We have demonstrated the usefulness, feasibility and
flexibility of additive manufacturing in the fabrication of
microreactor systems. Within the timespan of one or two
days, a microreactor geometry tailored to a specific re-
action can be designed, manufactured, and used to per-
form chemical reaction. Due to the time and cost-effec-
tiveness of this type of fabrication technique, it is
possible to study several materials engineering and
chemical engineering problems at the same time.
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