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Synthesis of 3/4-methyltetrahydrophthalic anhydride was carried out by the Diels-Alder reaction in a continuous
flow capillary reactor. The efficient liquid-liquid reaction of pentadiene with molten maleic anhydride provided
a theoretical basis for replacing the conventional batch reaction process. Different inner diameter sizes of the
channel tubes were adjusted in the range of 0.50 ~ 2.00 mm to find the optimal size to match the strong
exothermic reaction. Under the capillary channel size of 0.8 mm, the conversion rate of C5 and MA reached 100

% when n¢s: nya = 1.08:1 at 65 °C for 8 min. The D-A reaction process is accompanied by the autopolymeri-
zation of diolefin in the batch reactor. Our results showed that choosing a continuous flow capillary reactor of
appropriate size can directly improve the selectivity of the reaction and the quality of the product. The accurate
reaction rate constant and activation energy were obtained by establishing a kinetic model, and the effects of
temperature, reaction time and pipe diameter were designed using Comsol software.

1. Introduction

Methyl tetrahydrophthalic anhydride (MTHPA) (Wazarkar and
Sabnis, 2018; Kadhim et al., 2024; Barabanova et al., 2019; Abid and
Kadhim, 2020) is a mixture of 3-MTHPA and 4-MTHPA, which can be
modified by isomerisation reaction to become an excellent curing agent
for organic anhydrides of liquid epoxy resins. The application of this
type of curing agent is developing rapidly with the increasing re-
quirements for the reliability of insulating structures in the aerospace,
electronics, and electrical industries. (Saeedi et al., 2019; Wang et al.,
2019a; Zhang et al., 2023; Abideen et al., 2020; Ul Abideen and Teng,
2018; Zhang et al., 2018) The traditional synthesis method was to use an
intermittent reactor to slowly add maleic anhydride (MA) dropwise to
diene, and perform Diels-Alder (D-A) reaction under certain conditions.
(Salih et al., 2024; Medran et al., 2019; Briou et al., 2021) Continuous
process has become a common means for enterprises to pursue higher
yield, and tubular reactor has become the research direction of D-A
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reaction with Cs and MA liquid feed.

D-A reaction is one of the most widely used and effective synthesis
methods of six-membered ring materials at present, but it is also a
strongly exothermic reaction. When the heat transfer is not enough, the
self-polymerization of olefin will be caused, which will affect the quality
and stability of the product. (Girish et al., 2017) The anhydride curing
agent (MTHPA) containing a six-membered ring was prepared by D-A
reaction of MA and mixed Cs, but the pyrolysis of Cs has a lower boiling
point, which causes it to evaporate into a gas phase at slightly higher
temperatures. (Hou et al., 2022) Cs was prone to self-polymerization
during phase transformation. To ensure a homogeneous D-A reaction,
pressure should be increased, and reaction rate should be increased in a
homogeneous system. (Fedyaeva et al., 2019) In the kettle reactor, the
addition rate of MA needs to be strictly controlled, too fast adding
causing irreversible self-polymerization side reactions due to fly tem-
perature for instantaneous reactions, and too slow adding reducing
production efficiency, which makes it hard to produce continuously and
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difficult to guarantee the product quality due to the strong exothermic
characteristics of D-A reaction. (Nguyen et al., 2019; Abid and Kadhim,
2022; Sheehan and Sharratt, 1998; Ma et al., 2019) Using a continuous
flow capillary reactor in a D-A reaction was a promising and effective
method to avoid this situation. (Yan et al., 2020).

In recent years, to overcome the problem of mass transfer and heat
transfer, microreactors have been widely used. With its unique micro-
structure, the microreactor successfully solves the problems that the
traditional reactor is difficult to control temperature and easy to
explode. (Pennemann et al., 2004; Sagandira et al., 2020; Pontes et al.,
2016; Asano et al., 2019; Liu et al., 2022) Many types of chemical re-
actions have realized the application of microchannel reactors, such as
nitration (Russo et al., 2017; Deng et al., 2017), Catalytic hydrogenation
reaction (Cao and Noél, 2019; Ion and Faical, 2023; Jean and d. S., José,
L. F. A., Guilherme, D. M., Michele, D. D., , 2023), Low-temperature
reaction (Shuai et al., 2022), Oxidation reaction (Zhou et al., 2022;
Inoue et al., 2013; Yun et al., 2021), Bromination, chlorination (Wan
et al., 2022; Wan et al., 2020) and fluorination reaction (Fu et al., 2021),
Cyclization reaction (Mizuno et al., 2016), Diazotization reaction (Deng
etal., 2017; F.J. Wang et al., 2019b; Wang et al., 2018), etc. Carmela De
Risi et al. (De Risi et al., 2020) summarized the application of D-A re-
action in microreactors, and bicyclononyne- polylactic acid (BCN-PLA)
and tetrazine-PLA block copolymers were further functionalized by the
inverse electron demand Diels-Alder (IEDDA) reaction, providing new
PLA materials for biomedical and other applications. In the Diels-Alder
reaction of cyclopentadiene and e-cinnamaldehyde, the cumulative
yield of the reaction’s internal and external adduct increases with the
reaction time, but the continuous flow capillary reactor has better
enantioselectivity for each monomer. The yield is increased from 50 %
of batch reactor to 80 % of microreactor, and the flow strategy resulted
in microreactor having an advantage in terms of catalytic activity,
whereas in batch there was an irreversible loss of catalyst activity.

The complex multiphase behavior and control factors of micro-
channel reactors need further study, especially in the preparation of fine
chemical products, which will bring efficient development to the
chemical industry. (de Oliveira et al., 2019; Abiev et al., 2019; Yuichi
et al., 2022; Aguilar et al., 2020) Many researchers are studying the
synthesis and application of microreactors, and have some theoretical
calculations as support. (de Oliveira et al., 2020; Chen et al., 2017;
Santana et al., 2016) However, the key was the lack of research on the
modeling, simulation, and optimization of microreactors. Several re-
searchers have successfully modeled and simulated the reaction process
using Comsol and Ansys simulation software, accurately explaining the
complex changes in mass transfer, heat transfer, momentum, and reac-
tion engineering in continuous flow capillary reactors, and quantifying
these microscopic phenomena.(Yedala and Kaisare, 2021).

In our past studies, the differences between 3/4-MTHPA have been
discussed in detail with 'H NMR and FT-IR. (Yin et al., 2023) In this
study, 3/4-MTHPA was synthesized with isoprene / 1, 3-pentadiene and
MA in a homogeneous Diels-Alder reaction using continuous flow
capillary reactor of different sizes (0.50 ~ 2.00 mm). By discussing the
influence factors of the experiment, the temperature was determined to
be 65 °C, the residence time was 8 min and the material ratio was ncs:
nya = 1.08:1. Orthogonal experiments were designed to find the
optimal size matching the strong exothermic reaction of 0.5 ~ 0.8 mm.
At the same time, in order to avoid the evaporation of pentadiene during
the reaction and the destruction of the continuous homogeneous reac-
tion system, the appropriate reaction pressure was obtained by Aspen
simulation. The experimental data and kinetic equations fit well, which
proves that the microreactor can optimize the D-A reaction and avoid
the occurrence of side reactions. Based on the experimental results, a
Comsol flow model was established to simulate the reaction.
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2. Experimental
2.1. Materials

MA (>99.5 %), Catechol (as polymerization inhibitor, >99 %), were
purchased from Sinopharm Chemical Reagent Co., LTD. Mixed Cs-
diolefin: the total mass fraction of m-pentadiene and isoprene accounted
for about 55 % (the rest were inactive components), MTHPA (>95 %)
was supplied by Zibo Luhua Hongjin Research Institute; All the chem-
icals are analytical grade and have not been further purified.

2.2. Equipment

The WZD100ml high-temperature and high-pressure reactor pro-
duced by Beijing Wuzhou Dingchuang Co., Ltd. The 2 PB-30201IV hori-
zontal flow pump produced by Beijing Xingda Technology Co., Ltd. The
heating tank and JRZ-10020CH CRH high-temperature heating pump
produced by Hangzhou Jingjin Technology Co., Ltd. PTFE Y-shaped tee
produced by Nanjing Runze Fluid Control Equipment Co., Ltd. DF-101S
collector constant temperature magnetic stirrer produced by Shanghai
Lichen Bonsai Instrument Co., Ltd.

Agilent gas chromatograph analysis, the chromatographic column
was PONA type quartz capillary column (¢ 0.2 mm x 0.5 pm x 50 m),
FID detector; NEXUS470 infrared spectrometer (American thermoelec-
tric company); AVANCEIII 500 MHz Fully digital Fourier Super-
conducting 'H NMR spectrometer (Bruker, Switzerland).

2.3. Experimental process

Batch reaction: added MA into reactor, fill 0.3 MPa nitrogen, and
heated it to melt at 50 °C. Pumped Cs slowly into reactor at a flow rate of
0.4 mL/min for a reaction for some time. After reaction, the surplus Cs
was separated by rotating evaporation at 40 °C. The experimental pro-
cess was shown in Fig. 1.

Continuous flow capillary reactor reaction: Maleic anhydride was
melted with a melt bath, measured, and transported with a heating
pump. All pipes carrying MA required an electric heating belt to prevent
solidification. Cs was pumped into a Y-type continuous flow capillary
reactor at a specific flow rate. The heat pump and heat belt temperature
was set to 50 ~ 80 °C. Different-diameter continuous flow capillary
reactor were coupled to a Y-type three-way mixer. High-precision
external circulation thermostatic water bath was used to precisely con-
trol the mixer and reactor, and the back pressure valve at the reactor’s
output was used to control pressure. The experimental process was
shown in Fig. 2.

2.4. Analysis method

The samples were analyzed qualitatively and quantitatively by gas
chromatography. The gas chromatography configuration is a capillary
column (Agilent-8860; flame ionization detector (FID) and HP-5 column
(30 m x 320 pm x 0.25 pm). The experimental results were subject to
the percentage content of MA calculated by Eq. (1).

SMTHPA/166
SMA/98 + SMTHPA/166

NMTHPA

x 100% = (@)

Ny + NyrepA

N: Conversion; S: Peak area; 98/166: Relative molecular mass of MA/
MTHPA.

2.5. Comsol modeling

The running-in of the Y-shaped channel with the experimental size,
mesh refinement, and experimental error reduction were all achieved
using Comsol modeling. The reaction was configured to run in adiabatic
mode during the modeling design. The pressure drop of continuous flow
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Fig. 2. Continuous flow capillary reactor experimental process.

capillary reactor can be disregarded because it was assumed that the
mixture was a uniform Newtonian fluid and an incompressible fluid. The
reaction part of the Y-type mixed continuous flow capillary reactor was a
coil with a diameter of 0.5 ~ 2.0 mm, and it was made up of two parts:
two straight pipes with a 2 cm intake. The specific model was shown in
Fig. 3.

The units and physical quantities designed in the Comsol modeling
process was summarized, including (2) strong coupling of the reaction
process, partial differential equations of fluid mechanics, mass transfer
and production, (3) dilute matter transfer equation, (4) chemical reac-
tion equation, (5) turbulent momentum and continuity equation and (6)
Reaction rate equation. The physical quantities used were shown in
Table 1.

d - A A
paf’:er(uA‘V)u = —Vp+VA(1[Vu+ (Vu)]), VAu=0 @
VA'J,' -‘rMAVC, = Ri7./,~ = — DiVCi (3)

Fig. 3. Y-type continuous flow capillary reactor modeling.

Table 1

Relevant physical property parameters used in modeling process.
Physical Numerical value Physical Numerical value
quantity quantity
A 1.64 x 10°m®/(s-mol)  Ea 5.1 x 10* J/mol
Mgs 0.068 kg/mol pes 720 kg/m®
Mpia 0.098 kg/mol pMA 1210 kg/m>
MutHpPA 0.166 kg/mol PMTHPA 1240 kg/m°>
McsHi2 0.072 kg/mol PcsH12 620 kg/m3
Cocs 232.4 mol/m* Co,csH12 192.5 mol/m>
Coma 207.4 mol/m® P 0.3 MPa
T 65 °C p 1135 kg/m>
(25 °C) 0.04 Pa-s u 0.021 m/s
uy 0.009 m/s order of reaction 2

dc;
R, = R, V,— =V,R; 4
Zj i Vi s )
auz N ~ ~
E—«—p(uzA-V)uz =VA:[—P2;+K|+F,pVAu2 =0 5)
k ~

3. Results and discussion
3.1. Characterization analysis

In our previous work, we made specific analysis of 3-MTHPA, 4-
MTHPA, and 3/4 MTHPA, determined the difference of C = C-H
chemical shift in 'H NMR, and also determined the wavelength of each
functional group in FT-IR, and had a clear understanding of MTHPA.
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3.2. D-A synthesis reaction in batch reactor and continuous flow capillary
reactor

3.2.1. Influence of pipe diameter on mass transfer efficiency

Four kinds of polytetrafluoroethylene (PTFE) pipes with inner di-
ameters of 0.5, 0.8, 1.6 and 2.0 mm and tube lengths of 2.50, 2.48, 2.44
and 0.39 m, respectively, were used to investigate the effects of pipe
diameter and residence time on D-A reaction. The reaction parameters
were set to 65 °C, 0.3 MPa pressure, and ncs: nya = 1.08:1, and the rest
were listed in Table 2. On MA conversion, the consequences of D-A re-
action at 8.06, 5.37,4.13, 3.16, 1.07, and 0.534 min were debated. From
Fig. 4, it can be seen that the pipe diameter has a great impact on the
synthesis of MTHPA. The finer the microtubule, the larger the material
contact area, the higher the mass transfer efficiency, and the higher the
reaction conversion rate. The most suitable pipe diameter was 0.5 ~ 0.8
mm, but considering that the smaller the pipe diameter during the
experiment, the smaller the feed speed, which is easy to cause fluctua-
tions in the experimental data, 0.8 mm was chosen as the microchannel
size. The conversion rate of reaction rapidly grew as residence time
increased, and it might reach 100 % in 8 min.

The total volume mass transfer coefficient k;, was used to represent
the rate of mass transfer, as shown in equation (7), where c* is the
equilibrium concentration of MA at the outlet. The calculation results of
the total mass transfer coefficient of each pipe diameter were shown in
Table 3. It can be seen that with the increase of pipe diameter, the total
mass transfer coefficient significantly decreases, and the strengthening
effect of micro-size on mass transfer efficiency is significantly enhanced.

KLa = Q _dCJ
Vi), c—c
= KrA(CB)Z )

3.2.2. Comparison between the kettle and continuous flow capillary reactor

Cs and MA were used to synthesize 3/4-MTHPA in batch reactor and
continuous flow capillary reactor. The experimental results were shown
in Fig. 5. When conducting a D-A reaction in continuous flow capillary
reactor, a reaction temperature lower than 55 °C will cause MA to so-
lidify and block the pipeline. When conducting a D-A reaction in kettle
reactor, a temperature higher than 75 °C will promote the polymeriza-
tion reaction and product will become viscous and deteriorate.

At 65 °C, ncs: nyp = 1.08:1 to prepare MTHPA, and the conversion
rate reached 100 % in the continuous flow capillary reactor for 8 min,
which was far better than 98.42 % of that of kettle reactor for 10 min,
but batch reactor’s reaction took 30 min.

At the same time, the influence of raw material ratio in different
reactors on D-A reaction was examined. The conversion rate of contin-
uous flow capillary reactor was 100 % after 5.37 min reaction at 65°C
and ncs: nya = 1.08:1, while the conversion rate of the reactor was only
98.94 % after 30 min reaction at this condition.

Table 2
Experimental conditions of continuous flow capillary reactor.

d (mm) material residence time (min)

8.06 5.37 4.13 3.16 1.07 0.54

0.5 Qcs (ml/min)  0.170  0.255  0.339  0.434 1.275 2.550
Quma (ml/ 0.070 0.105 0.140 0.179 0.525 1.050
min)

0.8 Qcs (ml/min)  0.430 0.645 0.860 1.075  3.225 6.450
Qua (ml/ 0.180 0.270 0.360 0.450 1.350 2.700
min)

1.2 Qcs (ml/min)  0.960  1.440 1915 2400 7.200 14.400
Qua (ml/ 0.410 0.615 0.820 1.025 3.075 6.150
min)

2.0 Qcs (ml/min)  0.430 0.645 0.860 1.075 3.225 6.450
Qua (ml/ 0.180 0.270 0.360  0.450  1.350 2.700

min)
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Fig. 4. Effects of different pipe diameters and different residence times on D-
A reaction.

Table 3
Total mass transfer coefficient of each pipe diameter.
diameter kia diameter kia
0.5 0.01436 0.8 0.01171
1.2 0.00938 2.0 0.00713

This study demonstrated that the micron-to-millimeter size struc-
tural channel in continuous flow capillary reactor had significantly
increased the contact area and realized a significant increase in mass
transfer and heat transfer efficiency, and easily break the restriction that
the reaction speed of kettle reactor will gradually slow down even if the
drip time of 50 min is ignored.

3.2.3. Kinetics correlation

The kinetics of the D-A reaction between Cs and MA has been
recognized by many scholars, and its second-order reaction kinetics
equation was shown in Equation 8. In our previous work, (Jing et al.,
2023) the kinetics of the D-A reaction was fully debated, and the reac-
tion activation energy (Ea) of MTHPA was 50 ~ 55 kJ/mol and the pre-
exponential factor (A) was 1.2 ~ 1.8 x 10°. While the continuous flow
capillary reactor optimized the reaction conditions and avoided the
occurrence of polymerization side reactions, we verified it with the most
basic kinetic formula and obtained excellent results.

The kinetics of reactor synthesis of MTHPA has been discussed for a
long time, and the MTHPA reaction rate constant obtained by Lei Hao et
al in China was 0.10587 L~m01’1-min’1, which was close to the reaction
rate constant obtained by sampling calculation in our reactor synthesis
process. Compared with the 0.5 ~ 0.8 mm microchannel reactor, the
microsize can significantly improve the reaction rate.

v ln[b(a —x)

m} (8)

Table 4 showed the reaction rate constants when the microchannel
was 0.5, 0.8, 1.2, and 2.0 mm. Fig. 6 confirmed that the calculated re-
sults of the second-order kinetics of D-A reaction under different pipe
diameters and residence times were in good agreement with the
experimental results. The experiments of the synthesis reaction at the
microscale were in strict agreement with the theoretical calculation,
which showed that the D-A reaction in the capillary can avoid the side
reaction of diene autopolymerization..
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reactor = 30 min); (b) Time (temperature = 65 °C; molar ratio = 1.08); (c) Molar ratio (temperature = 65 °C, the residence time of microreator = 5.37 min, the

reaction time of kettle reactor = 30 min).

Table 4
K and r? in different microchannels.
Pipe Diameter (mm) k (L-mol 'min~1) R?
0.5 0.25445 0.99962
0.8 0.24029 0.99938
1.2 0.08413 0.99938
2.0 0.05836 0.99959

3.2.4. Pressure calculation

As shown in Fig. 7, to ensure a homogeneous reaction, used Aspen to
simulate the relationship between the saturated vapor pressure and
temperature of piperylene and isoprene and determined that the pres-
sure of the reaction system should be kept at 0.3 ~ 0.5 MPa at 65 °C. The
Antoine equation was simulated and calculated as shown in Eq. (8).

o 115.142
= - 8
t+0.3 ®)

lgp

In actual industrial production, the synthesis of MTHPA in the kettle

reactor is usually protected with 0.3 MPa nitrogen, because the anaer-
obic and anhydrous synthesis conditions can reduce side reactions such
as oxidation. Aspen fitting results indicated that 0.3 MPa low pressure
protection should be adopted in order to prevent both vaporization and
self-polymerization of Cs. Therefore, 0.3 MPa was the best system
pressure for this reaction.

3.2.5. Orthogonal experimental

A quadratic mathematical model for each response was developed
using the least squares error method. Table 5 showed the response
variables. As shown, all responses followed a quadratic polynomial
model. The model predicted the response values and compared them
with the observed values, and the comparison of each response was
shown in Fig. 8.

It can be seen from the response surface that the ideal MTHPA syn-
thesis condition in 0.8 mm pipe diameter is: 75 °C, 6 min, C5:MA =
1.05:1. Increasing the temperature did speed up the reaction process and
even optimize the ratio of raw materials. However, in the actual
experiment, we encountered a series of problems such as oxidation and
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hydrolysis of MA melted at high temperature for a long time, and side
reactions led to pipeline blockage. Therefore, we previously selected
65 °C as a milder reaction condition and carried out reasonable exper-
imental optimization.

3.2.6. Mass balance

Since the polymerization side reactions were avoided during the D-A
reaction in the continuous flow capillary reactor, to ensure the cor-
rectness of the experimental results, we conducted a discussion of the
changes of Cs, MA, and MTHPA concentrations at different residence
time by controlling the flow rate. The mass equilibrium results were
shown in Fig. 9. The impurities of raw material Cs were alkanes and
olefins, and there was no competitive reaction. The use of microchannel
reactor and the optimization of conditions successfully avoided side
reactions such as self-polymerization. The D-A reaction of pentadiene
and MA was irreversible with stoichiometric number 1:1, and the ma-
terial conservation of the system was only related to pentadiene, MA and
MTHPA. As the concentration of Cs and MA decreased, the concentra-
tion of MTHPA gradually increased until the reaction was in

Arabian Journal of Chemistry 17 (2024) 105696

Table 5
Orthogonal experiments on the factors affecting the conversion rate in contin-
uous flow capillary reactors.

Temperature (°C) Residence time (min) Cs: MA ratio Conversion (%)
70 4.5 1.05 95.88
70 4.5 1.05 95.88
80 4.5 1 92.44
80 1 1.05 89.31
80 8 1.05 99.28
70 8 1.1 100
80 4.5 1.1 97.13
70 4.5 1.05 95.88
70 4.5 1.05 95.88
70 1 1.1 85.45
70 4.5 1.05 95.88
70 1 1 78.11
60 8 1.05 90.65
60 4.5 1 79.37
70 8 1 96.24
60 4.5 1.1 86.07
70 4.5 1.05 95.88
70 4.5 1.05 95.88
60 1 1.05 72.22
70 4.5 1.05 95.88

equilibrium.
3.3. CFD simulation

The D-A synthesis of pentadiene and MA was simulated by Comsol
modeling software. The MA conversion results were shown in Fig. 10.
The highest numerical conversion obtained was 100 % (temperature
75 °C, time 10 min, molar ratio 1.08).

Through simulation calculation, it can know that when the initial
concentration Cs = 232.4 mol/mg, MA = 207.4 mol/m3, the MA con-
version rate can reach 98.68 % at 65 °C, while the conversion rate of
reaction at 75 °C was as high as 99.78 %. The calculation time was
deliberately extended to 10 min, and it was found that the conversion
rate reached 100 % at 75 °C, while the conversion rate of reaction at
55 °C was as low as 96.74 %. Accurate kinetic parameters guided
modeling and response surface analyses with very similar results, both
reflecting that 75 °C is the best temperature choice for MTHPA synthesis,
but considering the practical situation, 65 °C is favorable in terms of
energy consumption and experimental stability.

The reaction length of the model was 2.2 m, which was consistent
with the 2.0 ~ 2.5 m long microchannel applied in the experiment. After
the calculation of reaction, mass transfer and fluid dynamics equations,
the model simulation results of Comsol were shown in Fig. 11. It can see
intuitively in the figure that although D-A reaction was rapid, with the
extension of the pipeline, the product MTHPA had a significant con-
centration change. This was consistent with our calculation during the
experiment. Increasing the flow rate or shortening the tube length would
greatly reduce the conversion rate. The flow of fluid was continuous, and
its flow velocity profile in the microchannel also told us that D-A reac-
tion with fast reaction and strong exothermic in the continuous flow
capillary reactor was very stable.

To determine the effect of pipe diameter on D-A reaction, the D-A
reaction of PTFE microtubules used in the experiment was calculated
under different diameters on Comsol software. The reaction conditions
were fixed at 65 °C, 0.3 MPa, the residence time was 10 min, and the
ratio of Cs to MA was 1.08:1. The simulation results were shown in
Fig. 12. In line with the experimental results, the conversion rate of 0.5
mm tube can easily reach 100 %, and the effect of 0.8 mm tube can also
reach 99.5 %. With the increase of the diameter of the tube, the simu-
lation results of the decrease of the conversion rate were in good
agreement with the experimental law.
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Fig. 8. Response surface simulation of temperature, residence time, and feedstock ratio for the D-A reaction.
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3.4. Qualitative comparison between experimental and numerical
methods

Analyzing the influence of temperature on the concentration of
MTHPA, it can see that the higher the temperature was, the higher the
conversion rate was. The comparison between the experimental results
and the numerical simulation showed that the reaction rate was seri-
ously reduced when the temperature was lower than 65 °C, and the
residual MA will lead to the subsequent steps of vacuum distillation. The
reaction time was 8 min. The minimal difference between the experi-
mental results and the numerical simulation may be due to the
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Fig. 10. Simulation of reaction conditions of continuous flow capillary reactor.

simplification of the solvent and the fluctuation of temperature and
pressure, but this can be the best reaction time. For the study parameter
of D-A reaction calculation, only conversion rate was selected, because
polymerization did not occur during continuous flow capillary reactor
experiment. Therefore, the selectivity of 100 % can be defined for D-A
reactions with pressure of 0.3 MPa.

4. Conclusion

In the experiment, we compared the effect of MTHPA synthesis in
kettle and continuous flow capillary reactor. 3! It was found that the
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optimum temperature of kettle synthesis was 65 °C, the optimum time
was 30 min, and the Cs/MA raw material ratio was 1.08. At the same
temperature, continuous flow capillary reactor greatly increased the
conversion and shortened the reaction time to 8 min. The influence of
micro size on the synthesis reaction was also examined. The conversion
of D-A synthesis in circular tubes with diameters of 0.5 mm and 0.8 mm
was 100 %, much better than that in 1.2 mm and 2.0 mm tubes. In order
to maintain a homogeneous reaction system, we used Aspen simulation
to obtain the optimal system pressure of 0.3 MPa, which prevents the
occurrence of self polymerization side reactions during the vaporization
of diene.Most importantly, we used Comsol simulation software to
explain the experimental phenomenon, and based on the modeling re-
sults obtained by accurate dynamic parameters, it was determined that
the changing trend of the influencing factors of the microchannel in the
D-A reaction process was consistent with the experimental phenomenon.
The polymerization reaction was ignored in the simulation process.
However, the conversion rate at 65 °C and 8 min is 99 %, which is
consistent with the experimental results. Therefore, microchannels can
avoid the occurrence of side reactions in the industrial synthesis of
MTHPA, which has a good application prospect.
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