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a b s t r a c t

Microfluidic technology has been successfully applied to determine the reaction kinetics relying on its
great characteristics including narrow residence time distribution, fast mixing, high mass and heat trans-
fer rates and very low consumption of materials. In this review, the recent progresses about the reaction
kinetics measured in microreactors are comprehensively organized, and the kinetic modeling thoughts,
determination methods and essential kinetic regularities contained in these studies are summarized
according to the reaction types involving nitration, oxidation, hydrogenation, photochemical reaction,
polymerization and other reactions. Besides, the significant advances in the innovation of micro-
platform are also covered. The novel reactor configuration methods were established mainly to achieve
rapid and efficient data collection and analysis. Finally, the advantages of microfluidic technology for the
kinetic measurement are summarized, and a perspective for the future development is provided.
� 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Kinetics and thermodynamics are two most important charac-
teristics of a chemical reaction. Thermodynamics determines the
necessary conditions for a reaction to occur, as well as its direction
and limitation. Kinetics determines the rate of a reaction, closely
related to the dimension of time. The kinetic study is essential both
in the field of chemistry and chemical engineering. The kinetic
study can provide clues to reaction mechanism, helping chemists
to grasp the information of the transition state and further under-
stand the pathways of a reaction at the molecular level [1]. In this
way, chemists can better design and realize a reaction. For chemi-
cal engineers, the kinetic study is the key to know the rate-
determining step, and this important information can help them
to find the right direction to intensify a reaction and make it more
efficient and safer [2]. Furthermore, kinetic date is the foundation
to design reactors both in laboratory research and industrial
production.

To obtain the kinetics of a reaction, it is necessary to know the
relation of the reaction rate with the concentrations, temperature
and pressure (Eq. (1)). The establishment of function
f ðCA;CB;CC; ::: ; T; PÞ must be based on a deep understanding of
the reaction mechanism and the law of interaction between mole-
cules. Every reaction is accomplished via a series of elementary

reactions, which follow the law of mass action. Based on the theory
of rate-determining step, the overall rate equation can be deduced
via equilibrium hypothesis [3] or steady-state hypothesis [4].
Sometimes, the function can be expressed as the form of power-
law, just like the one shown in Eq. (2). As for the more sophisti-
cated reactions with various interaction steps, the form of the func-
tion can become very complex. Eq. (3) shows the kinetic equation
of the hydrogenation reaction of carbon monoxide on the Fe–Co–
Mn catalyst. The reaction rate constant (k in Eq. (2), kp in Eq. (3))
is strongly affected by temperature, which can be described by
Arrhenius formula (Eq. (4)).

r ¼ dCA

dt
¼ f ðCA;CB;CC; ::: ; T; PÞ ð1Þ

f ðCA;CB;CC; ::: ; T; PÞ ¼ kCa
AC

b
BC

c
C ::: ð2Þ

�rCO ¼ kpbCObH2PCOPH2

ð1þ 2ðbCOPCOÞ0:5 þ bH2PH2 Þ
3 ð3Þ

k ¼ Aexpð�Ea=RTÞ ð4Þ
The accurate measurements of temperature and concentration

field, as well as the reaction time are keys to determining reaction
kinetics. Moreover, every reaction is definitely tight coupled with
mass and heat transfer. Under unfavorable mass transfer condition,
the reaction can be controlled by external or internal mass transfer,
thus the obtained rate equation can only reflect the characteristics
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of mass transfer rather than the chemical reaction itself [5]. Under
unfavorable heat transfer condition, the thermal effect of the reac-
tion can influence the temperature distribution, generating local
hot or cold spots and thereby seriously interfering with the kinetics
determination.

The conventional kinetic measurement is carried out in a stir-
ring tank. The methods of data collecting and processing include:
(1) determining the initial reaction rate to fit the kinetic differen-
tial equation; (2) determining the change of concentration with
reaction time to fit the kinetic integral equation. For some conven-
tional reactions with moderate reaction rate, viscosity, tempera-
ture and pressure, the stirring method hold advantages because
of its ease of device configuration [6]. However, it has great limita-
tions in some special reaction systems such as fast and highly
exothermic reactions, heterogeneous reactions, photocatalytic
reactions and so on.

Microfluidic technology has been applied to various research
fields including biology, medicine, materials, energy and electron-
ics [7,8], and its application value in kinetic measurement has
gradually attracted researchers’ attention. As mentioned above,
the accurate measurement of temperature and concentration field,
as well as their variations with reaction time are the basis of
kinetic measurement, and the characteristics of microreactors
could perfectly meet these requirements.

The uniform temperature field can be easily acquired because of
the fast heat transfer in microreactors. The heat transfer coefficient
could reach 10 kW �m -2 � K -1, which is one order of magnitude
higher than the conventional heat exchangers [9].

The flow state in microreactors is mostly laminar flow because
of the small feature size of 10–500 lm, and by increasing the flow
velocity, the plug flow state can be achieved [10]. The dimension-
less parameter, Péclet number (Pe ¼ uL=D), is often used as a crite-
rion. For many reaction processes in microreactors, Pe could be
larger than 100, indicating that the flow model in the microreactor
had a small deviation from the plug flow and thus the backmixing
could be ignored. Therefore, the residence time distribution (RTD)
can be very narrow. At the same time, the residence time can be
designed at the level of sub-second or even sub-millisecond, which
determines that microreactors can be used as a strong tool to mea-
sure kinetics and regulate reactions in this time scale [11].

The excellent mass transfer performance allows microreactors
to be used for intrinsic kinetic measurement by eliminating mixing
effect and mass transfer resistance. The enhancement of mixing in
microreactors is achieved mainly by shortening the diffusion dis-
tance, which is very important especially for the fast reactions like
nitration, oxidation and so on [12]. Studies [13] have shown that
the mass transfer coefficient in microreactors can achieve
10�4 to 10�3 m�s�1, which is one order of magnitude higher than
that of conventional equipment. Besides, the specific surface area
in microreactors can achieve 103 to 104 m2�m�3, which is one to
two orders of magnitude higher than that of conventional equip-
ment. On the whole, the volumetric mass transfer coefficient in
microreactors is 10–1000 times higher than that of conventional
equipment. The dimensionless parameter, Hatta number (Ha),
which represents the relative speed of the reaction rate to the mass
transfer rate, is often calculated to be lower than 0.3 [14]. There-
fore, the effect of external mass transfer resistance can be easily
eliminated in microreactors [15].

When using solid catalyst, the internal mass transfer can exert
great influence on kinetics. In microreactors, this effect can be
inhibited by reducing the thickness of catalyst layers [16] or by
reducing the catalyst particle size in the slurry-flow microreactors
[17]. The dimensionless number, Thiele modulus (/), is often used
to describe the effect of internal mass transfer. And some studies
indicated that, in microreactors, / < 6� 10�4 can be realized for

heterogeneously catalytic reactions [18], which means that the
internal mass transfer could be ignored.

Another advantage of microreactor is its small volume and very
little reagent consumption. This characteristic provides conve-
nience for the studies on the reactions whose reagents or catalysts
are hard to obtain or prepare [1], and also provides safe guarantee
for kinetic measurement. Besides, the unidirectional flow charac-
teristic in microreactors is conducive to the combination of inline
analysis and feedback control to automate the experiments, which
can significantly improve the data collection and testing efficiency
[19].

The objective of this review is to present the state of the art of
kinetic studies in microreactors. Flow, mixing, mass and heat
transfer characteristics in microdevices are not the focuses of this
work, the relevant content can be referred to the previous review
articles [13,20–23]. In section two, the configuration of microde-
vices is the focus, including the discussion about kinetic modeling,
micro-platform construction and testing methods, all of which are
developed to realize accurate, rapid and flexible kinetic measure-
ment. In section three, the reaction kinetics of nitration, oxidation,
hydrogenation, photochemical reaction, polymerization is dis-
cussed respectively, evaluating the key role played by microreac-
tors in combination with the specific reaction types. Finally, a
perspective for the development of microfluidic technology in
kinetic measurement is provided in section four.

2. Micro-Platform Innovation for Kinetic Measurement

2.1. Inline analysis method

The residence time in microreactors is basically measured
according to the reactor volume and flow rate. In order to acquire
the precise residence time for kinetic measurement, the reaction
must be inline quenched and preserved for off-line analysis. The
inline analysis methods can significantly improve the testing effi-
ciency. Up to now, UV/visible spectrophotometry [24–26], Fourier
transform infrared spectroscopy [11,27], HPLC [19] and GC [28]
have been in-situ combined with microfluidic technology for
kinetic measurement.

Benito-Lopez et al. [24] developed a quartz capillary microreac-
tor combining the inline UV/Vis spectrophotometry to obtain the
kinetics of the nucleophilic aromatic substitution and Diels–Alder
reactions under high pressure condition. The process safety was
effectively improved by using a miniaturized (3 ml volume) reac-
tion system. As shown in Eq. (5), similar to the concept of activa-
tion energy and its definition in Arrhenius equation, the
parameter, activation volume (DV–) was determined to describe
the effect of pressure on the reaction rate. Muto et al. [25] estab-
lished a coaxial microporous mixer (pore diameter = 0.05 mm) in
combination with a capillary microreactor embedded with a static
mixer to measure the kinetics of acetone iodation reaction based
on inline analysis of I�3 by UV/Vis spectrophotometry. The obtained
activation energy was 91 kJ�mol�1, agreeing well with the value in
literatures.

ð@lnk=@pÞT ¼ �DV–=RT ð5Þ
Compared with UV/Vis, HPLC can provide more detailed infor-

mation and has wider applicability because it can separate each
substance in the testing solution. McMullen and Jensen [19] con-
structed a micro-platform for rapid determination of Diels-Alder
reaction kinetics with inline HPLC. Except for inline data collection,
they further developed inline data analysis (Fig. 1). By establishing
a negative feedback adjustment network, the computer can auto-
matically control the reaction temperature, residence time and
material concentration to obtain the kinetic data within a mini-
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mum number of experiments. The obtained kinetic model was val-
idated by scaling the reaction by a factor of 500 in a commercial
microreactor system.

Determination of extremely fast reactions (sub-second reac-
tions) has higher requirements for inline analysis because the dead
time introduced by detecting instrument can exert great effect on
the reaction time. A microreactor coupled with laser based mid-IR
chemical imaging was reported by Keles et al. [11], and the sub-
second organometallic addition reaction of lithium diisopropy-
lamide with phenyl isocyanate was studied in it. As shown in
Fig. 2, through the in-situ visual detection of the infrared spectrum
whose intensity varied continuously with the channel position, the
change of substance concentrations over residence time can be
obtained directly from image recognition. However, the current
equipment can only measure reaction kinetics at room tempera-
ture. The temperature control system should be further developed
for measurement in wider temperature ranges.

2.2. Multiple results in a single test

The batch operation is under non-steady state condition, which
provides convenience for kinetic measurement. The original kinetic
results of the change of substance concentration over reaction time
can be obtained from a single experiment by continuously taking
samples from the batch reactor. However, the operation mode of
kinetic measurement in microreactors is based on steady state.
Sampling process is performed only when the flow system reaches
steady [26]. As a result, the kinetic measurement in continuous
flowmode needs more sets of experiments, which will significantly
reduce testing efficiency and increase reagent consumption.

In order to acquire multiple kinetic results in a single test, the
non-steady state operation mode is introduced in microfluidic
technology. With the continuous development of the material con-

veying system and temperature control system, the flow rate and
temperature can continuously vary with time according to the
pre-set program [27,29]. Duan et al. [26] utilized the linear
decrease of liquid flow rate, which is called the flow rate ramping
method, to determine the kinetics of hydrogenation of nitroben-
zene and a-methyl styrene (see Fig. 3). The residence time contin-
uously increased as the liquid flow rate declined (Fig. 3(b)), the
inline UV/Vis spectrophotometry recorded these continuous
changing signals to determine the reactant conversion at different
residence times (Fig. 3(c) and (d)).

The continuously changing of temperature can also be con-
ducted to measure the activation energy in one set of experiment.
Moore et al. [27] combined the transient temperature ramping
method and inline IR analysis to study the selectivity and kinetics
of carbonylation of aryl bromides. It was proved that the rate-
determining step was different at different temperature ranges,
thereby exhibiting totally different selectivity. The conditions of
temperature ramping method are more stringent than flow rate
ramping method because the temperature itself affects the reac-
tion kinetics. Taking a fluid particle as the research object, within
the range of residence time (for a fluid particle to flow into and
flow out the reaction system), the change in temperature must
be ignored and the reaction should be considered to perform in a
uniform temperature filed. Thus, the rate of temperature ramping
must be designed to match the residence time.

Temperature is a more easily detected quantity compared with
concentration. For reactions with strong thermal effects, tempera-
ture changes can reflect the progress of a reaction. Specifically, if an
exothermic reaction is carried out in an ideal adiabatic system, the
heat released by the reaction can be completely absorbed by the
solution. In this way, the total exothermic heat can be obtained
according to the temperature rise and the heat capacity of the reac-
tion system, and then the conversion rate can be calculated by

Fig. 1. Inline data collection by HPLC and the concept of negative feedback network for kinetic measurement of Diels-Alder reaction. Adapted with permission of American
Chemical Society.
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dividing the total heat by molar reaction heat. Measuring kinetics
by adiabatic temperature rise is based on this principle. Moreover,
multiple sets of kinetic data can be acquired from a single adiabatic
reaction experiment by continuously measuring the temperature
change along the microreactor tube. Wang et al. [30] developed
an adiabatic micro-platform to study the fast-exothermic reaction
between cyclohexanecarboxylic acid and oleum. The temperature
detection was realized by installing eight sensors along the metal
capillary (see Fig. 4).

Infrared thermography is a non-invasive temperature detection
method, which doesn’t change the flow dynamics inside the
microreactor [31]. As shown in Fig. 5(a), a vacuum-adiabatic
microsystem was established by Zhang et al [32]. An infrared cam-
era was installed on the top of the vacuum box to receive the infra-
red signal from the coiled capillary through a windowmade of CaF2
or BaF2, which provides a relatively high and constant transmissiv-
ity to the infrared ray. In this way, the total temperature field can
be obtained with very high resolution (Fig. 5(b)). The concept of
this platform was applied for kinetic measurement of hydrolysis
of ethyl acetate [31] and diazotization of ethyl glycinate
hydrochloride [9]. Considering the effect of temperature on reac-
tion kinetics, the data processing method to fit kinetic parameters
under adiabatic condition is different from the typical one under
constant temperature conditions [33]. However, if the temperature
rise is too small to affect the reaction rate, the pseudo-constant
temperature model is also applicable [31].

Some interesting methods have been developed to further
improve the testing efficiency and minimize the reagent consump-
tion in kinetic measurement based on microfluidic technology.
Grant et al. [34] constructed a microfluidic device that incorporates
a functionalized self-assembled monolayer to inline record the
‘‘footprint” of a chemical reaction. When the reaction solution flew
through the microchannel, the reaction and product molecules
could interact with the substrate, thereby leaving recognizable

chemical signals (see Fig. 6). These signals contained the informa-
tion of substance concentrations can be used to resolve kinetics by
laser desorption/ionization mass spectrometry. Fradet et al. [35]
developed a single-droplet microreactor and a reaction–diffusion
(R-D) mathematical model to characterize the reaction kinetics
based on the fusion process of reactant droplets. Only 20 nl volume
of reagent was consumed in each measurement.

When one reactant is in gas phase, the stable monodisperse
bubble-flow pattern can be realized in microreactors. Combined
with online microscopic imaging system, the reaction rate can be
measured according to the decrease rate for bubble volume. Based
on this principle, Zheng et al. [36] studied the absorption kinetics of
carbon dioxide in 2-amine-2-methyl-1-propanol solution, and
proved that the overall adsorption rate in aqueous solution was
much higher than that in non-aqueous solution.

3. Kinetic Measurement of Different Reaction Systems in
Microreactors

In this section, the reaction systems are divided into six cate-
gories, namely (1) nitration, (2) oxidation, (3) hydrogenation, (4)
photochemical reaction, (5) polymerization and (6) other reac-
tions. In different categories, the microfluidic technology plays dif-
ferent roles in kinetic measurement. However, the basic principle
remains the same, which is to make the process safer and more
efficient, and make the results more accurate and reliable.

3.1. Nitration

The mixed acid (nitric acid and sulfuric acid) is the most com-
monly used nitrating agent, almost one-third of reports used
mixed acid for aromatic nitration over the last 50 years [37]. Sulfu-
ric acid functions as the dehydrant and catalyst, provides hydrogen

Fig. 2. Infrared spectrum scanning of reaction solution continuously changing with the channel position. Adapted with permission of American Chemical Society.
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Fig. 3. (a) Schematic of the automated flow system for the accurate determination of gas–liquid-solid hydrogenation kinetics. (b) Flow rate ramping from 1.2 ml�min�1 to
0.37 ml�min�1. (c) Absorbance of a-methyl styrene at various measurement times. (d) Conversion of a-methyl styrene at various residence times. Adapted with permission of
Royal Society of Chemistry.

Fig. 4. Adiabatic micro-platform configuration combined with inline temperature detection. Adapted with permission of Elsevier.
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ions to catalyze the formation of nitronium ion NOþ
2 , which is the

electrophilic species to attack the substrate. Most of nitration pro-
cesses using mixed acid as nitrating agent present a liquid–liquid
heterogeneous state because the organic substrates have very lim-
ited solubility in mixed acid. It has been acknowledged that the
reaction occurs at the mixed acid phase, and the mass transfer
from organic phase to aqueous phase can reduce the apparent
reaction rate [37]. Therefore, the reaction process is prolonged to

even several hours. Actually, nitration is a typical kind of fast and
highly exothermic reactions. The intrinsic kinetics indicates that
100% conversion of aromatic substrate can be achieved with few
seconds [38]. In general, the reaction heat of nitration ranges from
�73 to �253 kJ�mol�1. Such great amount of heat release calls for
the superior heat-exchange ability to control the temperature.

According to the above characteristics, the conventional batch
reactor and operation mode is hard to be applied for kinetic

Fig. 5. (a) The vacuum-adiabatic micro-system combined with infrared thermography for inline acquisition of reactor temperature field. (b) The typical temperature profiles
at different times during measuring process. Adapted with permission of Elsevier.

Fig. 6. Self-assembled monolayer containing maleimide groups reacts with the cysteine-terminated peptide. Adapted with permission of American Chemical Society.
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measurement of nitration, and the advantages of microreactors are
highlighted. Table 1 summarizes the typical studies on the reaction
kinetics of nitration based on microfluidic technology.

Some reactants can dissolve in the nitrating agents, forming a
homogeneous reaction system, which brings convenience for
kinetic measurement. Li et al. [38] studied the nitration of 2-
ethylhexanol in mixed acid (Table 1, Entry 1). The product, 2-
ethylhexyl nitrate, is a temperature-sensitive energetic substance
that are highly decomposable and explosive. By using microreac-
tors to enhance mixing and precisely control the reaction temper-
ature and time, the conversion of 2-ethylhexanol and selectivity to
2-ethylhexyl nitrate can both exceed 99% in less than 10 seconds.
Both the apparent kinetics and intrinsic kinetics were obtained in
a capillary microreactor. As shown in Eq. (6), the apparent reactant
rate constant, kapp, is a function of temperature and sulfuric con-
centration. The MC function was further introduced to decouple
the sulfuric concentration from the reaction rate constant, and an
intrinsic kinetic equation was obtained, in which the concentration
of nitrating agent is based on nitronium ion (Eq. (7)). Eventually,
the activation energy Ea was determined to be 42.7 kJ�mol�1

according to the values of k0 at different temperatures.

r ¼ kappC2 - EHCHNO3 ð6Þ

r ¼ k0C2 - EHCNOþ
2
10�nMC ð7Þ

The nitration of acetyl guaiacol with fuming nitric acid-acetic
acid system was studied by Zhang et al. in a capillary reactor
[39]. 5-Nitroacetylguaiacol and 4-nitroacetylguaiacol were the
two isomer products of this nitration process. As fuming nitric acid
was greatly excess, it could be assumed that its concentration is
constant. Thus, the reaction rate could be written as Eq. (8). The
reaction rate constant, k1 and k2 represents the formation of the
two kinds of products. According to the selectivity of the two prod-
ucts and the overall reaction rate at 50–90 oC, Ea were obtained
respectively (139 kJ�mol�1 for 5-nitroacetylguaiacol, 101 kJ�mol�1

for 4-nitroacetylguaiacol). High temperature is beneficial to
improve the selectivity of targeted product, 5-nitroacetylguaiacol,
because of its higher value of Ea. By improving the security of this
reaction system, the microreactor enabled the process to be con-
ducted at high temperature and high concentration of fuming
nitric acid, thus elevating the selectivity.

r ¼ ðk1 þ k2ÞCArHC
0
HNO3

ð8Þ
Rapid mixing of reactants in the initial stage of the reaction is

the key to determining the intrinsic kinetics of homogeneous
reactions. Theoretically, once the uniform mixing at the molecu-
lar level is achieved, mass transfer will no longer affect the reac-
tion rate. However, the condition is totally different in
heterogeneous reactions. When the two reactants or the reactant
and catalyst are in different phases, the mass transfer can always
affect the kinetics during the reaction. Under this condition, it is
particularly important to enhance the mass transfer to eliminate
its effect.

Because of the enhanced mass transfer characteristics, microflu-
idic technology is recognized to be an effective platform for the
determination of the intrinsic kinetics of the rapid nitration under
liquid–liquid heterogeneous condition. Wen et al. [14] studied the
nitration of trifluoromethoxybenzene in a capillary microreactor
using mixed acid as the nitrating agent. The set-up configuration
is shown in Fig. 7, which is the typical micro-platform construction
method for the determination of nitration kinetics. The mass trans-
fer characteristics were investigated under the droplet flow condi-
tion, and the mass transfer coefficient in the acid phase was
estimated using a semi-empirical equation. A quasi-
homogeneous reaction kinetic model was proposed by assuming
the intrinsic reaction as the rate-determining step (Table 1, Entry
3). Based on the obtained reaction constant, the Hatta number,
which represents the relative speed of the reaction rate to the mass
transfer rate, were further calculated. The low values of Hatta
number (<0.3) indicate that TFMB nitration was kinetically con-
trolled, which in turn verifies the correctness of the quasi-
homogeneous assumptions.

In order to further enhance the mass transfer performance,
Russo et al. [12] developed a microreactor embedded with a static
mixer (see Fig. 8). In this way, by completely eliminating the effect
of mass transfer on kinetic measurement, the previously developed
reaction kinetics of benzaldehyde nitration could be directly
extended to the heterogeneous condition, which was in line with
the practical industrial process. The kinetic results are listed in
Table 1, Entry 4. This important conclusion validated that the
microfluidic technology could be a promising alternative to
scaled-up batch reactors for nitration process because it can
achieve kinetic-control regime at a relatively low flow rate.

Table 1
An overview of some typical studies on nitration kinetics

Entry Authors Reactants Nitrating agent Phase state Kinetic equation Activation
energy/
kJ�mol�1

Microreactor
scheme

1 Li, et al.,
2017 [38]

2-Ethylhexanol Mixed acid Homogeneous r ¼ k0C2-EHCNOþ
2
10�nMC 42.7

2 Zhang, et al.,
2016 [39]

Acetyl guaiacol Fuming nitric acid
& acetic acid

Homogeneous r ¼ ðk1 þ k2ÞCArHC
0
HNO3

139 (5-nitro)
101 (4-nitro)

3 Wen, et al.,
2018 [14]

Trifluoromethoxybenzene Mixed acid Liquid–liquid ri ¼ kiC
L
TFMBCNOþ

2
10�nMC 29.3 (ortho)

26.9 (para)

4 Russo, et al.,
2019 [12]

Benzaldehyde Mixed acid Liquid–liquid rN;i ¼ kN;iC
aq
ArCNOþ

2
/

5 Lan, et al.,
2021 [33]

o-Dichlorobenzene Mixed acid Liquid–liquid 1
DTmax

dT
dt ¼ kC1;0 1� DT

DTmax

� �
M � DT

DTmax

� �
31.0
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Stressed by all of the above studies, the constant temperature
condition could be realized in microreactors because of the rapid
heat transfer performance. However, the absolutely ideal isother-
mal condition is impossible to achieve even in microreactors.
And the temperature gradient along the reactors can exert system
error in kinetic measurement, especially for the highly exothermic

nitration completed within a few seconds. Measuring kinetics
under adiabatic condition is another way that can be applied for
this exothermic reaction. The basic principle behind it is to obtain
the substrate conversion according to temperature rise. Lan et al.
[33] developed an adiabatic micro-platform to investigate the con-
tinuous nitration of o-dichlorobenzene. As shown in Fig. 9(a), it

Fig. 7. Micro-platform for kinetic measurement of nitration. Adapted with permission of Royal Society of Chemistry.

Fig. 8. Microchip embedded static mixer for mass transfer enhancement in benzaldehyde nitration process. Adapted with permission of Elsevier.
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was demonstrated that the micropacked-bed reactor has better
performances compared with capillary tubes because the fixed
glass beads could enhance the mass transfer by facilitating the sec-
ondary breakage of droplets and prevent them from coalescence.
Further optimizing the packing size in micropacked-bed (Fig. 9
(b)), nearly 100% conversion could be achieved within 5 seconds.
Based on the second-order kinetics (Eq. (9)) and the characteristics
of adiabatic reaction, the equation shown in Eq. (10) was further
deduced, which is available for determination of kinetic parameter
from experimental data. The fitting results can predict the sub-
strate conversion very well (Fig. 9(c) and (d)).

r ¼ �dC1

dt
¼ kC1CHNO3 ð9Þ

1
DTmax

dT
dt

¼ A expð�Ea=RTÞC1;0 1� DT
DTmax

� �
M � DT

DTmax

� �
ð10Þ

3.2. Oxidation

Oxidation is a typical kind of highly exothermic reaction, and
the extreme conditions of high temperature and high pressure
are widely used for gaseous oxidation process. In most instances,
pure oxygen has better oxidative performances than air [40], thus
the process safety issue must be given full attention when the reac-
tion performed in the explosion limit. The selective oxidation (e.g.,
selective oxidation of CO in the mixture of CO and H2) and incom-

plete oxidation (e.g., oxidation of propylene to produce propylene
oxide) are preferred is many processes, where strict control of tem-
perature is particularly important to selectivity [41]. The gaseous
oxidation of small molecules is usually carried out in the presence
of solid catalysts [42]. The precise measurement of gas–solid reac-
tion kinetics is based on the rapid removal of the reaction heat to
maintain constant temperature and enhancement of mass transfer
to eliminate the effect of internal diffusion. In gas–liquid (hydroan-
thraquinone oxygen oxidation [40]) and liquid–liquid (heteroge-
neous oxidation using hydrogen peroxide [17]) oxidation process,
the oxidant and substrate are in different phases, thus the
enhancement of mass transfer between multiple phases is essen-
tial for kinetic measurement.

Microfluidic technology has been successfully applied to obtain
the kinetic regularities of oxidation. Table 2 summarizes the
related works in recent years, and the advantages of microreactors
embodied in these studies will be introduced in the following
discussion.

The preferential oxidation of CO in reformer gas (mixture of CO
and H2) is a promising method for reducing CO contamination
down to 5 � 10�3 % (volume), and the prepared high-purity hydro-
gen can be used as energy source in fuel cells. Han et al. [28] devel-
oped a micropacked-bed reactor with fixed Ru/c-Al2O3 catalyst to
study the preferential oxidation of CO at atmospheric pressure and
temperature range of 50–300 oC. Combined with the inline analysis
method of gas chromatography, the experimental results were
rapidly recorded. The effects of partial pressure of CO and O2, as

Fig. 9. (a) Time profiles of conversion under adiabatic conditions in different forms of microreactors. (b) Reaction perfomances of micropacked-bed reactors with different
packing sizes. (c) Fitting results of adiabatic kinetic model with experimental data. (d) Prediction of the isothermal nitration by the obtained kinetic model under different
temperatures. Adapted with permission of Springer.
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well as temperature on the reaction rate were analyzed respec-
tively to obtain the reaction orders of reactants and the activation
energy. Entry 1 in Table 2 shows the obtained kinetic equation and
the value of apparent activation energy based on power law. The
negative value of CO order and positive value of O2 indicate that
the reaction is limited by the adsorption of dissociative O2 mole-
cules on the catalyst surface due to the presence of a dense CO
layer on it, which is also the essence of selective oxidation even
if the partial pressure of CO is much lower than H2. It was also
demonstrated that Ru/c-Al2O3 catalyst exhibited better perfor-
mances than the commonly used Pt supported catalyst, with
respect to higher activity and selectivity over a wide range of CO
concentrations.

The plug flow (PFR) model is always used to establish mass bal-
ance equation in microreactors. However, the velocity distribution
exists in the radial direction of the tube or the microchannel, lead-
ing to the fact that the residence time distribution (RTD) does not
perfectly comply to the PFR model. Nikolaidis et al. [43] established
a micro-structured recycle reactor, relying on the large recycle
ratio to simulate the operation mode of CSTR in a microreactor.
The RTD results of the recycle reactor justifies the assumption that
the recycle loop behaves as an ideally mixed CSTR (see Fig. 10). On
this platform, the kinetics of CO selective oxidation was studied.
The reaction kinetics of pure CO with O2 catalyzed by Pt-Ru/c-
Al2O3 was measured first. And then, the kinetics under the influ-
ence of H2, CO2, and H2O was studied to uncover the mechanism
of CO preferential oxidation. The detailed kinetic results, which
are listed in Table 2 (Entry 2), are basically consistent with the
study of Entry 1. The oxidation of CO is also an important reaction

for automobile exhaust treatment, which was studied in a fix-bed
microreactor to obtain the intrinsic kinetics [42].

The above studies don’t involve the effect of internal mass
transfer on the reaction kinetics. Considering the intrinsic reaction
kinetics and internal diffusion to describe the epoxidation of ethy-
lene, Russo et al. [44] developed two novel reactor models, one for
a washcoated reactor and the other one for a silver plate microre-
actor. The kinetic parameters were obtained by fitting the two
models to experimental data. As shown in Table 2 (Entry 3), the
differences of kinetic parameters including activation energy and
adsorption equilibrium constant for the two reactors indicated that
the loading method of the catalyst and the flow characteristics in
the reactor can affect the reaction kinetics.

The reaction kinetics of propylene epoxidation over Au/TiO2

catalyst was studied in a stainless-steel capillary microreactor
(0.9 mm inner diameter) packed with 20 mg catalyst [48]. The
kinetic model containing the catalyst deactivation process were
established to quantitively explain the effect of concentrations of
hydrogen, oxygen and propylene on the yield of propylene oxide.
The experiments under the condition within explosion limit were
safely carried out in microreactors, thus broadening the measur-
able concentration ranges.

The oxychlorination of ethylene to prepare dichloroethane over
CuCl2 catalyst was studied in two kinds of microreactors, the first
one was with catalyst coated on the walls, and the second one
was with catalyst pellets packed in it [49]. A higher reaction rate
was achieved in the first microreactor because the higher internal
surface-to-volume ratio was realized by establishing a thinner cat-
alyst layer. The activation energy was measured in both of the two

Table 2
An overview of some typical studies on oxidation kinetics

Entry Authors Reactants Catalyst Phase state Kinetic equation Activation energy
/kJ�mol�1

Microreactor
scheme

1 Han, et al., 2001
[28]

CO, O2 Ru/c-Al2O3 Gas–solid r ¼ kP - 0:48
CO P0:85

O2
95

2 Nikolaidis, et al.,
2016 [43]

CO, O2 Pt-Ru/c-Al2O3 Gas–solid r ¼ kP - 0:53
CO P0:79

O2
94.2

3 Russo, et al., 2015
[44]

ethylene, O2 Ag Gas–solid r ¼ k1CECO2

ð1þKECEþKO2
CO2

Þ2
31.0 (silver plate)
45.9 (washcoat)

4 Tan, et al., 2011
[40]

THEAQH2, O2 / Gas–liquid r ¼ kCTHEAQH2
CL
O2

56.8

5 Ebrahimi, et al.,
2012 [45]

Formic acid, H2O2 Sulfuric acid Homogeneous r ¼ dCFA
dt ¼ �kCHPCFACH3O

þ

þk�1CPFACWCH3O
þ

60.4 (forward)
63.6 (reverse)

6 Zhao, et al., 2021
[46]

Benzene, H2O2 Sodium
metavanadate

Gas–liquid dCben
ds ¼ �k1CbenCH2O2

99.5

7 Dong, et al., 2015
[17]

Cyclohexanone,
NH3�H2O, H2O2

TS-1 Liquid–solid dCben
ds ¼ �k1CbenCH2O2

93.2

8 Li, et al., 2020
[47]

Cyclohexanol,
cyclohexanone, HNO3

Cu(Ⅱ), V(V) Liquid–liquid ? gas–
liquid–liquid

ri ¼ dCi
dt ¼ kCaNAC

b
IM

94.0 (AA)
103 (GA) 64.2
(SA)
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reactors (49.0 kJ�mol�1 in the first one, and 36.2 kJ�mol�1 in the
second one). It is understandable that the activation energy was
higher in the first microreactor because the internal mass transfer
was further enhanced and the overall reaction was closer to the
kinetic-control condition.

When the substrate is liquid under the applied temperature and
pressure conditions, the reaction system of oxygen oxidation is
transformed to gas–liquid or gas–liquid-solid phase state, and
the mass transfer between gas and liquid phases should be consid-
ered during kinetic measurement. Tan et al. [40] developed a
membrane-dispersion microreactor and used it for oxidation of
hydrogenated 2-ethyltetrahydroanthraquinone, which is an essen-
tial step for H2O2 production (see Fig. 11). The size of the dispersed
bubbles was around 100 lm, which was only one-fifth to one-
tenth of that in the conventional equipment. Accordingly, the Hatta
number was calculated to be 0.01–0.2, thus the oxidation process
was proved to be kinetic control based on the enhancement of
mass transfer. The intrinsic reaction kinetics using pure oxygen
and air as oxidant was studied respectively, the obtained results
are listed in Table 2 (Entry 4). The reaction rate using pure oxygen
is obviously faster, but the safety problem will be more prominent.

The oxygen oxidation of benzyl alcohol was studied in a flat
membrane microchannel reactor packed with Ru/Al2O3 catalyst
[50]. It was proved that the mass transfer of oxygen in the catalyst
bed is the rate-control step, thus the key to process intensification
was to reduce the reactor depth.

Hydrogen peroxide is a green oxidant, and the reaction condi-
tions are usually milder than oxygen oxidation [7]. Ebrahimi
et al. [45] studied the peroxidation of formic acid and acetic acid

catalyzed by sulfuric acid in a tabular microreactor. The Peclet
number was higher than 500 in this reaction system, which meant
that the axial dispersion was negligible. However, the velocity
maldistribution and mass diffusion in radial direction could influ-
ence the kinetic measurement. Three models, which were respec-
tively based on PFR (1), laminar flow (parabolic velocity
distribution) considering the radial diffusion (2) or not (3), were
established and fitted with the experimental data. The results
demonstrated that model (3) had the best fit, indicating that con-
sidering the velocity distribution under laminar flow was benefi-
cial to improve the accuracy of kinetic model (the results are
shown in Table 2 entry 5). The maldistribution of velocity in lam-
inar flow can broaden the RTD of reactor. The use of helical capil-
lary to replace the straight one is an effective solution because a
secondary flow could be formed by Dean Vortices in the helical
capillary microreactor [51], which was used for kinetic measure-
ment of propionic acid peroxidation [52].

Another case using hydrogen peroxide as the oxidant is the
direct oxidation of benzene to phenol with sodium metavanadate
as the catalyst [46]. In a tabular microreactor, the actual residence
time was obviously shorter than the set one because the gas phase
was formed from the decomposition of H2O2. By fitting the flow
velocity of gas phase along the reaction tube, the residence time
was calculated accurately. In this way, the reaction kinetics of phe-
nol synthesis, hydrogen peroxide decomposition and p-
benzoquinone formation were determined together. The results
are listed in Table 2 (Entry 6).

TS-1 is a commonly used solid catalyst in hydrogen peroxide
oxidation process. Dong et al. [17] developed a micro-platform to

Fig. 10. (a) Process diagram of the recycle microreactor. (b) Residence time distribution in the recycle reactor at recycle ratio of 35. Adapted with permission of Elsevier.

Fig. 11. (a) Set-up of oxidation of hydrogenated 2-ethyltetrahydroanthraquinone using membrane-dispersion microreactor (b) The SEM picture of the microfiltration
membrane surface. Adapted with permission of Elsevier.
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determine the reaction kinetics of cyclohexanone ammoximation
reaction in the slurry-flow condition. To obtain the intrinsic kinetic
laws, the effect of external diffusion resistance was eliminated by
the enhanced mixing and rapid mass transfer in the microreactor,
and the effect of internal diffusion was eliminated by reducing the
particle size of catalyst. Moreover, an ultrasonic field was intro-
duced to avoid the sedimentation of solid catalyst. By assuming
that the reaction of the hydrogen peroxide adsorbed on Ti active
sites with free ammonia was the rate-determining step, the intrin-
sic kinetic model was established and fitted well with the experi-
mental results (shown in Table 2, Entry 7).

Except for oxygen and hydrogen peroxide, nitric acid can also be
used as the oxidant in the presence of copper and vanadium cata-
lysts. Li et al. [47] studied the oxidation of cyclohexanol and cyclo-
hexanone (K/A oil) with nitric acid to produce adipic acid. This
reaction is accompanied by the formation of gaseous by-product
NOx, so the phase state changed from liquid-liquid to gas–liquid–
liquid and the apparent flow velocity increased as the reaction pro-
ceeded. By measuring the volumetric flow rate of the gas mixture
at different length of capillary microreactor, the residence time
was calculated by integration based on the assumption that the
flow velocities of gas phase and liquid phase were the same. The
apparent power-law kinetic model was established as shown in
Eq. (11), NA represents nitric acid, IM represents the reaction inter-
mediates, and the subscript ‘‘i” respectively represents three differ-
ent products, adipic acid, glutaric acid and succinic acid. The
activation energy in the formation of the three products were
obtained and the results are listed in Table 2 (Entry 8). The activa-
tion energy of adipic acid, which is the targeted product, is in the
middle of the three products. This fact determines that tempera-
ture must be strictly controlled to improve selectivity for this
highly exothermic reaction, and the advantage of rapid heat
exchange in microreactors is embodied here.

ri ¼ dCi

dt
¼ k0expð�Ea=RTÞCa

NAC
b
IM ð11Þ

Microfluidic technology can also be used to measure the intrin-
sic kinetics of biocatalytic oxidation [53]. The obtained maximum
reaction rate (kinetic parameter Vmax in Michaelis-Menten equa-
tion) in the microchip reactor (197 U�mg�1) was nearly 30 times
higher than that measured in a cuvette (6.76 U�mg�1), which is also
due to the rapid mass transfer coefficient and high surface-to-
volume ratio.

3.3. Hydrogenation

Hydrogen is usually used as the hydrogen source in hydrogena-
tion, and transition metals (such as Co, Ni, Pd, Ru and so on) are the
most commonly used catalysts. According to the phase state (gas
or liquid) of the substrate under the applied reaction conditions,
the gas–solid or gas–liquid-solid reaction system can be formed
in hydrogenation. In order to improve the reaction rate, high pres-
sure (0.5–10 MPa) is usually needed to increase the partial pres-
sure of H2 in gas phase (for gas–solid hydrogenation) or its
solubility in liquid phase (for gas–liquid-solid hydrogenation).
Moreover, the pretty high temperature is also required in some
reactions (e.g., >500 K for CO hydrogenation [54] and phenol
hydrogenation [55]). Such extreme reaction conditions make the
safety problem to be the first element. In order to obtain the kinetic
regularities of hydrogenation to guide the design of reactors and
processes, the steady flow condition and narrow RTD are the basis
[5]. Besides, the mass transfer enhancement between multiple
phases and strictly control of temperature under high exothermic
condition also seem to be very important [56]. Under the con-
straints of these characteristics, the measurement of intrinsic
kinetics of hydrogenation is still difficult. In recent years, microflu-

idic technology has been acknowledged as a strong tool to solve
these problems, and the related studies are listed in Table 3.

Hydrogenation of carbon monoxide with H2, also known as
Fischer-Tropsch (F-T) process, is a very important reaction in
petrochemical industry to produce a wide range of hydrocarbon
products, including light olefins and long-chain hydrocarbons (fu-
els) (see Fig. 12) [61]. Transitional metals are considered to be
active catalysts for F-T process. Among them, cobalt and iron have
been widely used in industry because of their affordable price and
high activity under relative moderate reaction conditions. Mirzaei
et al. [54] studied the kinetics of F-T process using Fe–Co–Mn/MgO
catalyst prepared by sol–gel method in a fixed bed micro-reactor.
Eighteen possible mechanisms were put forward based on
Langmuir–Hinshelwood–Hougen–Watson theory, and the differ-
ences were reflected in various adsorption forms on the catalyst
surface and carbon chain distribution pathways. Furthermore, the
corresponding kinetic equations were deduced according to differ-
ent possible rate-determining steps. Fitting the parameters in the
obtained kinetic equation with experimental date and analyzing
the errors via rigorous mathematical methods, finally the kinetic
model shown in Eq. (12) was proved to be the best one, and the
activation energy was calculated to be 110.9 kJ�mol�1. One signif-
icant problem in this study is that it is not sufficient to judge
whether the F-T reaction is controlled by internal diffusion or
kinetics just by the magnitude of activation energy. Therefore,
the authors further eliminated the effect of internal diffusion by
reducing the catalyst particle size in the following study [57].
Using the similar experimental and analytical methods but differ-
ent catalyst preparation methods, the kinetic equations and activa-
tion energies were determined in the presence of Fe–Co–Ni
supported catalyst [57] and Fe-Mn catalyst [58] (results are listed
in Table 3, Entries 2 and 3).

�rCO ¼ kpbCObH2PCOPH2

ð1þ 2ðbCOPCOÞ0:5 þ bH2PH2 Þ
3 ð12Þ

Extremely high temperature is needed for gas–solid hydrogena-
tion of substances with high boiling points. Mahata et al. [55] stud-
ied the kinetics of phenol hydrogenation to cyclohexanone in a
tubular microreactor packed with Pd/MgO catalyst under atmo-
spheric pressure and temperature range of 473 to 563 K. As shown
in Eq. (13), the apparent power-law kinetic model was used, and
the fitting results indicated that the order of phenol increased from
�0.53 to 0.46 as the temperature rose from 473 K to 563 K. This
fact suggested the weaker adsorption on the catalyst surface at
higher temperature. The similar conclusion was also obtained by
Vishwanathan et al. [62] in the study of gas–solid hydrogenation
of o-chloronitrobenzene. As the temperature went up from 523 K
to 583 K, the reaction order of o-chloronitrobenzene increased
from 0.39 to 1.45.

r ¼ kPx
phenolP

y
H2

ð13Þ
The variation of reaction orders with temperature indicates that

the simple power law equation model doesn’t fit well in gas–solid
phenol hydrogenation. Massoth et al. [63] developed a kinetic
model based on Langmuir-Hinshelwood method to describe the
hydrogenation of different methyl-substituted phenols (one to
three methyl groups substituted at different positions on the ben-
zene ring). The effects of substituted methyl groups, with respect
to their numbers and locations, on the adsorption and reaction rate
constants were systematically studied. The proposed hydrogena-
tion mechanism is shown in Fig. 13. Two different reaction path-
ways led to the formation of methyl-substituted benzene and
cyclohexane respectively. Combined with quantum chemistry cal-
culation, it was demonstrated that the adsorption constant and
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intrinsic reaction rate constants of the two pathways were related
to the electrostatic potential and ionization potentials of certain
valence molecular orbitals of the substituted phenols.

Supercritical fluids are a kind of novel and green reaction media
because of their great solvent power and excellent mass and heat
transfer performances [64]. Using supercritical propylene as the
reaction media, the hydrogenation process of sunflower oil and
its kinetic regularities were studied in a packed-bed (Pd/C)
microreactor under the conditions of 20 MPa, 428–488 K [65].
Compared with the traditional gas–liquid-solid slurry operation
in batch reactors, the reaction was greatly intensified by forming
a homogeneous vapor phase in supercritical media, in which the
mass transport resistance was alleviated and the actual concentra-
tion of H2 on the catalyst surface was elevated.

When the substrate is in liquid state under the applied hydro-
genation conditions, the reaction system will contain gas, liquid
and solid three phases. Under this condition, the complex mass
transfer processes, including gas–liquid mass transfer, external
and internal liquid–solid mass transfer will significantly reduce
the apparent reaction rate and exert great influence on the mea-
surement of intrinsic kinetics. The conventional gas–liquid–solid
(e.g., batch, packed bed, slurry) reactors cannot perform stable flow
state and greatly enhanced the mass and heat transfer perfor-
mances because of the limited surface-to-volume ratio and small
transfer coefficients [5]. As a strong tool to enhance the mass trans-
fer between multiple phases, microreactors are applied to obtain
the intrinsic kinetics of hydrogenation in gas–liquid-solid reaction
system.

Joshi et al. [56] studied the hydrodeoxygenation of 4 propylgua-
iacol using Ni-Mo/Al2O3 catalyst in a micropacked-bed reactor. By
increasing the superficial velocity to 2.5 m�s�1 and reducing the
catalyst particle size to 75–150 lm, the effects of external and
internal mass transfer on the reaction rate could be neglected.
Using Langmuir � Hinshelwood approach, a series of intrinsic
kinetic equations were deduced according to different adsorption
mechanisms and rate-determining steps. And it was found that
the kinetic model, which was derived based on the surface reaction
as the rate-controlling step and noncompetitive adsorption of reac-
tants and nondissociative adsorption of hydrogen, was the best one
to fit the experimental data. The specific results are listed in Table 3
(Entry 5).

Table 3
An overview of some typical studies on hydrogenation kinetics

Entry Authors Reactants Catalyst Phase state Kinetic equation Activation energy /
kJ�mol�1

Microreactor
scheme

1 Mirzaei, et al., 2013
[54]

CO, H2 Fe–Co–Mn/
MgO

Gas–solid �rCO ¼
kpbCObH2 PCOPH2

ð1þ2ðbCOPCOÞ0:5þbH2 PH2
Þ3

111

2 Mirzaei, et al., 2014
[57]

CO, H2 Fe–Co–Ni Gas–solid �rCO ¼
kbCOPCOðbH2 PH2

Þ1=2

ð1þbCOPCOþðbH2 PH2 Þ
1=2Þ2

82.2

3 Mirzaei, et al., 2015
[58]

CO, H2, H2O Fe–Mn Gas–solid �rCO ¼
KPCO

ð1þ2ðaPCOÞ0:5þðbPH2
Þ0:5Þ2

105

4 Mahata, et al., 1997
[55]

Phenol, H2 Pd/MgO gas–liquid r ¼ kPx
phenolP

y
H2

Orders changed with
temperature

63

5 Joshi, et al., 2013
[56]

4 propylguaiacol, H2,
H2O

Ni-Mo/Al2O3 Gas–liquid-
solid

r ¼ kðKH2
CH2

ÞðKPGCPGÞ
ð1þKPGCPGÞ½1þðKH2

CH2
Þ1=2 �2

33.9

6 Tanimu, et al., 2018
[59]

Phenylacetylene, H2 Pd/CeO2 Gas–liquid-
solid

r ¼ kC0:6
PG

41.4

7 Maresz, et al., 2020
[60]

Cyclohexanone, n-
butanol

Zirconium-
silica

Liquid–solid r ¼ kCCH 54

Fig. 12. The main representative reactions in F-T process.

Fig. 13. The proposed two reaction pathways of hydrogenation of methyl-substituted phenols.
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Hydrogenation of levulinic acid to c-valerolactone was also
studied in a micropacked-bed reactor using Ru/C catalyst [5]. A rig-
orous kinetic model was developed, considering the surface reac-
tion and complete mass transfer processes between multiple
phases. However, the obtained results indicated that the hydro-
genation process was limited by external liquid–solid mass trans-
fer of the dissolved H2 under the majority of operating conditions
(70–130 �C and 0.9–1.5 MPa). Therefore, the microdevice and oper-
ation conditions should be further optimized, for example, by ele-
vating the gas phase ratio to reduce the thickness of liquid film on
catalyst surface.

Except for micropacked-bed reactor, the microchannel with cat-
alyst coating on the walls is another kind of microreactor with
immobilized solid catalyst. The comparisons between these two
kinds of microreactors have been introduced in the previous
review article [7]. Tanimu et al. [59] developed a capillary microre-
actor, its inner walls were covered by the ceria thin film, which was
used as a catalyst support for palladium nanoparticles. The con-
structed microreactor was applied in the phenylacetylene hydro-
genation to prepare styrene. It was proved that the external
diffusion resistance could be neglected according to Mears’ crite-
rion (Cm ¼ �rAqRn

kcCo
¼ 0:0469 < 0:15). And internal diffusion resis-

tance could also be neglected because the thickness of Pd/CeO2

film was only 200 nm, and this is exactly the advantage of wash-
coated microreactors. The obtained kinetic results are listed in
Table 3 (Entry 6).

Also used in the hydrogenation of phenylacetylene, another
construction method of washcoated capillary microreactor was
proposed by Rebrov et al [66]. The Pd nanoparticles were directly
incorporated into the mesoporous titania matrix and delivered to
the internal surface of a fused silica capillary. It was demonstrated
that the catalytic walls prepared in this way were more stable and
the catalytic performances reached close to those obtained with a
homogeneous Pd catalyst.

Except for molecular hydrogen, alcohols can also be used as
hydrogen donors. Maresz et al. [60] studied the reduction of cyclo-
hexanone with n-butanol to produce cyclohexanol in three types of
zirconium-silica monolithic microreactors with different pore
structures in both the nanometric and micrometric scales. Highest
reaction rate was obtained in the most compact monolithic
microreactor with the smallest pore structure, however, the pres-
sure drop was also the highest. The obtained apparent kinetic
results are listed in Table 3 (Entry 7).

3.4. Photochemical reaction

Photochemical reactions have been widely used in organic syn-
thesis and pollutant treatment [67]. Different form thermochemi-
cal activation, photons are utilized to provide sufficient energy to
overcome the activation energy in photochemical reactions. Based
on different activation pathways, photochemical reactions can be
divided into direct and indirect excitations. The direct excitation
pathway requires the reactant molecules to have chromophoric
moiety to absorb energy of photons. The indirect excitation path-
way requires the participation of photocatalyst or photosensitizer,
which can absorb light energy and pass it to reactant molecules in
the form of electron energy that is available for subsequent chem-
ical transformation [68].

The intrinsic kinetics is the basis to design or scale up a photo-
chemical reactor. How to obtain a uniform and controllable light
intensity distribution in the reactor is the key to kinetics determi-
nation. Accordion to Bouguer-Lambert-Beer law, it is difficult to
realize a homogeneous irradiation inside a conventional batch
reactor because of its large characteristic dimension. Besides, the
insufficient mixing and relatively low rate of mass transfer can

make the reaction controlled by external or internal diffusion,
and this effect can be more obvious for fast photochemical reac-
tions with multiple phases. All of the above limitations can be alle-
viated to some degree by utilizing microfluidic technology. Table 4
summarizes the typical works about the kinetic studies of photo-
chemical reaction in microreactors, whose advantages will be illus-
trated with specific examples in the following discussion.

As a semiconductor material, TiO2 nanoparticle has been proved
to be one of the most efficient photocatalyst because of its band-
gap energy of 3.0–3.2 eV [67]. Activated by photons, the formed
electrons (e-) and holes (h+) constitute an oxidation–reduction sys-
tem and interact with H2O and dissolved oxygen to generate highly
reactive free radicals, which can be further utilized to oxidize and
degrade the substrates [72]. Because the external light is supposed
to uniformly irradiate on the catalyst surface, the washcoated
microreactor is more beneficial than micropacked-bed reactor.
Padoin et al. [16] developed a glass microfluidic chip with TiO2

nanoparticles (TiO2–P25) and a synthesized composite TiO2-
graphene catalyst immobilized on the inner walls, and used it to
study the degradation of methylene blue. Computational simula-
tions were carried out to exhibit the light distribution at the pho-
tocatalyst layers. The obtained simulation results (shown in
Fig. 14) indicated that the entire film was exposed to approxi-
mately the same light intensity conditions, which was attributed
to the short light penetration depth in microchannels.

Another limitation for intrinsic kinetic measurement is the
external and internal mass transfer resistance existing in the
heterogeneous catalytic system. Satuf et al. [69] established a
detachable photocatalytic microreactor and systematically studied
the flow characteristics, external and internal mass transfer rate, as
well as radiation distribution in it. As shown in Table 5, the resi-
dence time, diffusion time (both in the fluid and catalyst pores)
and reaction time were calculated respectively, and according to
the relative size of them, the dimensionless numbers of Pe, DaI,
DaⅡ, and / (Thiele modulus) were obtained to estimate the reac-
tant conversion rate and to judge whether the reaction was con-
trolled by mass transfer or by intrinsic kinetics. According to the
study of Aillet et al. [73], the criterion was provided in Fig. 15. By
adjusting the flow rate and geometry of microreactors to make
the operation condition located in the range of kinetic-control,
the intrinsic kinetic model of degradation of clofibric acid was
developed and fitted well with experimental data (listed in Table 4,
Entry 1) [69].

Krivec et al. [18] studied the photocatalytic treatment process of
phenol wastewater in a TiO2 immobilized microreactor (Table 4,
Entry 2). A three-dimensional mathematical model including mass
diffusion and intrinsic reaction kinetics was established under the
laminar flow condition. According to the calculated Thiele modulus
(<6� 10�4) and Péclet number (>240), it was demonstrated that
the effects of external and internal diffusion were negligible, and
the intrinsic kinetics and convection played the dominant roles.
The effects of light intensity and pH on the reaction rate was sys-
tematically studied. The experimental results at different UV inten-
sities did not display any observable intensity-related effect, which
meant that the obtained kinetic parameters were presented under
saturated light condition. In contrast, the value of pH significantly
influenced the reaction kinetics by affecting the charge properties
on the photocatalyst surface and the interaction with reactant
molecules. Meanwhile, under high pH condition, the photocat-
alytic reaction can be enhanced by the participation of oxidative
hydroxyl, which was generated from hydroxide ions.

The above oxidative degradation process was performed in liq-
uid–solid state, Yu andWang [70] further enhanced the reaction by
introducing a gas phase, forming a gas–liquid Taylor flow in the
microchannel (Table 4, Entry 3). As shown in Fig. 16, the intro-
duced gas bubble can facilitate the surface refresh by taking away
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the residual water on the catalyst surface. Meanwhile, the oxygen
performed better than air or nitrogen because oxygen could inter-
act with photocatalyst (TiO2) and generate radicals to promote the
degradation of pollutant.

In addition to TiO2 nanoparticles, homogeneous photocatalysts
are also widely used in reaction processes such as photocatalytic
oxidation [68] and photocatalytic isomerization [74]. Su et al.
[68] used Eosin Y as a photocatalyst to catalyze the oxygen oxida-
tion of thiophenol to phenyl disulfide within gas–liquid Taylor flow

in a compact photo-microreactor. The reaction process and set-up
configuration are shown in Fig. 17. The mass transfer of oxygen
from gas phase to liquid phase was enhanced (Ha = 0.06) by
increasing volumetric flow rate, in this way, the intrinsic kinetics
was obtained under kinetic control condition. By fitting the kinetic
model to experimental data, the reaction orders of thiophenol and
oxygen were measured to be 1 and 2, respectively. Thus, the kinetic
equation can be written as Eq. (14). The parameter k represents the
apparent reaction rate constant, including the light intensity and
photocatalyst concentration. The experiments under different pho-
ton fluxes and photocatalyst loadings were conducted to demon-
strate their effects on the reaction rate constant, and the
apparent law could be expressed as Eq. (15) (the ranges of photon
flux q = 0.29–1.18 mmol�s�1, catalyst loading u = 0.25%–2%).

r ¼ �dCsub

dt
¼ kCsubC

2
O2

ð14Þ

k ¼ k0q0:56u0:21 ð15Þ

Table 4
An overview of some typical studies on photochemical reaction kinetics

Entry Authors Reactants Catalyst
(photosensitizer)

Phase state Kinetic equation Activation energy /
kJ�mol�1

Microreactor scheme

1 Satuf, et al., 2019
[69]

Clofibric acid TiO2 Liquid–solid r ¼ k Acat
VT

ðhea;sf iAcat
Þ0:5C /

2 Krivec, et al., 2015
[18]

Phenol TiO2 Liquid–solid
r ¼

PJ

j¼1
ð�gj kjKjCjÞ

1þ
PK

k¼1
KkCk

In
/

3 Yu and Wang, 2020
[70]

Methylene blue,
O2

TiO2 Gas–liquid-
solid

r ¼ kappC /

4 Su, et al., 2015 [68] Thiophenol, O2 Eosin Y Gas–liquid r ¼ k0q0:56u0:21CsubC
2
O2

/

5 Shen, et al., 2019
[10]

Norbornadiene Triplet-photosensitizer,
EMK

Homogeneous r ¼ K fCNBD
K f / I0

/

6 Shi, et al., 2021 [71] Benzene, DDQ,
H2O

DDQ Homogeneous dCphenol

dt ¼ kC2
benCDDQ

/

Fig. 14. Computational simulation of light distribution at the photocatalyst layers.
Adapted with permission of John Wiley.

Table 5
Characteristic times and related dimensionless numbers

Name Symbol Definition Value at Q = 15–
330 ll�min�1

Residence time tR VR=Q 840–40 s
Diffusion time in the fluid tD h2

=D 30 s

Effective diffusion time in
catalyst pores

tDe h2
0=De 0.007 s

Reaction time tk 1=kapp 60 s
Péclet number Pe tD=tR 0.04–0.8
Damköhler I number DaI tR=tk 14–0.7
Damköhler II number DaII tD=tk 0.5
Thiele modulus / ðtDe=tkÞ0:5 0.01
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Using the similar configuration method of photo-microreactor,
Shen et al. [10] studied the isomerization of norbornadiene to
quadricyclane with the use of triplet photosensitizers. Considering
the photon loss due to the absorption and reflection on the
microreactor, the accurate intrinsic kinetics was established with
the integration of photon flux (the results are shown in Table 4
(Entry 5). Also in Dr. Su’s research group, the photooxidation of
benzene to phenol was studied in a continuous-flow microreactor
wrapped by blue-LEDs strip [71]. The plug flow model was proved
to be available according to the fact that the dimensionless param-
eter, Bo ¼ uL=D, was higher than 100. By fitting the experimental
values of benzene concentration to the kinetic model, the kinetic
results were obtained and listed in Table 4 (Entry 6). The deter-
mined kinetic equation was consistent with the outcome inferred
by the photooxidation mechanism.

Triplet photosensitizers are commonly used as homogeneous
photosensitizers, its activation mechanism is shown in Fig. 18(a).
In order to make the photosensitizer easy to be separated from
the reaction system, Achi et al. [74] developed an ionic liquid moi-
ety photosensitizer, which is a derivative of 4,40-dimethoxybenzo
phenone functionalized with imidazolium arms (as shown in
Fig. 18(b)). By utilizing this novel photocatalytic system, the start-
ing and transformed sensitizer could be simply removed by wash-
ing the reaction medium with hexane.

3.5. Polymerization

Organic polymer materials have replaced metals as the second
largest material. The research on the polymerization process has
a long history, and in recent years, there are many examples of
using microreactors to synthesize polymer materials [75]. How-
ever, there are relatively few studies on the polymerization
kinetics.

Typically, polymerization is a kind of fast and highly exothermic
reactions, which is more obvious for the free radical polymeriza-
tion [78]. The viscosity of the polymerization reaction system grad-
ually increases as the monomer conversion becomes higher, which
will significantly inhibit the mass and heat transfer processes. High
temperature condition is beneficial for reducing the viscosity and
preventing the polymer products from gelation, however, it can
cause the rapid volatilization of solvents with low boiling points
[77]. In addition, some polymerization processes also require strin-
gent operation conditions, such as anhydrous and oxygen-free, to
ensure a higher molecular weight [1]. Considering the above char-
acteristics, it could be a more efficient way to measure intrinsic
kinetics of polymerization via microfluidic technology. The typi-
cally polymerization systems (or unit reaction between mono-
mers) and their kinetic regularities that are determined in
microreactors are listed in Table 6.

The unit reaction between monomers is the fundamental step
of polymerization. Therefore, the kinetic study can start from the
unit reaction. Wang et al. [15] studied the kinetics of the reaction
between aniline and benzoyl chloride, which represents a funda-
mental chemical step between aromatic amines and aromatic acid
chlorides in the polymerization process of poly(p-phenylene
terephthalamide) (PPTA). The microreactor platform constitutes a
micromixer and capillary delay loop. The ideal mixing of the homo-
geneous reaction system was achieved by increasing the total vol-
umetric flow rate to 20 ml�min�1, and the residence time was
precisely controlled by changing the length of the delay loops.
The reaction pathways in shown in Fig. 19. Hydrogen chloride,
which is the side-product of the main reaction, can further interact
with the reactant aniline, constituting a reversible side reaction. It
was demonstrated that the main reaction (k1) and forward direc-
tion of the side reaction (k2) (completed within a few seconds)
are much faster than reverse direction of the side reaction (k�2)
(completed within 10 min). Therefore, the kinetic experiments
were performed in different ranges of time and temperature to
determine different kinetic parameters. Table 6 (Entry 1) shows
the obtained results, which guided the design of microreactor
and operation conditions in the polymerization of p-
phenylenediamine with terephthaloyl chloride [79].

The reaction of phenyl isocyanate with monoalcohol is of great
importance to prepare carbamates and polyurethane type poly-
mers. López et al. [76] studied its kinetic regularities with different
kinds of alcohols (primary or secondary) in a glass microchannel
reactor. The pseudo-first-order kinetic model was used to analyze
the reaction rate constants, and the experimental results (shown in
Table 6, Entry 2) indicated that the reaction with primary alcohols
has higher reaction rate constant due to the less steric hindrance.

Free radical polymerization usually has a high reaction enthalpy
and ultra-fast chain propagation rate. Therefore, the characteristics
of microreactors, with respect to the rapid heat transfer and pre-
cise control of residence time seem particularly important for
kinetic measurement of free radical polymerization. Qiu et al.
[77] developed a microreactor platform to study the kinetics of
acrylic acid polymerization in aqueous solution using potassium
persulfate as initiator. Capillary tubes with different lengths were
assembled by multi-port valves, realizing the free switching of 14
different tube volumes (from 6.6 ml to 123.1 ml) in one micro
device (shown in Fig. 20). In order to accelerate the reaction and

Fig. 15. Damköhler II - Peclet diagram showing the relative predominance of each
mass transport phenomenon in the reaction cell. The colored rectangles represent
the operation range of different photocatalytic microreactors: red and green
represents other works, blue represents this work. Adapted with permission of
Elsevier.

Fig. 16. Mechanism of the photocatalytic reaction enhanced by gas phase. Adapted
with permission of Elsevier.
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obtain the kinetic regularities at high monomers conversion rate,
the kinetic experiments were carried out under high temperature
ranges from 80 to 95 oC. No evaporation of water was observed
due to the absence of gas space in capillary tubes. The obtained
kinetic model is shown in Eq. (16). Actually, the order of acrylic
acid was measured to be 1.41, which basically conforms to the the-
oretical result 1.5. The fact that the order of monomer is higher
than 1 is caused by the secondary monomer-enhanced decomposi-
tion of the initiator [80].

r ¼ �dCAA

dt
¼ 8:0� 108exp �6:74� 104

RT

 !
C1:5
AAC

0:5
KBS ð16Þ

Another example of free radical polymerization is the synthesis
of branched poly(butyl acrylate) via the solution polymerization of
butyl acrylate and divinylbenzene, which was studied by Xiang
et al. [78] in a capillary microreactor. The polymerization process
was initiated with 2,20-azobisisobutyronitrile and mediated with
chain transfer agent dodecanethiol to regulate the branching
degree. The comparison between the microreactor and the batch
reactor was presented from various aspects, including the reaction
rate at different reaction stages, temperature profiles and polymer
product qualities. It was demonstrated that the polymerization
was initiated quickly in the microreactor because the generated
free radicals would rapidly contact with monomers and propagate

Fig. 17. (a) Schematic of the photocatalytic oxidation of thiophenol. (b) Set-up configuration and a picture of an opening photochemical column system. Adapted with
permission of John Wiley.

Fig. 18. The schematic of (a) photosensitizer activation mechanism and (b) the structure of an ionic liquid photosensitizer.
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in the narrow-confined channel. The reaction rate in batch reactor
was higher in the middle and late stages because the released heat
was accumulated in the reactor and the reaction was accelerated
by the uncontrollable temperature. As a result, the molecular
weight dispersity (�D) of the final product was 3.4 in the batch oper-
ation, much larger than that of 2.1 in the microreactor. Besides, due
to the large mass transfer coefficient and reduced diffusion path-
way, the polymer with higher branching degrees was synthesized
in the microreactor.

The last example is the kinetic study of d-valerolactone (d-VL)
ring-opening polymerization (ROP) to prepare aliphatic polyester
in a gas-driven droplet flow microreactor [1]. The cyclic ester
ROP using 1,5,7-triazabicycl[4.4.0]dec-5-ene (TBD) as catalyst
and benzyl alcohol (BnOH) as initiator is shown in Fig. 21(a). This
reaction requires all starting materials to be strictly dehydrated.
In order to further reduce the chemical consumption, a novel

Table 6
An overview of some the typical studies on polymerization kinetics

Entry Authors Reactants Catalyst (initiator) Phase state Kinetic equation Activation energy /
kJ�mol�1

Microreactor
scheme

1 Wang, et al., 2015
[15]

Aniline, benzoyl chloride / Homogeneous dCAL
dt ¼ �k1CALCBC

�k2CAlCHCl
þk�2CAl�HCl

8.14 (k1)
8.14 (k2)
4.14 (k-2)

2 López, et al., 2019
[76]

Phenyl isocyanate,
monoalcohol

/ Homogeneous r ¼ kCPhNCO 30.4 (propan-1-ol)
38.1(propan-2-ol)

3 Qiu, et al., 2016 [77] Acrylic acid Potassium
persulfate

Homogeneous r ¼ kC1:5
AAC

0:5
KBS

67.4

4 Lu and Wang, 2019
[1]

d-valerolactone TBD
BnOH

Homogeneous r ¼ kCd�VLC
0
TBD

7.30

Fig. 19. Reaction pathways of aniline with benzoyl chloride. Adapted with
permission of John Wiley.

Fig. 20. Schematic of the microreactor platform and pictures of the main elements. Adapted with permission of Elsevier.
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microreactor platform was established as shown in Fig. 21(c), in
which only 2 ml solution was used for each test. The kinetic exper-
iments were performed under different initial concentrations of
TBD and BnOH to determine their reaction orders respectively.
And it was demonstrated that the reaction order of monomers d-
VL and catalyst TBD are both 1, but the concentration of initiator
BnOH had little effect on the reaction rate. Based on the obtained
kinetic regularities, the modified mechanism was put forward
(Fig. 21 (b)), which implied that the monomer activation was the
rate-determining step and TBD would leave the hydroxyl group
in each catalytic round.

3.6. Other reactions

In this section, the chemical reactions that are not included in
the above five categories will be covered, including rearrangement
[81,82], alkylation [83], hydration [4], decomposition [2,84] and so
on. Although the kinetic laws of these reactions have completely
different characteristics, the microfluidic technology plays an
important role in their determination processes.

The homogeneous reaction kinetics is introduced first. Zhang
et al. [85] studied the dehydrochlorination of dichloropropanol
(DCP) with caustic soda solution in a capillary microreactor. Com-
pared with the reported kinetic regularities measured in batch
operation, the more accurate results were obtained in the microre-
actor due to the efficient mixing and the precise control of reaction
time (less than 1 min) for this fast reaction. The kinetic model of
second-order with respect to DCP concentration was demonstrated
to be more suitable to fit the experimental data, rather than the
first-order model proposed in the previous reports. The concrete
kinetic model and measured activation energy are exhibited in
Table 7 (Entry 1).

Hofmann rearrangement is a strongly exothermic reaction that
are conducted to convert a primary amide to a primary amine in
organic synthesis. Usually, extremely low temperature (�5 to 5
oC) is required in batch reactor to prevent local overheating by
reducing reaction rate. Huang et al. [81] studied the kinetic charac-
teristics of Hofmann rearrangement of 1,1-cyclohexanediacetic
acid monoamide to prepare Gabapentin (Table 7, Entry 2). Based
on the enhancement of heat transfer in a microreaction system,
the pseudo-isothermic condition could be obtained even at rela-
tively high temperature. In this way, the kinetic regularities in

the temperature range from 30 to 45 oC were obtained, which
was essential for the process intensification in the microreaction
process to prepare Gabapentin.

Another example of rearrangement reaction is the Beckmann
rearrangement of cyclohexanone oxime to prepare e-caprolactam
(Table 7, Entry 3) [82]. The kinetic measurement using trifluo-
roacetic acid (TFA)/acetonitrile as the catalytic system is hard to
perform in batch reactor because of the extremely fast reaction
rate and evaporation of TFA under high temperature. The reaction
mechanism of Beckmann rearrangement is shown in Fig. 22, which
is constituted by a series of elementary reactions. The kinetic equa-
tions should be established based on all of these transformations
that comply with the law of mass action (Eqs. (17)–(21)), and the
kinetic parameters in each step could be fitted together according
to the curves of concentrations versus time in a set of kinetic
experiments (as shown in Fig. 23. A large amount of experimental
data is often required to ensure the fitting accuracy of multiple
parameters. Analyzing the relative reaction rates in each step, the
esterification and transposition reactions of the intermediate were
both supposed to be the rate-determining steps.

dCCOX

dt
¼ �k1CCOXCTFA þ k�1CCOXTFACH2O ð17Þ

dCTFA

dt
¼ �k1CCOXCTFA þ k�1CCOXTFACH2O þ k2CCOXTFACH2O ð18Þ

dCCOXTFA

dt
¼ k1CCOXCTFA � k�1CCOXTFACH2O � k2CCOXTFACH2O ð19Þ

dCH2O

dt
¼ dCCOXTFA

dt
ð20Þ

dCCPL

dt
¼ k2CCOXTFACH2O ð21Þ

Similar kinetic modeling method was used to study the thermal
dissociation and oligomerization of dicyclopentadiene in a capil-
lary microreactor (Table 7, Entry 4). The use of microreactor signif-
icantly improved the safety of this process under high temperature
(180 to 240 oC) and high pressure (5 MPa) due to the rapid heat-
removal ability and trace consumption of reactants. Cyclopentadi-
ene was the targeted intermediate product formed via the thermal

Fig. 21. (a) The cyclic ester ring-opening polymerization and (b) its catalytic mechanism deduced from the obtained kinetic regularities. (c) Set-up configuration of
microreactor platform for kinetic measurement. Adapted with permission of Royal Society of Chemistry.
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dissociation of dicyclopentadiene, and the cascade oligomerization
was the undesired side reaction. Based on the deep understanding
of the kinetic differences between thermal dissociation and
oligomerization, the yield of cyclopentadiene was improved by
reasonable design of residence time and temperature.

Lin et al. [3] studied the kinetic characteristics of the acetal reac-
tion between polyvinyl alcohol (PVA) and n-butanal catalyzed by

hydrogen chloride in aqueous solution. A cross-junction micro-
mixer was used to enhance the mixing ability, and multiple capil-
lary delay loops with different lengths were connected by a 7-way
valve to realize precise control of different residence times. The
reported reaction mechanism indicated that the acetal reaction
was composed of multiple reaction steps [86] which could be
decoupled by applying different reaction conditions. In this way,
the reaction rate constants of the hemiacetal reaction and
intramolecular acetal reaction were determined respectively, and
the obtained kinetic results are listed in Table 7 (Entry 5).

Table 7
An overview of some kinetic studies on other kinds of reactions

Entry Authors Reactants Catalyst (initiator) Phase state Kinetic equation Activation energy /
kJ�mol�1

Microreactor
scheme

1 Zhang, et al., 2012
[85]

2,3-DCP, NaOH / Homogeneous r ¼ kC2
2;3�DCPCOH� 150

D

2 Huang, et al., 2017
[81]

CAM, NaClO,
NaOH

/ Homogeneous r ¼ kC0:9
CAMC0:85

NaClOC
0:34
NaOH

99.5

D

3 Du, et al., 2018
[82]

Cyclohexanone
oxime

TFA/CH3CN Homogeneous dCTFA
dt ¼ �k1CCOXCTFA
þk�1CCOXTFACH2O
þk2CCOXTFACH2O

93 (k1)
128 (k-1)
152 (k2)
(TFA/ CH3CN = 2:1) D

4 Yao, et al., 2020 [2] Dicyclopentadiene / Homogeneous dCCPD
dt ¼ 2k1Cendo þ 2k�2Cexo

�2k�1C
2
CPD � k3CCPDCendo

�k4CCPDCexo � 2k2C
2
CPD

131 (k1)
62.0 (k-1)
69.0 (k2)
157 (k-2)
101 (k3)
104 (k4)

D

5 Lin, et al., 2020 [3] PVA, n-butanol HCl Homogeneous � dCd
dt ¼ k2mCA;0CHþ;0 Cd

36.4

D

6 Li, et al., 2019 [83] Isobutane, 2-
butene

Sulfuric acid Liquid–liquid d½TMP�=dt ¼ k1½C¼
4 �½iC4�

d½DMH�=dt ¼ k2½C¼
4 �½iC4�

d½HE�=dt ¼ k3½C¼
4 �2½iC4�

d½DMH�=dt ¼ 2k2½C¼
4 �2½iC4�

64.7 (k1)
85.6(k2)
132 (k3)
105 (k4) D

7 Guo, et al., 2020
[4]

Acrylonitrile Free cells containing
NHase

Liquid–liquid r ¼ rmaxCs
KmþKhCsþKPCP

/

D

D

Fig. 22. Mechanism of Beckmann rearrangement of cyclohexanone oxime catalyzed
by TFA/acetonitrile. Adapted with permission of John Wiley.

Fig. 23. A typical concentration profiles of different products in Beckmann
rearrangement of cyclohexanone oxime. Adapted with permission of John Wiley.
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Two examples of measuring heterogeneous reaction kinetics in
microreactors are introduced below. The sulfuric acid alkylation is
a typical liquid–liquid heterogeneous reaction. The catalyst, sulfu-
ric acid, is in aqueous phase and the reactant, mixed liquefied gas
of isobutane/2-butene, is in organic phase. Li et al. [83] demon-
strated that the kinetic model determined in batch reactors cannot
predict the experimental results obtained in the microreactor at all,
which was caused by the effect of mass transfer on the reaction
rate. The droplet diameter obtained in the microreactor was about
50 lm under the applied conditions for kinetic measurement.

However, the typical droplet size in stirring tank is 1–2 mm. Com-
bining with the kinetics results obtained in microreactor (Table 7,
Entry 6), the computational fluid dynamics indicated that when
the droplet diameter was set as 50 lm, mass transfer didn’t affect
the reaction rate at all (Fig. 24 (a-1), (a-2) and (a-3)), however, the
effect becomes significant by increasing the diameter to 1.5 mm
(Fig. 24 (b-1), (b-2) and (b-3)).

The last example is about the kinetic study on a liquid–liquid
biocatalytic reaction. The hydration of acrylonitrile to acrylamide
catalyzed by free cells containing nitrile hydratase was studied in

Fig. 24. Butene content calculated using COMSOL software at different diffusion coefficients. Conditions of the three experiments above: T = 0 �C, d = 50 lm (a-1)
D = 2.4 � 10�8 m2�s�1 (a-2) D = 2.4 � 10�5 m2�s�1; (a-3) D = 2.4 � 10�2 m2�s�1. Conditions of the three experiments below: T = 0 �C, d = 2.5 mm (b-1) D = 2.4 � 10�8 m2�s�1 (b-
2) D = 2.4 � 10�7 m2�s�1; (b-3) D = 2.4 � 10�6 m2�s�1. Adapted with permission of American Chemical Society.

Fig. 25. Schematic overview of the microstructured chemical system for biohydration of acrylonitrile. Adapted with permission of John Wiley.
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a microstructured chemical system [4]. This highly integrated
microreaction system combined three important functions, which
included the determination of droplet dispersion and mass trans-
fer, measurement of intrinsic kinetics and preparation of acry-
lamide product (see Fig. 25). The interphase mass transfer rate
was enhanced by adjusting the microstructure size and flow condi-
tions. As a result, the acrylonitrile droplets with an average diam-
eter of 40 lm and the volumetric mass transfer coefficient of
0.33 s�1 were obtained. Under this condition, the biohydration
was totally controlled by intrinsic kinetics because the calculated
Damköhler number (Da ¼ r

KLa�DCM
) was smaller than 0.1. The intrin-

sic kinetics model (Table 7, Entry 7) incorporating the effects of
product inhibition and cell inactivation was determination and
used to guide the design of recirculation microchemical system
for the preparation of acrylamide product.

4. Summary and Outlook

This review comprehensively summarizes the recent research
progresses on the reaction kinetics that are determined in microre-
actors, whose advantages are fully exhibited in different reaction
categories. For nitration reaction, the rapid heat transfer and pre-
cise control of reaction time in a few seconds provide convenience
for kinetic measurements in these fast and highly exothermic reac-
tions. For oxidation reaction, the safety issue is always regarded to
be the first element especially when using the pure oxygen as oxi-
dant. Microfluidic technology can minimize the risk by reducing
the reactant consumption as low as possible and exerting limit to
the explosion propagation in confined space. For hydrogenation
reaction in the presence of solid catalysts, the determination of
intrinsic kinetics must be based on the enhanced mass transfer
performances including both the external and internal diffusion,
which is easier to be achieved in the microreactor system because
of its higher mass transfer coefficient and larger surface-to-volume
ratio. For photochemical reaction, the uniform light-intensity dis-
tribution, which is the prerequisite for accurate measurement of
kinetics, can be easily realized in microchannels due to the short
light penetration depth. For polymerization reaction, the efficient
mixing and excellent mass and heat transfer performances in
microreaction system are badly required to guarantee the uniform
conditions when the viscosity of the reaction system gets higher
and higher as the monomer conversion increases. Except for these
typical reactions, microfluidic technology has also been success-
fully used to solve different kinds of dilemmas in the kinetic mea-
surement of some specific reactions, such as the extremely fast and
exothermic rearrangement reaction, and acetal reaction under the
conditions of large mixing ratio and viscosity.

This work also provides an overview of the state-of-the-art
innovations of micro-platforms, which were dedicatedly config-
ured to meet the requirement for rapid and efficient measurement
of reaction kinetics, specifically including (1) inline collection and
analysis of experimental date and (2) multiple kinetic results
obtained in one set of experiment. Throughout all of the excellent
studies covered in this work, there are still some vital issues that
require to be further explored.

First, most of the descriptions about the excellent performances
of microreactors are qualitative, which is in sharp contrast with the
precise and quantitative kinetic results obtained in them. Thus, it is
very meaningful to put more effort to quantify the performances of
the established microreactor system, with respect to its mixing
time, mass and heat transfer coefficient and residence time
distribution.

Second, most of studies are based on microfluidic technology to
solve a critical problem in the kinetic measurement of a certain
reaction system. However, the research on the same reaction in

different microreactors is neglected. Microreactors with diversified 
internal structures and distinct feature sizes have different mixing 
and mass transfer characteristics, which may lead to entirely dif-
ferent kinetic regularities. Based on the deep understanding 
towards the effect of microstructure on the reaction kinetics, it is 
expected to establish a set of two-way judgement criteria to 
answer not only what kind of reaction is suitable to be carried 
out in a microreactor, but also what kind of microreactor is best 
for the reaction.

Third, most of the kinetic studies in microreactors still focus on 
the conventional reactions with relatively clear mechanism and 
straightforward pathways. The kinetic determination for the com-
plex reactions still relies on decoupling multiple pathways by 
adjusting reaction conditions, which can greatly increase the work-
load. Moreover, the kinetic modeling method is usually simplified 
according to equilibrium hypothesis and steady-state hypothesis, 
in which the terms of reaction intermediate concentrations are 
removed, and the obtained kinetic regularities cannot reflect the 
reaction mechanism anymore. Based on the development of inline 
analysis and its combination with microfluidic technology, it is 
promising to obtain more information on reaction transition states 
and intermediates, so as to pry into the essential interaction laws 
of matters.

Fourth, the equipment innovation is particularly critical to the 
development of microfluidic technology, and this progress defi-
nitely involves the intersection and integration of multiple disci-
plines. Combining the technologies of chemical engineering, 
mechanical engineering, automation and computer, it is promising 
to develop a highly integrated and intelligent micro-platform for 
continuous tests of reaction kinetics.

In conclusion, the study of reaction kinetics in microreactors is 
of great significance because it is helpful to understand the inter-
face effect, mass transfer regularities and reaction mechanism at 
micro-nano scale, which may not comply with the classical theo-
ries that are established in the macroscopic dimension. Through 
unceasing efforts devoted to understand the interaction laws 
between matters in a confined space, the innovative research 
method and new theory may be established in microreactors, 
which could be a milestone in the development of microfluidic 
technology.
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photocatalytic phenol selective oxidation reaction kinetics in a fixed TiO2

microreactor, AIChE J. 61 (2015) 572–581.
[19] J.P. Mcmullen, K.F. Jensen, Rapid determination of reaction kinetics with an

automated microfluidic system, Org. Process Res. Dev. 15 (2011) 398–407.
[20] N.T. Nguyen, Z.G. Wu, Micromixers - a review, J. Micromech. Microeng. 15

(2005) R1–R16.
[21] K. Wang, G. Luo, Microflow extraction: A review of recent development, Chem.

Eng. Sci. 169 (2017) 18–33.
[22] J. Zhang, K. Wang, A.R. Teixeira, K.F. Jensen, G. Luo, Design and scaling up of

microchemical systems: a review, Annu. Rev. Chem. Biomol. 8 (2017) 285–305.
[23] J. Sui, J. Yan, D. Liu, K. Wang, G. Luo, Continuous synthesis of nanocrystals via

flow chemistry technology, Small 16 (2020) 1902828.
[24] F. Benito-Lopez, W. Verboom, M. Kakuta, J.H.G.E. Gardeniers, R.J.M. Egberink, E.

R. Oosterbroek, A. van den Berg, D.N. Reinhoudt, Optical fiber-based on-line
UV/Vis spectroscopic monitoring of chemical reaction kinetics under high
pressure in a capillary microreactor, Chemical communications (Cambridge,
England) (2005) 2857-2859

[25] A. Muto, M. Ebata, A. Inoue. Development of a microreactor for rapid analysis
of chemical reaction kinetics with absorption specrtoscopy, IEEE, 2008.

[26] X. Duan, J. Tu, A.R. Teixeira, L. Sang, K.F. Jensen, J. Zhang, An automated flow
platform for accurate determination of gas-liquid-solid reaction kinetics,
React. Chem. Eng. 5 (2020) 1751–1758.

[27] J.S. Moore, C.D. Smith, K.F. Jensen, Kinetics analysis and automated online
screening of aminocarbonylation of aryl halides in flow, React. Chem. Eng. 1
(2016) 272–279.

[28] Y.F. Han, M.J. Kahlich, M. Kinne, R.J. Behm, Kinetic study of selective CO
oxidation in H2-rich gas on a Ru/c-Al2O3 catalyst, Phys. Chem. Chem. Phys. 4
(2002) 389–397.

[29] J.S. Moore, K.F. Jensen, ‘‘Batch” Kinetics in flow: online IR analysis and
continuous control, Angewandte Chemie International Edition 53 (2014) 470–
473.

[30] K. Wang, Y.C. Lu, Y. Xia, H.W. Shao, G.S. Luo, Kinetics research on fast
exothermic reaction between cyclohexanecarboxylic acid and oleum in
microreactor, Chem. Eng. J. 169 (2011) 290–298.

[31] C. Zhang, J. Zhang, G. Luo, Kinetics determination of fast exothermic reactions
with infrared thermography in a microreactor, J. Flow Chem. 10 (2020) 219–
226.

[32] J.S. Zhang, C.Y. Zhang, G.T. Liu, G.S. Luo, Measuring enthalpy of fast exothermal
reaction with infrared thermography in a microreactor, Chem. Eng. J. 295
(2016) 384–390.

[33] Z. Lan, Y. Lu, Continuous nitration of o-dichlorobenzene in micropacked-bed
reactor: process design and modelling, J. Flow Chem. 11 (2021) 171–179.

[34] J. Grant, P.T.O. Kane, B.R. Kimmel, M. Mrksich, Using microfluidics and imaging
SAMDI-MS to characterize reaction kinetics, ACS Cent. Sci. 5 (2019) 486–493.

[35] E. Fradet, P. Abbyad, M.H. Vos, C.N. Baroud, Parallel measurements of reaction
kinetics using ultralow-volumes, Lab Chip 13 (2013) 4326–4330.

[36] C. Zheng, B. Zhao, K. Wang, G. Luo, Determination of kinetics of CO2 absorption
in solutions of 2-amino-2-methyl-1-propanol using a microfluidic technique,
AIChE J. 61 (2015) 4358–4366.

[37] A.A. Kulkarni, Continuous flow nitration in miniaturized devices, Beilstein J.
Org. Chem. 10 (2014) 405–424.

[38] L. Li, C. Yao, F. Jiao, M. Han, G. Chen, Experimental and kinetic study of the
nitration of 2-ethylhexanol in capillary microreactors, Chem. Eng. Process.
Process Intensif. 117 (2017) 179–185.

[39] C. Zhang, J. Zhang, G. Luo, Kinetic study and intensification of acetyl guaiacol
nitration with nitric acid—acetic acid system in a microreactor, J. Flow Chem. 6
(2016) 309–314.

[40] J. Tan, L. Du, Y.C. Lu, J.H. Xu, G.S. Luo, Development of a gas–liquid
microstructured system for oxidation of hydrogenated 2-
ethyltetrahydroanthraquinone, Chem. Eng. J. 171 (2011) 1406–1414.

[41] K. Bawornruttanaboonya, N. Laosiripojana, A.S. Mujumdar, S. Devahastin,
Catalytic partial oxidation of CH4 over bimetallic Ni-Re/Al2O3: Kinetic
determination for application in microreactor, AIChE J. 64 (2018) 1691–1701.

[42] R.H. Nibbelke, M.A.J. Campman, J.H.B.J. Hoebink, G.B. Marin, Kinetic Study of
the CO Oxidation over Pt/c-Al2O3 and Pt/Rh/CeO2/c-Al2O3 in the Presence of
H2O and CO2, J. Catal. 171 (1997) 358–373.

[43] G. Nikolaidis, T. Baier, R. Zapf, G. Kolb, V. Hessel, W.F. Maier, Kinetic study of
CO preferential oxidation over Pt–Rh/c-Al2O3 catalyst in a micro-structured
recycle reactor, Catal. Today 145 (2009) 90–100.

[44] V. Russo, T. Kilpiö, J. Hernandez Carucci, M. Di Serio, T.O. Salmi, Modeling of
microreactors for ethylene epoxidation and total oxidation, Chem. Eng. Sci. 134
(2015) 563–571.

[45] F. Ebrahimi, E. Kolehmainen, A. Laari, H. Haario, D. Semenov, I. Turunen,
Determination of kinetics of percarboxylic acids synthesis in a microreactor by
mathematical modeling, Chem. Eng. Sci. 71 (2012) 531–538.

[46] H. Zhao, S. Liu, M. Shang, Y. Su, Direct oxidation of benzene to phenol in a
microreactor: Process parameters and reaction kinetics study, Chem. Eng. Sci.
246 (2021) 116907.

[47] G. Li, S. Liu, X. Dou, H. Wei, M. Shang, Z.H. Luo, Y. Su, Synthesis of adipic acid
through oxidation of K/A oil and its kinetic study in a microreactor system,
AIChE J. 66 (2020) e16289.

[48] T.A. Nijhuis, J. Chen, S.M.A. Kriescher, J.C. Schouten, The direct epoxidation of
propene in the explosive regime in a microreactor-a study into the reaction
kinetics, Ind. Eng. Chem. Res. 49 (2010) 10479–10485.

[49] Z. Vajglová, N. Kumar, K. Eränen, M. Peurla, D.Y. Murzin, T. Salmi, Ethene
oxychlorination over CuCl2/c-Al2O3 catalyst in micro- and millistructured
reactors, J. Catal. 364 (2018) 334–344.

[50] G. Wu, E. Cao, P. Ellis, A. Constantinou, S. Kuhn, A. Gavriilidis, Continuous flow
aerobic oxidation of benzyl alcohol on Ru/Al2O3 catalyst in a flat membrane
microchannel reactor: An experimental and modelling study, Chem. Eng. Sci.
201 (2019) 386–396.

[51] J. Singh, N. Kockmann, K.D.P. Nigam, Novel three-dimensional microfluidic
device for process intensification, Chem. Eng. Process. Process Intensif. 86 (2014)
78–89.

[52] Y. Maralla, S.H. Sonawane, Process intensification by using a helical capillary
microreactor for a continuous flow synthesis of peroxypropionic acid and its
kinetic study, Periodica Polytechnica Chem. Eng. 64 (2019) 9–19.
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