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Abstract: Reaction thermal runaway, caused by excessive temperatures of the reaction system,
threatens the safety of operators. Latent heat storage by phase change materials (PCMs) has the
advantages of high energy storage density and stable temperature during the energy storage process,
which was widely applied in many fields and provides a new idea for the temperature control of
thermal runaway reactions. In this study, microencapsulated phase change materials (microPCMs)
with a melamine-formaldehybe (MF) resin shell was fabricated by in situ polymerization. The
characterization of the micro morphology, chemical bonds, crystal structure, thermal properties,
and thermal stability of microPCMs showed that the prepared microPCMs had integrated spherical
morphologies and smooth surfaces, with an encapsulation ratio of approximately 70% and good
thermal stability. Furthermore, taking the esterification of propionic anhydride (PA) and 2-butanol
(2B) as examples, n-octadecane@MF resin microPCMs was used to control the reaction temperature
under various operation conditions in semi-batch reactors. The experimental results showed that the
mechanism of the n-octadecane@MF resin microPCMs on the control of reaction temperature in semi-
batch reactors was the combination of both physical and chemical interactions. The applications of
microPCMs for the control of reaction temperature hold great potential for use in industrial processes.

Keywords: microencapsulated phase change materials; in situ polymerization; reaction inhibitor;
temperature control; esterification reaction

1. Introduction

Reaction inhibition is an emergency treatment measure to reduce the harm of ther-
mal runaway of exothermic reactions [1]. Dakkoune et al. [2] investigated the causes of
169 chemical accidents in France over 40 years and found that 25% of the accidents were
caused by the thermal runaway of exothermic reactions. Thermal runaway of chemical
processes mainly refers to uncontrolled self-heating, which is caused by reactor cooling
system failure [3], remaining reactant accumulation [4], local hot spots in reactors [5],
personnel misoperation [6], or system parametric sensitivity [7]. The kettle-type reactors
commonly used in large-scale industrial production are especially vulnerable as these
types of reactors have an obvious amplification effect. Its heat transfer capacity increases
linearly with increasing reactor size, while the reactant amount increases exponentially
with increasing reactor size, which greatly increases the risk of thermal runaway accidents.

A number of criteria have been developed to address the occurrence of thermal run-
away accidents. These include the Semenov criterion [8], TB criterion [9], AE criterion [10],
MUV criterion [11,12], VR criterion [13], DIV criterion [14,15], and safety boundary graph
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criterion [16-18]. The above theoretical research shows that, for the reactor, a high tempera-
ture inside the reaction system will greatly increase the risk of thermal runaway accidents.
Therefore, it is very important to control the temperature inside the reaction system to
prevent thermal runaway accidents.

At present, the inhibition measures for thermal runaway inhibition of exothermic reac-
tions mainly include cooling and pressure relief, and the disposal methods mainly include
safety release, emergency reception of materials, and reaction inhibition [19], although
safety release and emergency material receiving can effectively reduce the overpressure
caused by temperature rises in the reactors [20]. However, auxiliary equipment needs to be
added to the basic equipment of kettle reactors, which will increase the construction cost
of chemical plants. Reaction inhibition mainly includes physical inhibition and chemical
inhibition. Physical inhibition is aimed at reducing the reaction temperature and concentra-
tion of reactants by injecting coolant or diluent into the reactors [21]. Chemical inhibition is
aimed at some specific types of chemical reactions by adding chemical reagents to quench
the active intermediates in the reaction system to stop the reactions and to break the vicious
cycle of “reaction rate increase—reaction temperature increase” to effectively control the
thermal runaway reactions [22]. However, all above methods have certain defects. The
commonly used physical inhibition method is to add water or other inert solvents into the
reaction system, which requires enough free space in the kettle reactor and may exacerbate
the overpressure phenomenon in the kettle reactor. Although chemical inhibitors are effec-
tive, there may not exist suitable chemical inhibitors for a specific reaction; the cost is also
high [19,20], which can limit the use of chemical inhibitors.

Phase change materials (PCMs), which can store large amounts of energy quasi-
isothermally during phase transformations, are one of the most preferred forms of energy
storage [23-25]. On this basis, microencapsulated phase change materials (microPCMs)
are a type of small vessels containing PCMs. The encapsulation technologies have wide
application prospects in the fields of building insulation [26], environmental protection [27],
textiles and clothing, medical treatment and health [28], electronic device cooling, and
military purposes [29]. Encapsulating PCMs in a spherical shell can effectively prevent
leakage of the PCMs, improve the thermal conductivity, and enhance the heat transfer
and heat storage performance [30,31]. Shell materials and encapsulation materials for
microPCMs are commonly divided into two categories: inorganic or organic materials [32].

Inorganic shell materials have the advantages of high thermal stability and low price.
Wang et al. [33] first encapsulated PCMs using silica as the shell material, studied its
formation mechanism, and proved that cationic surfactants (cetyltrimethylammonium
bromide and dodecyltrimethylammonium bromide) acting as emulsifiers were suitable
for microPCMs. Compared with PCMs encapsulated with inorganic materials, PCMs
encapsulated with organic materials, such as melamine-formaldehybe (MF) resin, urea-
formaldehyde (UF) resin, polymethyl methacrylate (PMMA) resin, and polystyrene (PS)
resin, have poor thermal stability, but at the same time, due to the good ductility of organic
materials, PCMs encapsulated with organic materials have great mechanical strength [34].

In summary, microPCMs have not only the characteristic of large phase change latent
heat, but are also harmonized in the phase change temperature and service tempera-
ture with excellent properties in both thermal and chemical stability [35]. Furthermore,
microPCMs have good flow performance and heat transfer performance in the reaction
system due to their small particle sizes [36], which allow them to have great application
prospects as reaction inhibitors. At present, there are few studies on using phase change
microcapsules as reaction inhibitors. Minghui Zhang et al. [37] first applied paraffin@SiO,
microPCMs in temperature control of heterogeneous reaction processes. The results showed
that the addition of microPCMs could alleviate the uneven distribution of temperature
in the reactors and reduce the formation of local hot spots in the reaction system, thus
preventing the occurrence of thermal runaway accidents and improving the selectivity
of products. Odusin et al. [38,39] used encapsulated phase change materials in the heat
transfer layer of Fixed-bed Fischer-Tropsch reactors to improve the heat transfer capacity of
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the reaction system. The results showed that the thermal inerting performance of PCMs
can effectively control the temperature of the reaction system and improve product selec-
tivity. Kongzhai Li et al. [40] added a catalyst into the shell material to prepare AI@Al,O3
microPCMs, and completed the effective control of the exothermic oxidation reaction tem-
perature on the basis of ensuring the catalytic efficiency. Qiang Chen et al. [41], taking
the batch esterification reaction in a kettle reactor combined with the DIV criterion model
as the research subject, conducted reaction inhibition experiments while adding different
amounts of n-octadecane@SiO, nano-PCMs at different warning temperatures. The results
revealed that thermal runaway can be halted by applying nano-PCMs and that the reaction
can steadily proceed to completion.

Compared with the above studies, what can be found is that the current application
scenarios of microPCMs in the reaction processed are still limited, mainly for batch reactions.
As well, most of them used inorganic materials as shell materials to prepare the microPCMs.
However, in the industrial production process, the semi-batch reaction is more widely used.
In this work, firstly, n-octadecane encapsulated with MF resin as the shell material was
prepared by in situ polymerization, and its properties were characterized. On this basis,
semi-batch esterification reactions under different operation conditions were the focus of
the research topic, in order to explore the influence of different amounts of microPCMs
on the effect of temperature control based on different esterification reactions at different
addition temperatures.

2. Preparation and Characterization of the microPCMs
2.1. Experimental Materials

Table 1 lists the basic information of the experimental materials used in the preparation
of microPCMs, namely n-octadecane, melamine, formaldehyde solution, TA (a type of
sodium salt copolymer of styrene maleic anhydride), Triton X-100, sodium hydroxide, anhy-
drous citric acid and distilled water. All the chemicals were used without further treatment.

Table 1. Experimental materials used in the preparation of microPCMs.

Experimental Materials CAS No. Molecular Formula Weight (wt.%) Source
n-octadecane 593-45-3 Ci1gHsg >99.0 wt.% Aladdin Reagent (Shanghai, China)
Melamine 1058-78-1 C3HgNg >99.0 wt.% Aladdin Reagent (Shanghai, China)
Ethanol 64-47-5 C,HqO >99.7 wt.% Ya Sheng Chemical (Wuxi, China)
Formaldehyde solution 50-00-0 CH,0 36 wt.%~38wt.% Xi Long Scientific (Shantou, China)
o o - o Rui Gong Chemical Reagent
TA ~19 wt.% (Shanghai, China)
. o Sinopharm Chemical Reagent
Triton X-100 9002-93-1 C34HgrOqq >95.0 wt.% (Shanghai, China)
. . o Sinopharm Chemical Reagent
Sodium hydroxide 1310-73-2 NaOH >99.0 wt.% (Shanghai, China)
Anhydrous Citric acid 77-92-9 CeHsO; >99.5 wt.% Sinopharm Chemical Reagent

Distilled water

(Shanghai, China)
Wan Qing Glass & Instrument

7732-18-5 H,O - (Nanjing, China)

2.2. Preparation of Encapsulated n-Octadecane with MF Resin Shell

In this study, the n-octadecane@MF resin microPCMs were prepared using in situ
polymerization. In this method, firstly, the emulsion of the PCMs is prepared in water, and
then the prepolymer is added into the continuous phase to encapsulate the PCMs’ core
within a solid shell through a polymerization reaction [42]. Figure 1 presents the basic
process of preparing microPCMs by in situ polymerization.
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Figure 1. Basic process of in situ polymerization.

The main ingredient of the MF prepolymer mentioned above is hydroxymethyl
melamine, which is prepared from formaldehyde and melamine under alkaline conditions.
The reaction principle is shown in Figure 2a. Subsequently, small prepolymer molecules are
attached to the surface of the n-octadecane droplets by molecular self-assembly [24]. Finally,
under acidic conditions, the small molecules of hydroxymethyl melamine dehydrate on
the surfaces of the emulsion to form the MF resin and then coat the PCMs, as shown
in Figure 2b.
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Figure 2. (a) Formation of MF prepolymer and (b) formation of MF resin.

TA was used as an emulsifier, and sodium hydroxide and citric acid were used as pH
regulators in this study; the synthesis process is shown in Figure 3.

The characterization process consisted of the following steps: (1) preparation of the
MF prepolymer mixture; (2) preparation of the n-octadecane core material emulsion, (3)
dropping the MF prepolymer mixture into the core material emulsion to realize the coating
of core material discontinuous phase droplets, and (4) washing and drying the microPCM
products [43]. First, 7.0 g of melamine, 15 mL of formaldehyde solution, and 40 mL of
distilled water were added into an 150 mL conical flask. A suitable amount of 0.1 mol/L
sodium hydroxide solution was added to adjust the pH to approximately 8.5. Under the
condition of 70 °C water bath, the magnetic stirrer was started for 30 min to receive the MF
prepolymer for later use. Separately, 90 mL of distilled water and 6 g of TA were added into
a 250 mL three-necked round-bottomed flask. The emulsifier was well stirred with a glass
rod to dissolve the TA in distilled water and then 15 g of melted n-octadecane was added.
The resulting mixture was mechanically emulsified at 55 °C at a stirring rate of 2000 rpm
for 20 min. Next, 0.3 g of Triton X-100 was added to the flask, after which the emulsion
was homogenized in a 60 °C water bath at a rate of 10,000 rpm for 10 min to form a stable
emulsion. Finally, an appropriate amount of 15 wt.% citric acid solution was added into the
stable emulsion to adjust the pH of the system to 4. In the following step, the mechanical
stirring speed was set to 500 rpm. The MF prepolymer mixture was slowly added dropwise
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into the stable emulsion in a 55 °C water bath. After the prepolymer addition, the water
bath temperature was slowly raised to 70 °C. After the microPCM emulsion was stirred
at 70 °C for 2 h, the resulting microPCMs were filtered and washed with 50 wt.% ethanol
solution until the pH of the filtrate was 7. The wet cake was then dried in an oven at 60 °C
for 12 h to obtain the finished product.
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Figure 3. Fabrication schematic diagram of encapsulated n-octadecane with the MF resin shell.

2.3. Chemical Characterization and Morphology of microPCMs

The chemical characterization of the encapsulated microPCMs was performed using

FTIR spectroscopy. The FTIR spectra of the samples were obtained using a Nicolet 6700 spec-
trometer (Nicolet Instrument Company, Madison, WI, USA) on a KBr sampling sheet over
a range of 400 to 4000 cm~!. Figure 4a shows the FTIR spectra of n-octadecane and the
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as-prepared microPCMs. The position of main infrared characteristic absorption peaks
corresponding to each serial number in Figure 4a are shown in Table 2. The microPCMs
show five characteristic infrared peaks of pure n-octadecane (2960, 2915, 2849, 1470, and
717 cm~!) and six characteristic infrared absorption peaks of the MF resin shell material of
the microPCMs (3400, 1568, 1347, 1160, 1010, and 810 cm™!). For the pure n-octadecane
sample, the peaks at 2960, 2915, 2849 cm ! are due to the C-H stretching vibration of methyl
and methylene groups. The peak at 1470 cm ! is attributed to the bending vibration of
the methyl groups. The peak at 717 cm ™! in the spectrum of n-octadecane is associated
with the in-plane rocking vibration of the methylene groups. For the microPCMs, the wide
and large absorption peak near 3400 cm ™! is due to the superimposition of the absorption
peaks of the stretching vibration of the hydroxyl and amino group residues present because
of the incomplete polymerization of the hydroxymethyl melamine monomers. The peaks
at 1568 cm ™! and 1347 cm ™! are assigned to the stretching vibrations of the C-N single and
C-N double bonds in the aromatic rings. The peak at 1010 cm ™! is caused by the stretch-
ing vibration of alcohol carbon-oxygen single bonds, and the peak at 810 cm ™! results
from the bending vibrations of the triazine rings of the MF resin. It is worth mentioning
that the characteristic peak near 1160 cm~! comes from the structure of an ether bond,
which does not exist in either monomer, which strongly indicates that the MF prepolymer
molecules hydroxymethyl melamine form an effective coating on the surfaces of the core
material droplets.

Transmittance (%)
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i : (003) am

pure n-octadecane
microPCMs
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Figure 4. (a) FTIR spectra and (b) XRD patterns of n-octadecane and microPCMs.

Table 2. Main infrared absorption characteristic peaks of microPCMs and n-octadecane.

Sequence Number

@

@ ® @ ® ® @ ® © (®)

Peak position (cm™1)

717

1470 2849 2915 2960 810 1010 1160 1347 1568 3400

The crystalline structures of the microPCMs were identified using X-ray diffraction
(XRD). The XRD patterns of the powder samples were recorded on a Japan Rigaku D/Max
2500 X-ray spectrometer (Japan Science Corporation, Tokyo, Japan) with Cu-K« radiation
(A =0.154 nm) at a scanning rate of 5°/min, with 26 ranging from 5° to 60°. The resulting
XRD patterns are shown in Figure 4b. Diffraction peaks are observed at 20 values of
7.62°,11.46°,15.32°,19.20°, 19.72°, 23.30°, 24.66°, 25.62°, 34.96°, 39.64°, and 44.44° in the
XRD pattern of microPCMs. These correspond to the (002), (003),(004),(010), (01
1), (102), (1-10), (1-12), (1 1 2), (0-22), and (1 1 7) planes of n-octadecane, respectively,
according to the standard card data of JCPDS No. 53-1532. For the MF resin, because
it is a large-molecule weight polymer, there are wide diffraction bands in the 26 range
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of 10 to 30°, with no fine spectral peak structure, indicating that it has an amorphous
structure. These characterization results suggest that the MF resin shell was successfully
fabricated onto the n-octadecane core, and the encapsulation of n-octadecane did not affect
its crystallization structure.

Both optical microscopy and scanning electron microscopy were used to character-
ize the morphology of the microPCMs. The photomicrographs were obtained by using
a 52-01005 optical microscope (Bresser Optical Company, Rhede, Germany) at 40x Eye-
piece magnification. The microstructure was obtained by using a FE-SEM SU8220 Series
(HITACHI UHR Company, Tokyo, Japan) scanning electron microscope (SEM) with an
acceleration of 20 kV. The resulting micrographs are displayed in Figure 5a,b. Figure 5a
shows that all the microPCMs particles have a clearly spherical structure. Figure 5b shows
that the prepared microPCMs particles exhibit regular spherical morphologies and smooth
surfaces. As well, most of the sizes of the microPCMs particles are between 1~2 microns.

(a)

SU8220 20.0kV 8.1mm x30.0k SE(U)

SU8220 20.0kV 8.1mm x15.0k SE(J) 5.00pm

Figure 5. (a) Optical micrographs of the microPCMs, (b) SEM micrographs of the microPCMs.
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2.4. Thermal Properties and Thermal Stability of microPCMs

In this study, the microPCMs were used as inhibitors for exothermic reactions. For
this reason, it is crucial to know the thermal properties and stabilities of the microPCMs for
their application in the following semi-batch esterification reaction experiments, which can
be determined through differential scanning calorimetry (DSC) analysis and thermogravi-
metric (TGA) analysis. The DSC analysis is used to test the phase change enthalpy of the
microPCMs to obtain the encapsulation rate of the PCMs. R, which can be calculated by
Equation (1), and the mass fraction of n-octadecane in microPCMs can be measured by the

TGA analysis.

AI_Im,microPCMs % 100% (1)

R =
AI_Im,pure—PCMS

where R is the encapsulation rate of the microPCMs, AH,, yicropcas is the melting enthalpy
of prepared microPCMs, and AHy, pyre-pcvs is the melting enthalpy of pure n-octadecane.

The DSC analysis was performed on a TA Instruments Q20 calorimeter at a heating
rate of 10 °C/min from —10 °C to 50 °C within a nitrogen atmosphere and a sample weight
of approximately 5 mg. The DSC curves of n-octadecane and the microPCMs are displayed
in Figure 6. The parameters related to the phase change behaviors, such as the melting
(Tn) temperature and melting (AH,,) enthalpies obtained from the DSC measurements, are
listed in Table 3.

Heat flow (mW/mg)

9
2
g
3
=
=
=
<
=
=

pure n-octadecane
—— microPCMs

Temperature (°C)

Figure 6. DSC curves of pure n-octadecane and the microPCMs.

Table 3. Thermal properties of the microPCMs with the MF resin shell.

Sample T,, CC) AH,, (/g) E“I‘{;l:is::;“)"“ Char Yield at 800 °C
n-octadecane 27.28 230.2 — 0.19%
microPCMs 27.47 159.3 69.2 4.88%

As shown in Figure 6, pure n-octadecane has a well-defined endothermic peak at
approximately 28 °C for its melting peak. This result is consistent with the phase transition
point of 28.18 °C of n-octadecane [44]. For the prepared microPCMs sample, the phase
change behavior in the melting process is similar to that of pure n-octadecane. This
demonstrated that no chemical reaction occurred between the core material (n-octadecane)
and the shell material (the MF resin) [45].

In addition, it can be seen that in the DSC test results, the melting temperature of
neat n-octadecane is slightly higher than that of the microPCMs, which is caused by the
existence of the MF resin shell material, which delays heat diffusion into the inner core
material through heat transfer [46]. Similarly, the same phenomenon can be seen in the TGA
analysis test data. The encapsulation ratio represents the effective reaction heat storage and
prevention of runaway exothermic reactions in the shell of the PCMs. The shell thickness of
the microPCMs particles generally decreases with use, which may lead to the formation of
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Mass (wt.%)

PCMs that are easily broken after several charge cycles in the uncontrolled reaction control
process [47]. Therefore, in the preparation of the microPCMs as reaction temperature
inhibitors, it is necessary to maintain a balance between stability and thermal efficiency.

The TGA analysis was performed using a TGA /DSC 3 + thermogravimetric analyzer
(Mettler Toledo Laboratory Instrument Company, Switzerland), and approximately 5 mg
of the sample was heated from room temperature to 800 °C at a heating rate of 10 °C/min
within a nitrogen atmosphere. The TGA analysis and derivative thermogravimetry analysis
(DTG) curves are depicted in Figures 7a and 7b, respectively. As well, the char yield of the
samples at 800 °C are listed in Table 3. As shown in Figure 7a, pure n-octadecane exhibits
a one-step weight loss within the temperature range of approximately 120 °C~220 °C,
whereas the microPCMs degrade in three steps. The weight loss of approximately 3 wt.%
below 120 °C is mainly due to the removal of residual water or formaldehybe solvent. The
weight loss between 120 °C and 225 °C of approximately 62 wt.% is similar to that of pure n-
octadecane and is mainly attributed to n-octadecane evaporation. Furthermore, the weight
loss above 400 °C is due to the thermal decomposition of the MF resin. In addition, it can be
seen that the volatilization rate of n-octadecane in the microPCMs is obviously slower than
that of pure n-octadecane with increasing temperature. The maximum thermal weight loss
rate of the core material n-octadecane is 218 °C and the corresponding maximum weight
loss rate of the shell materials is 457 °C.

80

60

40 4

204

pure n-octadecane
microPCMs

T
|
W
>
457°C

-15

-20

30 wt.%

Derivative mass (wt.%/10°C)

225 4

-30 4

AN

| \218°C
1

pure n-octadecane
microPCMs

T T T T T
200 300 400 500 600
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(a)

T
100
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T T T
300 400 500

Temperature (°C)

(b)

T
600

T
700

800

Figure 7. (a) TGA and (b) DTG data curves of n-octadecane and the microPCMs.

The TGA results confirmed that the resin shell can protect n-octadecane from leakage
at 120 °C. In the actual industrial production, the reaction system temperature rarely
exceeds this temperature, which demonstrates the high applicability of the microPCM:s for
the temperature control of the exothermic reactions.

3. Temperature Control Experiments
3.1. Reaction Scheme

Esterification reaction is a strongly exothermic reaction that is widely used in industrial
production. In this study, the esterification reaction between propionic anhydride (PA) and
2-butanol (2B) were chosen as the research subject, and the equation is shown in Scheme 1.

Y\ OH
Y

Scheme 1. The main reaction scheme of the esterification reaction between PA and 2B.

OH + (0] H2S04

o

In addition, propionic acid, which is one of the products of the main reaction, also
reacts with 2B, and this equation is shown in Scheme 2.
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(0] 0]

Scheme 2. The side reaction scheme of the esterification reaction between PA and 2B.

3.2. Experimental Materials

Table 4 lists the basic information of the experimental materials used in the temperature
control experiments based on esterification reactions, namely, PA, 2B, and sulfuric acid. In
addition, the microPCMs previously prepared are also one of the experimental materials.
All the chemicals were used without further treatment.

Table 4. Experimental materials used in the temperature control experiments.

Experimental Materials CAS No. Molecular Formula Weight (wt.%) Source
Propionic anhydride 123-62-6 CeH1003 >97.0 wt.% Aladdin Reagent (Shanghai, China)
o Sinopharm Chemical Reagent
2-Butanol 78-92-2 C4H100 >95.0 wt.% (Shanghai, China)
Sulfuric acid 7664-93-9 H,S0, >98.0 wt.% Ling Feng Chemical Reagent

microPCMs

(Shanghai, China)
— — — Laboratory made

3.3. Experimental Procedures
3.3.1. Experimental Equipment

As shown in Figure 8, an EasyMax 102 calorimeter (Mettler Toledo Ltd., Zurich,
Switzerland), which is an automatic synthesis reaction system with two 100 mL reactors,
propeller agitators, temperature sensors, and calibrators, was chosen to carry out the
esterification reaction experiments. At the same time, the temperature change in the
reaction system and the exothermic situation of the reaction were also recorded. In this
study, all experiments were performed in the left-hand glass reactor.

1) Mechanical agitation
2) Reaction temperature sensor

3) Calibration heater
4) Heat/cool jacket
(5) Glass reactor

6) Dosing pump

Figure 8. The instruments used in the temperature control experiments (EasyMax 102).

In the calorimetric process, for the medium in the reaction kettle, there exists an energy
balance equation, as shown in Equation (2). The heat release rates of the reaction were
determined by Equations (3)—(6).

qr = qac + qflow + Gdos + Gloss — qc ()

where g, is the heat release rate of the reaction, g, is the heat accumulation power, flow 18 the
heat exchange power between the reactor and the jacket, g, is the heat power generated
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(@)

liquid
charge
pump

by reagent dosing, and g, is the heat loss from the reactor to the surroundings. 4. is the
power of the calibrator, which can calibrate the heat transfer coefficient and capacity of the
reaction system. gac, qfiow, Gdos, a0 loss can be determined from Equations (3)—(6).

e = mCy 7 )

flow = US(Ty — T)) )

s = T80 C (T — Ta) ©
Qross = &(Ty — Tamp) (6)

where m is the mass of the reaction material, Cp is the heat capacity of the reaction, T} is the
reactor temperature, T; is the jacket temperature, U is the heat transfer coefficient, and S is
the heat transfer area; mdos, Cpg0s, and T s are the mass, heat capacity, and temperature
of the dosed substance, respectively; « is the heat loss coefficient, and T, is the ambient
temperature [48].

To perform the isothermal experiments, first, 0.4 mol of PA (the base material) was
added into the reactor. With the T; was set to 25 °C, 80 uL of sulfuric acid was added into
the reactor at a stirring speed of 300 rpm to ensure the sulfuric acid can be scattered. When
T, was stable, 0.4 mol of 2B was added into the reactor at the rate of 5 mL/min, and the
change in T, and the exothermic rate of the reaction were simultaneously recorded. On
this basis, different amounts of the microPCMs were added into the reactor at appropriate
reaction temperatures in combination with the temperature rise of the reaction to explore
the influence of the microPCMs on the effect of temperature control in these types of
reactions. The experimental process and its facilities are shown in Figure 9a,b.

5 ml/min

\ :
Nz «— microPCMs :

Figure 9. (a) Experimental process and (b) experimental equipment for temperature control experi-
ments using the microPCMs.

As shown in Figure 9b, component () is the T, sensor, used for real-time measurements
of the temperature in the reactors; component (2) is an injection needle, which drops 2B
into the reaction system; component (3) is a long neck funnel with the function of injecting
sulfuric acid to trigger the reaction; component (9 is a weighing paper that prevents
the microPCMs from falling into the reactor before reaching the target temperature; and
component () is the microPCMs. When the reaction system reaches the target temperature,
the weighing paper is removed, and the microPCMs fall into the reactor to complete the
temperature control of the reaction system.

3.3.2. Experimental Process

The curves of the control experiment without any microPCMs are shown in Figure 10.
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Figure 10. Experimental results of the control experiment without the microPCMs.

The control experiment (Eg) without any microPCMs added into the esterification
reaction system was designed to determine the maximum temperature that the reaction
system can achieve under the chosen operating conditions and to measure the real-time
heat release rate during the feeding process.

When T, was stabilized at approximately 25 °C, the addition of 2B was initiated and
the temperature in the reactor (T;) rose rapidly, as well, the reaction heat release rate also
increased rapidly. This is because for the esterification reactions, the first step of the reaction
is the activation of PA. When PA is used as the base material, there are many activated
structures in the system due to the early mixing of the concentrated sulfuric acid and the
base material. When 2B was added, the heat release rate increased, while there was still a
small release of heat after feeding, which suggests that the reaction occurs quickly but that
there was a small accumulation of unreacted materials. In addition, it is noted that with
the beginning of the feeding process, the heat release of the reaction begins immediately,
at the same time, the reaction heat conversion increased linearly, indicating that there
is almost no material accumulation at this stage, which means heat conversion can be
substituted for material conversion during this stage, but with the continuous progress
of the feeding process, the reaction heat release began to decline slowly after reaching
a maximum value. This was due to the decrease of material concentration and catalyst
concentration in the reaction system, in the reaction process, the total volume of the reaction
system gradually increased, and the PA was gradually consumed, which jointly causes
this phenomenon. According to Equation (6), with the gradual increase of the temperature
in the reaction system, the heat dissipation gloss from the reaction system to the external
environment also increased. In this process, with the continuous decrease of catalyst
concentration in the system, the reaction rate began to decrease. When the reaction heat
release rate was equal to the heat dissipation rate, the reaction system temperature (T;)
reached its highest temperature of 67.36 °C, and then T, began to decrease. Compared with
the initial reaction temperature of 25 °C, the temperature increased by approximately 42 °C.
To explore the temperature intervention influence of the microPCMs on the temperature
during the reaction processes, different amounts of the microPCMs were added at 33%
(39 °C), 50% (46 °C), and 67% (53 °C) of the maximum temperature increase. The operating
conditions of the temperature control experiments are shown in Table 5. To reflect the
relationship among T, g, and reactor volume at the temperature rise stage of the reaction
system in the reaction process more intuitively, Figure 11 is drawn with T, as the abscissa
on the basis of Figure 10. As shown in Figure 11, T,.;, Ty.», and T3 correspond to three
different addition temperatures of the microPCMs.
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Table 5. Operating conditions of the temperature control experiments using the microPCMs.

Addition Addition Amounts Maximum
Test Temperature (°C) (@) Temperature of
P 8 Reactor (°C)
Eo — 0 67.36
Eq 39 2 62.30
E, 39 4 56.07
E3 39 5 51.36
Ey 39 5.5 45.35
Es 39 6 41.59
Eg 39 8 40.18
E; 46 2 60.96
Eg 46 4 56.84
Eog 46 5 53.66
Eqo 46 5.5 49.33
En 46 6 47.22
Epp 46 8 47.40
Eq3 53 2 53.51
Es 53 4 53.95
Eis5 53 6 54.03
E1 53 8 54.16
60 - e -
i ! = & : & 80 [70
50 - tﬁl : [ . L 60 R
o— T 2
[ - e
40 : £ 50 :
1 =70 : 2
= L Ef40 2
e RSN =
5 : (Eg) ~[*s
209 : -6(|§-20§
| 5 =
~ )
10 : qr (W) _55- L 10 =
: Reactor Volume (mL)
0 : thermal conversion (%) L0 [ 0
' T T - 10
20 30 40 50 60 70
Tr (°C)

Figure 11. Experimental results of the control experiment Ej (T, as the abscissa).

4. Result and Discussion
4.1. Experimental Results

The experimental results based on the microPCMs are shown in Figures 12-14.
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Figure 12. Experimental results with addition amount of (a)2 g, (b)4 g, (c)5g,(d)55¢g,(e)6 g,

(f) 8 g microPCMs at the temperature of 39 °C.
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Figure 13. Experimental results with addition amount of (a) 2 g, (b)4 g, (c)5g,(d)55¢g,(e)6 g,

(f) 8 g microPCMs at the temperature of 46 °C.
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Figure 14. Experimental results with addition amount of (a) 2 g, (b) 4 g, (c) 6 g, (d) 8 g microPCMs at
the temperature of 53 °C.

4.2. Effect of the Amount of microPCMs on Temperature Control

In this study, to explore the influence of the amount of microPCMs on the tempera-
ture control effect, the microPCMs were first introduced to conduct temperature control
experiments at 39 °C when the reaction temperature rose to one third and 46 °C, when
the reaction temperature rose to a half of the maximum temperature rise. According to
the experimental results of Eq, Ey, E3, and E4, when2 g,4 g, 5 g, and 5.5 g of microPCMs
were added at 39 °C, the maximum reaction temperatures (T;.;;4¢) were 62.30 °C, 56.07 °C,
51.36 °C, and 45.35 °C, which represented a decrease of 5.06 °C, 11.29 °C, 16.00 °C, and
22.01 °C, respectively. According to the experimental results of E;, Eg, Eg, and Eqg, the
Tr-max Were 60.96 °C, 56.84 °C, 53.66 °C, and 43.93 °C, which represented a decrease of
6.40 °C,10.52 °C, 13.70 °C, and 23.43 °C, respectively. It can be confirmed that the higher
the amount of the microPCMs, the better the temperature control effect was.

It is worth noting that with the addition of the microPCMs, the temperature of the reac-
tion system decreased briefly and then instantly increased. This was caused by the physical
heat exchange between the microPCMs, which were at room temperature (approximately
20 °C), and the reaction reagents, which were at a higher temperature.

A caveat exists in the experimental results of Es and E¢. Except for other results,
the temperature rose briefly after the physical heat exchange between the microPCMs
and the reaction system, and the temperature decreased directly after the addition of the
microPCMs under other operating conditions. When 6 g and 8 g of the microPCMs were
added, the experimental reaction temperature curves were obviously different than those
with lesser amounts of the microPCMs. This was especially the case in the results of Eg,
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with 8 g of the microPCMs added, when the reaction temperature immediately decreased
without further increases.

The main reason for this phenomenon is that with the addition of the microPCMs,
the catalyst content in the reaction system was affected. In the absence of a catalyst, the
reaction rate between PA and 2B is very slow and almost negligible [49]. The microPCMs
were used as a reaction inhibitor in this study, and the shell material was the MF resin. It
contains a large number of weakly basic amine groups that can dissociate hydroxide ions
into the water. In the reaction system, hydroxide ions can exchange with anions in the
reaction system to adsorb the sulfuric acid molecules that were used as catalysts. Taking
the primary and secondary amino groups in the MF resin as examples, the weakly alkaline
anion exchange reactions are shown in Scheme 3.

RiINH:OH 4+ H2SOs RiINHsHSOs +  H20

R:NH20H 4+ H2SO0s RoNH:HSOs  + H-0O

Scheme 3. The weakly alkaline anion exchange reactions in the reaction system.

At the same time, the experimental results of Ej4, Ei5, and Ej¢ should be noticed.
After the microPCMs were added to the reaction system, the reaction temperature did
not decrease immediately but experienced a brief heating process. We speculate that this
was because there was a small amount of hydroxyl mixed in the shell material of the
microPCMs due to incomplete dehydration condensation of the hydroxymethyl melamine
monomers present in the coating of the microPCMs. When the microPCMs were added into
the reaction system, the residual hydroxyl groups on the surface of the microPCMs reacted
with PA and propionic acid. With the increased amounts of the microPCMs, the transient
temperature rise also increased gradually from 53.95 °C to 54.16 °C; this phenomenon
confirms what had been previously suspected. However, with the increased amounts of
the microPCMs, the reaction temperature was quickly controlled, and the residence time
of the reaction system at higher temperatures was reduced, which reduced the chance of
thermal runaway accidents.

4.3. Effect of the Addition Temperature of microPCMs

In order to better explore the influence of the microPCMs adding temperature to
the temperature control effect, the microPCMs were added into the reaction system at
53 °C, when the feeding process was basically complete. As shown in Figures 12 and 13,
when the amounts of the microPCMs were 2 g, 4 g, 5 g, and 5.5 g at 39 °C, the maxi-
mum reaction temperatures were 62.30 °C, 56.07 °C, 51.36 °C, and 45.35 °C, respectively.
Compared to the temperature at the time of the addition, the temperatures increased by
23.30 °C, 17.07 °C, 12.36 °C, and 6.35 °C, respectively. When the same amounts of the
microPCMs were added at 46 °C, the maximum reaction temperatures were 60.96 °C,
56.84 °C, 53.66 °C, and 49.33 °C, and the temperatures increased by 14.96 °C, 10.84 °C,
7.66 °C, and 3.33 °C, respectively.

By evaluating the above data, it can be seen that while the same amounts of the
microPCMs were added into the reaction systems, the temperature control effect of adding
the microPCMs at 46 °C was obviously better than that at 39 °C. However, at 53 °C, even a
small amount of the microPCMs can effectively control the maximum temperature of the
reaction system.

There are three main reasons for this phenomenon. First, it can be seen from Figure 11.
With the feeding process, the heat release rate of the reaction was maintained at a large
value, indicating that the reaction was very violent, and this process was accompanied
by rapid material consumption. Furthermore, for fast reactions such as an esterification
reaction with less accumulation, the mass conversion rate can be expressed by the thermal
conversion rate. As shown in Figure 11, when the microPCMs was added at 39 °C, 46 °C,
and 53 °C, the corresponding thermal conversion rates were 12.4%, 18.3%, and 26.1%,
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respectively. This indicates that the process was accompanied by a rapid consumption of
PA. In addition, the continuous addition of 2B also increased the total volume of the reaction
system, which led to a reduction of the concentration of the reactive materials. Therefore,
the reaction system at a later time is more susceptible to the influence of the microPCMs.

Subsequently, when the microPCMs at a lower temperature (below 28.18 °C, which is
the melting point of n-octadecane) were put into the reaction system at a higher temperature,
physical heat exchange occurred between the reaction system and the microPCMs. With a
greater temperature difference between the reaction system and the microPCMs, the impact
of this effect on the reaction system also increased, which increased the control effect.

Finally, as the feeding process continued, the total mass of the reaction system in-
creased, which means that when absorbing the same amount of energy, the larger the
mass of the object, the lower the temperature change, which is one of the reasons for
this phenomenon.

5. Conclusions

In this study, to verify the potential of using microPCMs as reaction inhibitors, a
type of microPCM consisting of n-octadecane as the core material, encapsulated with
a MF resin as the shell material, was characterized by in situ polymerization based on
dehydration condensation between melamine and formaldehyde. On this basis, the semi-
batch esterification reaction between PA and 2B in the kettle reactors was selected as the
target reaction to explore the effects of additional amounts or additional temperatures of
the microPCMs on the temperature control effect of an exothermic reaction.

It was demonstrated, through the use of optical microscopy and scanning electron
microscopy, that the prepared microPCMs have integrated spherical morphologies and
smooth surfaces with a particle size between 1-2 microns. Furthermore, the results of FTIR
and XRD showed that there was a physical coating between n-octadecane and MF resin
during the preparation of microPCMs, and that the crystal structure of the core material
was also intact. In terms of phase change characteristics and thermal stability, DSC curves
showed that the melting enthalpy of the prepared microPCMs was 159.3 J/g and the
encapsulation rate of n-octadecane was 69.2 wt.%. These properties preliminarily proved
that the prepared microPCMs have great application prospects as reaction inhibitors.

The temperature control experimental results showed that the addition of microPCMs
can convert the energy of the exothermic reactions into fusion latent heat, which can
effectively reduce the reaction temperature to reduce the possibility of thermal runaway
accidents. The specific conclusions are as follows:

(1) The temperature control effect of microPCMs on exothermic reaction is related to
the addition amount. Maximum temperature of the reaction system declined by
5.06 °C, 11.24 °C, 16.00 °C, and 22.01 °C when 2g, 4g, 5g, and 5.5g of microPCMs
was added into the reactor at the temperature of 39 °C, respectively. Meanwhile, at
the addition temperature of 46 °C, the maximum temperature declined by 6.40 °C,
10.52 °C, 13.70 °C, and 23.43 °C when the same amounts of microPCMs were added.

(2) For an exothermic reaction, the temperature control effect of microPCMs becomes
better with the increase of addition temperature. When2 g, 4 g, 5 g, and 5.5 g of
microPCMs was added at the temperature of 39 °C, the temperature of the reaction
system continued to rise by 23.30 °C, 17.07 °C, 12.36 °C, and 6.35 °C, respectively,
before it began to decline. In comparison, the temperature of the reaction system
continued to rise by 14.96 °C, 10.84 °C, 7.66 °C, and 3.33 °C, respectively, while the
addition temperature increased to 46 °C. At the temperature of 53 °C, even 2 g of
microPCMs could effectively control the reaction temperature.

(8) The effect mechanism of n-octadecane@MF resin microPCMs on the temperature con-
trol of a semi-batch esterification reaction system is the combination of both physical
and chemical actions. The physical action is mainly reflected in the heat exchange
between the microPCMs and the reaction system and the melting endothermic of the
core material. The chemical reaction is caused by the anion exchange between the
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MF resin and anion in the reaction system, which could absorb the catalyst so as to
suspend the reaction processes.
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