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Abstract

Propylene glycol methyl ether, as an important solvent, releases a large amount of heat during its synthesis process and poses certain hazards. In this study,
the reaction was carried out in a semi-batch mode. The parameter range for optimization was determined via single-factor experiments. The process
parameters, including the reaction temperature, the alcohol-to-alkane ratio, and the catalyst concentration, were selected as the main factors to optimize
the reaction yield and pressure by response surface methodology. The results showed that when the reaction temperature was 100 °C, the alcohol-to-alkane
ratio was 4, and the catalyst concentration was 0.77%, the yield could reach the maximum of 88.58%, and the pressure decreased to 3.62 bar. The
exothermic behavior of the synthesis of PGME was studied by calorimetric experiments. Simultaneously, density functional theory (DFT) was used to
calculate the reaction pathway and thermal behavior of the reaction. The concentration changes of reactants and products were monitored by Fourier
Transform InfraRed, in real time (FTIR). An adiabatic accelerated calorimeter was used to study the thermal stability of materials. Finally, the runaway risk of
the reaction was evaluated based on the risk matrix method and the Stoessel critical diagram method. The results showed that the risk level of the reaction
was level 3, and it also reveals the mechanism of heat release during the reaction, which can be used to guide the safe production of propylene glycol
methyl ether.
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Introduction

The chemical industry involves a large amount of toxic, explosive,
and other hazardous substances. Dangerous working conditions
may arise during production processes. Once an accident occurs,
the consequences are often devastating. Propylene glycol ethers
are essential and widely used chemical products. Due to their two
strong functional groups, the ether bond and the hydroxyl group,
the ether bond is lipophilic and can dissolve hydrophobic sub-
stances, while the hydroxyl group is hydrophilic and can dissolve
hydrophilic substances!'l. Due to their low toxicityl?3], propylene
glycol ethers have become widely used solvents. PGME is a color-
less, transparent liquid and is one of the main products among
propylene glycol ethers.

PGME can be synthesized from PO and methanol (MeOH) under
the catalysis of a catalyst®. The early BF3 catalystl® had strong
corrosivity to equipment, caused serious pollution, and resulted in
poor product selectivity and low yield. Subsequently, many alkaline
catalysts were developed. Timofeeva et al.l® studied the effect of
the zeolitic imidazolate framework (ZIF-8) and its composite, with
alumina nanofibers as heterogeneous catalysts, on the yield of PGME,
proposing that as the ZIF-8 crystal size increases, both the reaction
rate and selectivity to PGME decrease. Zhao et al.”) prepared acetate
ionic liquids for catalyzing the reaction of PO with alcohol to synthe-
size propylene glycol ether. Compared to traditional sodium hydrox-
ide catalysts, it effectively reduces the formation of by-products.
The catalytic performance improves with increasing catalyst
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concentration. In this system, the optimal molar ratio of alcohol to
PO is approximately 3, and the optimal temperature is around
140 °C. Timofeeva et al.l8l studied the activity mechanism, shape
selectivity, and stability of alumina pillared interlayer clay (Al-PILC) in
catalyzing the ring-opening etherification reaction of methanol and
PO. The optimal reaction conditions were obtained as follows:
temperature of 110 °C, molar ratio of methanol to PO of 10, catalyst
dosage of 3 wt%, and a reaction time of 2 h. Currently, potassium
hydroxide and sodium hydroxide are mainly used as catalysts for the
synthesis of propylene glycol ethers in industry, mainly due to the
easy availability of the catalysts and the considerable yield.

The synthesis of propylene glycol ethers from PO and alcohols is
highly exothermic and rapid, presenting significant safety hazards.
Additionally, epoxides generally have high heat of polymerization,
with PO having a heat of polymerization of 83 kJ/mol and ethylene
oxide having a heat of polymerization of 95 kJ/molll. Polymeriza-
tion reactions are mostly carried out under high temperature and
high pressure conditions, and many of the catalysts, reactants, initia-
tors, etc., used in these reactions are flammable and explosivel'0.11,
Taking PO as an example, its boiling point is only 34 °C, and its flash
point is —37.2 °C, making it prone to explosion accidents.

The study of thermal hazards associated with reactions has always
been a hot topic. Bou-diab & Fierzl'2 developed a dynamic DSC
measurement screening method to identify autocatalytic decom-
position. By fitting a first-order kinetic model to the measured
exothermic curve, 80% of autocatalytic reactions can be identified.
Stoessel et al.l'3], through the summary and research of numerous
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hazardous cases, developed the Stoessel analysis method and
established a reaction hazard rating system, which is widely used in
many industrial productions. Xu et al.l'*! utilized the Stoessel analy-
sis method to conduct a reaction risk assessment for the reaction
process of diazidoacetaldoxime (DAzG). Combining a reaction calori-
meter and an accelerated adiabatic calorimeter, he ultimately classi-
fied the exothermic risk of DAzG as Level 2. Jiang et al.l'*! proposed
an improved method for the Stoessel critical diagram, incorporating
the final temperature under adiabatic conditions into the thermal
hazard assessment. Based on the improved Stoessel critical diagram,
he evaluated the synthesis of tert-butyl peroxyacetate, the prepara-
tion of hydroxylamine, and the synthesis of 2,6-diethyl-4-methyl-
phenylpropanamide, obtaining evaluation results that were more
in line with reality. Berdouzi et al.'®! developed a process safety
method based on the HAZOP classical framework, combining
dynamic simulation of deviation scenarios and risk matrix tools. This
method can quantify the impact of deviations and can be applied in
complex process patterns. Wang et al.'”! conducted experiments on
benzaldehyde oxime (BO) using DSC, performed linear fitting on the
decomposition kinetics of BO, and simulated the thermal behavior
under isothermal, adiabatic, and finite heat transfer conditions.
The simulation results showed that BO decomposes in the liquid
phase and releases a large amount of energy. Meanwhile, the effec-
tive activation energy range of BO was measured to be 68.9 to
41.3 kJ/mol, confirming that the decomposition of BO is a multi-step
reaction. Yu et al.l'8l studied the polymerization process of styrene,
deriving the thermal runaway criterion for styrene polymerization
through calorimetric experiments and gas chromatography experi-
ments. It was demonstrated that the hazard of styrene polymeriza-
tion increases with rising temperature, and the adiabatic tempera-
ture rise of the reaction increases logarithmically. Chen et al.l'l
studied the exothermic behavior of the decomposition of cumene
hydroperoxide (CHP), used the obtained data to simulate the run-
away behavior of 88% mass fraction CHP, developed a simplified
self-heating rate equation, and found that the presence of metal
ions in CHP significantly increases the risk of runaway.

The synthesis of PGME involves the ring-opening addition of PO.
Due to the physicochemical properties of PO and MeOH, the reac-
tion is highly exothermic and often conducted under pressure. If
cooling fails during production(27), the heat generated by the reac-
tion will accelerate the process, leading to an explosion.

This work investigates the exothermic characteristics of the
synthesis of PGME from PO. PO and MeOH are used as reactants,
with KOH serving as the catalyst, and the synthesis is conducted in
semi-batch mode. A single-factor experiment design is employed
to evaluate the effects of reaction temperature (T,), catalyst concen-
tration, alcohol-to-alkane ratio, and feeding rate on product yield
and maximum system pressure. Based on these results, optimal
parameters are selected, and the process is further optimized using
a three-factor, three-level design method based on response surface
methodology (RSM). Additionally, the exothermic behavior of the
reaction under varying conditions is examined. Changes in reactant
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concentration and heat release during the reaction process are
monitored using an online infrared detector. The experimental
products are characterized and analyzed using adiabatic calorime-
try. Finally, the hazard level of the reaction is assessed using the risk
matrix method and the Stossel critical diagram. The reaction equa-
tion is presented in Fig. 1.

Chemicals and methods

Chemicals
The chemicals used in this experiment are listed in Table 1.

Experimental design
Single-factor experiments

Before conducting process optimization, in order to better observe
the effects of reaction temperature, catalyst concentration, alcohol-
to-alkane ratio, and feeding rate on product yield and pressure,
a single-factor experiment is required. Control experiments, as
described in Table 2, have been designed.

Process optimization

In this work, the main focus was on optimizing the process
through experimental design. Using the Box-Behnken method in
Design-Expert software, appropriate parameters and ranges for
optimization experiments were determined based on the single-
factor experimental results presented in Table 3. The results indi-
cated that the feeding rate had a minor impact on yield but a signifi-
cant effect on system pressure, whereas the alcohol-to-alkane ratio
had a substantial influence on the yield but a minor effect on the
system pressure. To achieve a higher yield, reaction temperature
(X;), catalyst concentration (X5), and alcohol-to-alkane ratio (X;) were
selected as key parameters. Using the yield of PGME and system
pressure as the response variables, a polynomial regression model
was established to quantify the relationships between the input
variables and the responses. The experimental factors and their
levels are presented in Table 3.

Experimental apparatus and methods
Characterization experiment of reaction products

The reaction products were analyzed using a gas chromatograph
(GC 7890B, Agilent Technologies, Inc.). A standard calibration curve
was plotted using pure substances, and the yield was analyzed
based on this curve. The gas chromatograph was equipped with a
capillary column (HP-5, 30 m x 0.32 mm X 0.25 pum) and a flame
ionization detector (FID). The sample injection volume was TuL per
injection, and the injector temperature was set to 290 °C. The oven
temperature was initially held at 60 °C for 2 min, then increased to
140 °C at a rate of 10 °C/min and maintained for 2 min. The entire
process was carried out under a nitrogen atmosphere with a flow
rate of 1.5 mL/min, using hydrogen and synthetic air as the detector
gases for flame ionization[2],

main reaction

side effect

Fig. 1 Synthesis of propylene glycol monomethyl ether and side reaction equation.

Page2of12

Fang et al. Emergency Management Science and Technology 2026, 6: €008


https://doi.org/10.48130/emst-0026-0007
https://doi.org/10.48130/emst-0026-0007
https://doi.org/10.48130/emst-0026-0007
https://doi.org/10.48130/emst-0026-0007
https://doi.org/10.48130/emst-0026-0007

https://doi.org/10.48130/emst-0026-0007

Table 1. Chemicals used in the experiment.

Chemical CAS No. Molecular formula  Purity (%) Source
MeOH 67-56-1 CH,O 99.9 Aladdin
PO 75-56-9 C3HsO 99.5 Macklin
KOH 1310-58-3 KOH 90 Sinopharm
n-hexane 110-54-3 CeH1sg 99 Macklin
PGME 107-98-2 C4H100, 99 Macklin

Table 2. Single-factor controlled experimental group design.

Reaction Catalyst

Expetmenal empetstre concntaton e, Feedna e
a 100 0.5 3 20
110 0.5 3 20
120 0.5 3 20
130 0.5 3 20
b 100 1 2 20
100 1 3 20
100 1 4 20
100 1 5 20
C 100 0.5 3 20
100 1 3 20
100 1.5 3 20
100 2 3 20
d 120 1 4 20
120 1 4 30
120 1 4 40

The catalyst concentration is expressed as a percentage of the total mass.

Table 3. Box-Behnken experimental design.

Levels
Factors Symbol
-1 0 1
T, (°0) X 100 110 120
Catalyst concentration (%) X5 0.5 1 15
Alcohol-to-alkane ratio X3 2 3 4

Theoretical calculation

To study the reaction mechanism of this reaction, the quan-
tum chemistry software Gaussian was used. Under the theoretical
framework of density functional theory with the B3LYP method and
6—311 G (d,p) basis set, the geometric optimization and vibrational
frequency calculation of the reactant (R) and product (P) in the reac-
tion system were carried out to find the most stable structure with
the lowest energy in the reaction system. Subsequently, the single-
point energy was calculated at the theoretical level of the B3LYP
method and def2TZVPP basis set, and the reaction path and reac-
tion enthalpy during the process were obtained. These were then
used to calculate the heat of reaction.

Reaction process monitoring experiment

In this work, an online infrared spectrometer (ReactlRTM 15) was
used to monitor the process by analyzing changes in peak intensi-
ties, thereby inferring variations in the composition of the reaction
system. The wavenumber range was set from 650 to 3,000 cm™!
during the experiments[?Z, The probe was inserted into the auto-
clave through an adapter and submerged below the liquid surface,
with scans and data recorded every 15's.

Calorimetry experiment
In this work, a fully automated reaction calorimeter (RCle,
Mettler Toledo, Switzerland) was used to study the exothermic
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characteristics of the reaction?3l. The heat of the entire system
includes G.c, Griowr Gdos: Giosss AN g, While the exothermic rate of the
reaction, g,, is described in the energy conservation Eq. (1).

qr = Gac T qflow t qdos t Gloss —qc (1)
g, represents the heat release rate, W. The heat release rate of the
entire reaction is composed of the above five types of heat, calcu-
lated through the loss and accumulated heat. g, is the accumu-
lated heat, W; gy is the heat transfer rate between the reaction
vessel and the jacket, W; g4, is the latent heat caused by the feed-
ing process, W; gy is the heat dissipated from the reaction system
to the environment, W; and q. is the calibration power, W.
The schematic diagram of the reaction device is shown in Fig. 2.

Thermal decomposition experiments

The thermal decomposition characteristics of the product were
analyzed using an accelerated adiabatic calorimeter. The sample
was weighed at 1 g and placed into a 10 mL stainless steel test
ball, and the analysis was conducted in the heating-waiting-search
(H-W-S) mode. The initial temperature was set at 40 °C, the final
temperature at 350 °C, with an interval of 10 °C, and a dwell time
of 10 min to measure the exothermic behavior. The temperature
rise detection threshold during the entire experiment was set at
0.02 °C/min.

The Stoessel critical diagram

The final hazard assessment of this reaction requires the use of
the Stoessel critical graph method!'3], which involves four parame-
ters: process temperature (T,), maximum temperature of the synthe-
sis reaction (MTSR), temperature at 24 h of TMR,4 (Tp,4), and maxi-
mum technical temperature (MTT). This method divides the process
into five levels based on the comparison of the four parameters.

Results and discussion

Gas phase analysis
Qualitative analysis of substances

Diluted propylene glycol monomethyl ether and PO with n-
hexane was used for gas chromatography testing. As shown in
Fig. 3, the highest peak corresponds to the solvent. Near 3.06 and

Fig. 2 Schematic diagram of the reaction device.
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Fig. 3 Gas phase curves of propylene glycol monomethyl ether and PO solutions: (a) propylene glycol monomethyl ether solution, (b) PO solution.

2.01 min, peaks for propylene glycol monomethyl ether and PO are
observed, respectively. By determining the peak times, a basis can
be provided for subsequent drawing of working curves and analysis
of products.

Quantitative analysis of substances

PGME and PO were diluted with n-hexane at concentrations of
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 (mass fraction), and
gas chromatography tests were conducted on samples with differ-
ent concentrations. The peak area (mAU-min) was plotted against
the concentration on the y-axis and x-axis, respectively, to draw the
working curve, as shown in Fig. 4. The correlation coefficient R2 for
the fitting of PGME was 0.9999, and that for PO was 0.9994, indicat-
ing good fitting results for both. The constructed linear function can
be used to measure and calculate the amount of substance required
in the product, and thus calculate the yield.

Theoretical calculation results

Figure 5 shows the reaction pathway of PO and methanol to form
PGME, presenting the energy distribution of reactants, transition
states, and reaction products. Under the conditions of 100 °C and
3 bar, the theoretical reaction enthalpy calculated is 85.41 kJ/mol,
while the measured value after the reaction using RC1e under the
same conditions is 84.95 kJ/mol, which is very close, verifying the
reliability of the calculation.

a 4

125,000  PaME

Y = 1098218.22x

5 100,000 R?=0.9999
£
*
-
= 75,000
g
[
g
2 50,000-
S
-9

25,0001

000 002 004 006 008 010 012

Concentration (10 mg/g)

Single-factor controlled experiment

Table 4 summarizes the effects of reaction temperature, catalyst
concentration, alcohol-to-alkane ratio, and feeding rate on yield and
maximum pressure in the reaction system. The results are shown in
Fig. 6. No unreacted propylene oxide was detected in the experi-
mental products, indicating that propylene oxide was completely
consumed with a conversion rate of 100%. The reaction tempera-
ture exhibits a trend of first increasing and then decreasing within
the range of 100—-130 °C, and the same trend is observed when the
catalyst concentration is between 0.5%—2.0%. However, as the feed
rate decreases and the alcohol-to-alkane ratio increases, the yield
continuously rises. An increase in reaction temperature, alcohol-to-
alkane ratio, and feed rate will elevate the maximum pressure value
of the reaction system, whereas an increase in catalyst concentra-
tion will reduce it. The purpose of process optimization is to obtain
experimental parameters that yield optimal benefits and ensure a
safe pressure environment for subsequent process optimization.
The reaction temperature was selected as 100, 110, and 120 °C, and
the catalyst concentration was chosen as 0.5%, 1%, and 1.5%. Since
further increasing the alcohol-to-alkane ratio does not significantly
benefit the yield and would result in methanol wastage, the ratios
were set at 2, 3, and 4 with the feeding rate uniformly set at
20 mL/min.

175,000 -
— PO

150,000 - Y = 1524580.16x

2=
125,000 R?=0.9994

100,000

75,000 -

Peak area (mAU*min)

50,000

25,000 -

T

0.02 0.04 0.06 0.08

Concentration (10 mg/g)

0.00

Fig. 4 (a) Standard curve of propylene glycol monomethyl ether; (b) standard curve of PO.

Page4of 12

Fang et al. Emergency Management Science and Technology 2026, 6: €008


https://doi.org/10.48130/emst-0026-0007
https://doi.org/10.48130/emst-0026-0007
https://doi.org/10.48130/emst-0026-0007
https://doi.org/10.48130/emst-0026-0007
https://doi.org/10.48130/emst-0026-0007

https://doi.org/10.48130/emst-0026-0007

Emergency Management

Science and Technology

350 h Table 4. Results of single-factor experiment.
_____ pa
300 ~ _ TS Catalyst Feeding
AH = 8541 KJimol @ Y Group T,(°C) concentration ;AILC; nheorI:t(i)c-) rate Yield (%) Pmax (bar)
20 f/‘:b f, (9%) (mL/min)
=t "]
g 200 f’ a 100 0.5 3 20 85.47 3.7
= ~— 110 0.5 3 20 86.86 453
M 150 - / \
= Y \ 120 0.5 3 20 82.27 6.02
2 100 4 ,’ \ 130 0.5 3 20 80.69 7.79
2.;. s v \ b 100 1 2 20 81.96 3.4
o 504 e ,’ \\ 100 1 3 20 85.26 3.41
W
£ o /PO+MeOH , PGME 100 1 4 20 87.57 3.43
= o . Y 100 1 5 20 88.98 3.47
— L. ‘
& -504 f ‘.\J’ Ve 9 c 100 0.5 3 20 85.47 37
100 4 ™ o 100 1 3 20 86.26 3.41
100 15 3 20 82.45 3.38
-150 - 100 2 3 20 7548 2.94
d 120 1 4 20 79.47 5.92
200 : T T T B A A 120 1 4 30 79.06 6.23
120 1 4 40 77.6 6.5

Reaction process

Fig. 5 Reaction pathways and enthalpy of reaction.

is less than 0.0001, and the F value for the lack-of-fit term is 0.5895,
which is not significant. These results indicate that the model is
statistically significant and fits the data well. For the three pressure
response variables, the F value for the X; is relatively low; however,
the model remains significant, and the lack-of-fit F value is 0.7096,
also not significant, confirming a good model fit.

Process optimization
Model fitting

Table 5 summarizes the 17 experimental runs conducted to fit the
model. According to the analysis of variance results, the F values for
all three yield response variables are high, the overall model p-value

a 9 9.0 b 3.5
] i -
Yield M » Yield
®  Pressure
88 - * o Pressure L 3.48
- 7.5 -
- L]
T 90 346
—_~ - = -
9 861 £ s H
L = =) al o
3 0§ =88 . * 3443
> 84+ g = g
& 86 . =
. s 4.5 - [ 3.42
82 4 84 .
L]
. 82 t -3.40
80 L— . . . . . —3.0 i . i .
100 105 110 115 120 125 130 2 3 4 5
Tp (°C) d Alcohol to alkane ratio
C 100 82 7.0
. Yield 44 = Yield
95 - ® Pressure 81 ®  Pressure - 6.8
-4.0 - 6.
90 - s 66 _
- F 80+ ° 2
& . SRS L 64 5
< 85 f 2= . g
3 3.6 2 3 2
- > = -
2 g =791 -6.2 2
80 - et . =~ &
L3.2 - 6.0
75 - . 78+ .
L]
. -5.8
70 T T T T 2.8 77 T T T
0.5 1.0 1.5 2.0 15 20 25 30 35 40 45

Catalyst concentration (%)

Feeding rate (ml/min)

Fig. 6 The impact of various factors on yield and the maximum pressure of the system: (a) reaction temperature; (b) alcohol-to-alkane ratio; (c) catalyst
concentration; (d) feeding rate.
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Table 5. Experimental results based on Box-Behnken. Relationship between response variables and influencing
Independent ) factors
variables Dependent variables According to the results of variance analysis, regarding yield,
Run Y, Y, besides the effects of reaction temperature, catalyst concentration,
X, X X and alcohol-to-alkane ratio, it is also influenced by cross terms such

Experimental Predictive Experimental Predictive

as X;X; and X;X;. The second-order polynomial of the encoded
value value value value

factors for the yield of propylene glycol monomethyl ether is shown

1 110 1 3 86.12 86.12 441 447 in Eq. (2).

2 110 1 3 87.36 87.36 4.54 4.47

3 120 1 2 83.72 83.72 5.88 5.84 Y, =86.55- 1.49X, — 1.17X, - 2.47X, X3 -2.86X7 - 1.13X3  (2)
4 10 05 2 84.94 84.94 4.6 4.57 Regarding the maximum pressure of the system, it is most signifi-
5 110 15 4 84.32 84.32 4.43 4.42 . . Lo .

6 110 1 3 86.24 86.04 449 447 cantly influenced by X;, while X5 has a less significant impact. The
7 100 05 3 85 47 8547 3.70 368 second-order polynomial of the maximum pressure in terms of the
8 100 1 2 81.96 81.96 3.40 341 coding factors is presented in Eq. (3).

9 120 05 3 82.27 82.27 6.02 6.05 Y, = 4.47+1.22X, -0.1112X, +0.213Xf 3)
10 100 1 4 87.57 87.57 343 347

11 110 15 2 83.43 83.43 436 438 As shown in Fig. 7, with increasing temperature and catalyst
12 120 15 3 80.06 80.06 5.87 5.89 concentration, the yield first rises and then falls. This is because
13 110 05 4 86.95 86.95 4.68 4.66 increasing temperature and catalyst concentration not only pro-
14 110 1 3 86.58 86.58 440 447 mote the main reaction, but also accelerate side reactions. When the
15 110 13 86.43 86.43 4.53 4.47 reaction temperature becomes excessively high, the yield shows
16100 15 3 82.45 8245 341 339 a downward trend. In contrast, increasing the alcohol-to-alkene
17 120 1 4 79.47 79.47 5.92 591

ratio improves the yield. A higher ratio means a greater amount of
methanol, which effectively reduces the chance of further contact

Y1 %)

2 0%

Fig. 7 Three-dimensional response plot of PGME yield: (a) X; and X,; (b) X; and X3; (c) X, and X;.
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between propylene oxide and propylene glycol monomethyl ether,
thereby inhibiting the formation of the byproduct dipropylene glycol
monomethyl ether. Therefore, in actual production, the reaction
temperature and catalyst concentration should be properly con-
trolled, and the alcohol-to-alkene ratio should be increased.

As shown in the three-dimensional response surface plot of the
maximum pressure of the system depicted in Fig. 8, since the main
reactants in this reaction are all low-boiling substances, the pres-
sure increases continuously and more significantly with the rise
of reaction temperature. Increasing the catalyst concentration can
reduce the pressure because a higher catalyst concentration accel-
erates the reaction rate and achieves rapid consumption of propy-
lene oxide, thus effectively lowering the system pressure.

Process optimization and result verification

Excessive pressure often leads to accidents. To identify the opti-
mal process with higher yield and lower pressure expectations, the
'optimization' function in Design-Expert(2425] software was utilized,
with X;, X,, and X; all set within their respective ranges. In order to
achieve the highest possible yield and minimize the maximum pres-
sure of the system, the yield was set to its maximum value, i.e.,
'maximize’, while the maximum pressure of the system was set to its
minimum value, i.e., 'minimize’. The boundary conditions are shown
in Table 6.

Y2 (bar)

Emergency Management
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According to the optimized results, when the temperature is
100 °C, the catalyst concentration is 0.77%, and the alcohol-to-
alkane ratio is 4, the desired values can be achieved. At this time, the
theoretical yield is 88.20%, and the maximum pressure of the system
is 3.56 bar. To verify the consistency of the model with the actual
results, three additional verification experiments were conducted
in RC1e according to the given experimental parameters (Table 7).
Taking the average of the three experimental results, we obtained
an average yield of 88.58% and an average pressure of 3.62 bar, with
the maximum pressure reaching 3.65 bar. The relative errors of both
parameters are relatively small, which indicates that the model can
accurately reflect the experimental process and can be used to
predict the process results. It can serve as a reference theoretical
basis for the semi-batch process production of PGME.

Analysis and study on the exothermic behavior
of the PGME reaction process
Exothermic conditions of reactions under different
temperature control modes

In chemical production, two commonly used temperature control
modes are the isothermal mode and the isoperibolic mode. To study
the thermal parameters of reactions under these two modesl?], in
this work, the exothermic behavior of the reaction under isothermal
and isoperibolic modes was studied under the same reaction

05

Fig. 8 Three-dimensional response diagram of the maximum pressure in the system: (a) X; and X; (b) X; and Xj; (c) X; and X;.
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Table 6. Boundary condition settings for process optimization.

Factors and responses Objectives Low level High level
X In range 100 120

X5 Inrange 0.5 1.5

X3 In range 2 4

Y, Maximize 0 100

Y, Minimize 0 10

Table 7. Results of process optimization experiments.

Maximum pressure of the

Number Yield of PGME (%) system (bar)
1 87.84 3.62
2 89.23 3.59
3 88.67 3.65
Average 88.58 3.62
Model predicted value 88.20 3.56
Relative error 0.43 1.69

parameters. The reaction temperature was set at 100 °C, the catalyst
concentration at 1.5%, the ratio of PO to methanol at 1:3, and the
feed rate of PO at 20 mL/min. As shown in Fig. 9, under isothermal
mode, T, reached a maximum of 104.62 °C, with a maximum temper-
ature difference between T, and T; of 13.68 °C, and a maximum
exothermic rate of 371.86 W. Under isoperibolic mode, the maxi-
mum temperature difference between T, and T; was 12.24 °C, but T,
reached a value of 112.24 °C, far exceeding the set required temper-
ature, which would inevitably affect the yield and other results. Due
to the low boiling points of the reaction raw materials, temperature
had a significant impact on the system pressure. Under isoperibolic
mode, T, was higher, and the maximum system pressure was also
higher than that of the former. The relevant result parameters under
the two modes are shown in Table 8. It can be concluded that the
isothermal mode is safer and more suitable for practical production.
Therefore, the isothermal mode was adopted for subsequent reac-
tion calorimetry experiments.

Exothermicity of reactions under different factors

The variation trends of various thermodynamic parameters during
the reaction process were revealed through single-factor calorimet-
ric experiments, as shown in Figs. 10-13.

AT,y can be used to indicate the severity of a runaway
reaction!?7:281, Since not all of the reactants are converted into the

a 4 120

o - 100

e eemm e e e tees - 80

- 60

P (bar)

4 // L 40

Temperature (°C)

F20

T T T T T T 0
0 1,000 2,000 3,000 4,000 5000 6,000 7,000

Time (s)
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target product during the actual reaction process, it is necessary to
correct it using the yield, denoted as AT,q,, as shown in Eq. (5).

AH

AT = 4
=i @
AH
ATy = ———
“rTCc,MY )

Y represents the yield, %; AH denotes the heat released by the
reaction, kJ; C, stands for the specific heat capacity, J/(kg-K); and M
signifies the mass of material in the reaction system, kg.

MTSR refers to the maximum temperature that the system can
reach when the reaction goes out of control2%39, The maximum
value of T is taken as MTSR, where T represents the temperature
reached when the accumulation of materials leads to a temperature
rise in the event of cooling failure. T, is its correction formula, and
Tand T, are calculated as follows:

AH t
27 jo qr(t)dt
Top=T,+—04 " 6
F=1pt c,M (6)
AH '
;"’ - |, arar
T = T m 7
cf, P + CPM ( )

q, represents the heat release rate, W; T, represents the reaction
temperature, °C.

ATnax represents the maximum difference between T, and T. A
larger difference indicates a more intense reaction and faster heat
release. In this case, the heat released by the reaction causes the
material temperature to increase, and the jacket temperature will
drop even more in order to achieve a cooling effect.

Single-factor calorimetric experiments were designed. The experi-
mental conditions were basically consistent with those in Table 2,
and only one additional control experiment with a feeding rate of
10 mL/min was supplemented.

As shown in Fig. 10, since the reaction system consists of low-boil-
ing-point substances, the pressure is greatly influenced by tempera-
ture. Therefore, as the temperature increases, the pressure within
the system also rises. Furthermore, as the temperature continues to
rise, the pressure increases approximately exponentially. When the
reaction becomes uncontrollable, the continuous rise in tempera-
ture leads to a sustained increase in pressure, which ultimately
results in the rupture or even explosion of the reaction device. As

120
--- P
1 e .
T 100
i i
3 ./ ! ~
J -80 ©
n /] \ :
- / K E
< 24 ' F60 =
. ! o
’ =
: =
1 : F40 =
-20
0 -
T T T T T T 0
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

Time (s)

Fig. 9 Heat release behavior under different temperature control modes: (a) isothermal mode; (b) isoperibolic mode.
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Table 8. Experimental parameters under different temperature control modes.

Temperature control T, Grmax  Prmax AH ATmax  Total heat
mode (°Q) (W)  (bar) (kJ/mol) (°C) release (kJ)
Isothermal mode 104.62 371.86 3.41 79.25 13.68 369.9
Isoperibolic mode 11224 37165 3.8 7171 1224 33488
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Fig. 10 Exothermic characteristics at different reaction temperatures.
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Fig. 11 Exothermic characteristics under different feeding rates.
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Fig. 12 Exothermic characteristics under different catalyst

concentrations.

the reaction temperature continues to increase, the heat release
decreases. This is because high temperature not only increases the
reaction rate of the main reaction, but also accelerates the reaction
rate of the side reactions. Some side reactions may release less heat
than the main reaction, while occupying substances that should
otherwise participate in the main reaction. According to the results
measured by the gas chromatography, the yield decreases as the
temperature rises, while the area of the impurity peaks increases.
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Fig. 13 Exothermic characteristics under different alcohol-to-alkane
ratios.

However, the amount of PO entering the reaction kettle remains con-
stant, ultimately leading to a continuous decrease in heat release,
resulting in a continuous decrease in AT,,,, and AT,q. Therefore, the
reaction temperature should not be excessively high during practi-
cal production.

As shown in Fig. 11, increasing the feeding rate results in a large
amount of PO entering the reaction kettle. At this time, due to the
large amount of reactants in contact with the base material, the
reaction proceeds more rapidly per unit time, leading to continuous
increases in g, max and AT,.,. However, an excessively high feeding
rate can increase the cumulative rate of system materials, resulting
in a continuous increase in MTSR. Furthermore, with the continuous
increase of the feeding rate, the amount of propylene oxide enter-
ing the system per unit time rises. Propylene oxide exists in both gas
and liquid phases within the reactor. As the feeding rate increases,
the gaseous fraction of propylene oxide accumulates, thereby lead-
ing to a notable rise in system pressure, leading to an increase in the
maximum pressure of the system. Therefore, the feeding rate should
be reduced as much as possible.

As shown in Fig. 12, as the catalyst concentration increases, the
reaction rate accelerates, and the input PO is quickly reacted. There-
fore, the amount of PO in the gas phase is consumed more rapidly,
resulting in a continuous decrease in the pressure of the system, and
the value of AT, continues to rise. However, MTSR is greatly influ-
enced by the degree of material accumulation. At the same reaction
temperature, the higher the material accumulation degree, the
higher the MTSR. As the catalyst concentration increases, the reac-
tion rate increases, and the amount of PO that can be accumulated
in the system decreases, so MTSR continues to decrease. However,
the increase in catalyst input does not significantly change the
amount of heat released during the reaction, so AT,y does not
change significantly. Therefore, the dosage of catalyst should not be
excessively high.

As shown in Fig. 13, an increase in the alcohol-to-alkane ratio
actually means reducing the amount of PO input. Since the initial
reaction substrate was fixed, adjusting the alcohol-to-alkene ratio
only changed the dosage of supplemented propylene oxide. This
indicates that the amount of propylene oxide introduced into
the reaction system per unit time remained constant. With other
experimental parameters unchanged, the overall reaction rate was
maintained steadily. Therefore, the values of g, nan AT and the
maximum pressure in the system remain basically unchanged. An
increase in the alcohol-to-alkane ratio leads to a significant reduc-
tion in the heat released by the reaction, AT,y decreases, and thus
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Fig. 14 Infrared spectra of samples: (a) methanol; (b) PO; (c) propylene glycol monomethyl ether.

MTSR also decreases. Therefore, in industrial production, it is neces-
sary to increase the alcohol-to-alkane ratio for safety to control heat,
but an excessively high alcohol-to-alkane ratio can also lead to
increased methanol consumption, increasing production costs.

Online infrared analysis
Infrared spectroscopy analysis of substances

To conduct real-time monitoring and analysis of the reaction
using online infrared spectroscopy, it is necessary to identify the
characteristic peaks of the relevant substances. In this work, infrared
spectroscopy analysis was performed on pure samples of the reac-
tants methanol and PO, as well as the product propylene glycol
monomethyl ether. Characteristic peaks were observed at 1,024 cm™!
for methanol, 828 cm~ for PO, and 1,111 cm~" for propylene glycol
monomethyl ether, as shown in Fig. 14. Relevant information is
provided in Table 9.

Exothermic reaction mechanism

Combined with online infrared real-time analysis], the real-time
changes of substances during the reaction process can be observed.
As shown in Fig. 15, the set reaction temperature is 100 °C. When PO

Table 9. Intense absorption peaks of substances.

Peak Wavenumber (cm™) Functional group Affiliation
Peak 1 1,024 c-0 MeOH
Peak 2 828 ternary monoxide ring vibration PO
Peak 3 1,111 C-0-C PGME
500 120 2.0
2004
400 100
—q, F1.5 _
150 — ass ol =
_ 300 N -7 F80 3 <
& [~ \ T. =] @
P = - - - Peak at 1,024 cm™ 08
8 1001 = Peak at 1,111 cm™ | K
= 200 ___ "7~ Peakat828 cm™ L60 & 5
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Fig. 15 Reaction process combined with online infrared spectrum.
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is added to the reaction kettle near 2,600 s, the amount of propy-
lene oxide was observed to increase. At the same time, the amount
of propylene glycol monomethyl ether and the value of g, are also
continuously increasing. While the amount of methanol is decreas-
ing, indicating that the reaction has begun, consuming methanol
and PO to generate PGME while releasing heat. As the reaction
continues, the heat release rate is continuously increasing. After the
addition of PO is complete, the heat release rate reaches a peak, at
which point the remaining PO in the kettle is still reacting. It can be
observed that the increase rate of propylene glycol monomethyl
ether and the consumption rate of methanol are slowing down.
When the absorbances of the three characteristic peaks do not
change, it indicates that the reaction has ended. At this point, it can
be seen that the heat release rate is also infinitely approaching 0.

Risk assessment of the reaction process

To assess the hazardous conditions of this reaction, it is necessary
to combine the risk matrix method and Stoessel's critical graph
method. In addition to the previously mentioned thermal parame-
ters, it is also necessary to understand the MTT and TMR,4 of the
reaction. Taking the optimized process as an example in this study.

MTT refers to the maximum temperature attainable due to techni-
cal reasons, which is determined by the pressure conditions of the
reaction system and the boiling point of the materials. Since this
reaction is conducted in an autoclave, the MTT should be deter-
mined as the temperature corresponding to the maximum pressure
during the reaction process. Given that methanol accounts for the
largest proportion in the system, methanol is selected for calcula-
tion. The Antoine Equation is used to calculate the MTT at a maxi-
mum pressure of 3.54 bar, which is 102.2 °C. The Antoine Equation is
shown in Eq. (8):

B
logP=A- TC ®)

Here, P refers to pressure, t stands for temperature, and A, B, and C
are constants.

TMR,4 represents the time required to achieve the maximum
reaction rate under the condition of no heat exchange, while Tp,,
denotes the temperature of TMR,4 at 24 h. Immediate testing of the
product after the reaction using an accelerated adiabatic calorime-
ter revealed no exothermic phenomenon (heating up to 350 °C).
A total of 0.58 g of the product was taken for the experiment. The
experimental result is shown in Fig. 16, indicating that the product
does not exhibit exothermic decomposition characteristics. The
thermal hazard of the product is relatively low, and it can be
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Fig. 16 The adiabatic calorimetric diagram of the product.
Table 10. Results of the risk matrix assessment. Table 11. Response risk level assessment.
AT,q, (°C) Severity TMR,q (h) Possibility Risk level T, (°0) MTSR, (°C) MTT (°Q) Tp24 (°Q) Class
158.47 marginal >24 negligible 1 100 162.2 102.2 > 350 3

confirmed that Tp,, is greater than 350 °C, making the likelihood of
secondary decomposition triggered by the product in the event of
thermal runaway relatively low.

Using the risk matrix, the severity (AT,4,) and probability (TMR,4)
are combined to determine the risk level. As shown in Table 10,
through calculation, the value of AT, is found to be 158.47 K, with
the severity of the out-of-control reaction being classified as Level 2.
Since TMR,4 is greater than 24, the probability of the reaction going
out of control is classified as Level 1. Comprehensively evaluated,
the acceptability of the out-of-control reaction is classified as Level
1, indicating that the risk is acceptable. Furthermore, using the
Stoessel assessment method to evaluate the risk level of the reac-
tion cooling failure, as shown in Table 11, it can be found that the
critical level of this reaction is Level 3. This indicates that there is a
potential risk of material boiling leading to material surge (MTSR, >
MTT), but the probability of triggering a secondary decomposition
reaction is not high (Tp,4 > MTSR,). Therefore, for this reaction, it is
necessary to fully consider implementing emergency decompres-
sion and emergency cooling risk control measures to avoid material
surge and the potential secondary risks that could lead to explosion
accidents.

Conclusions

In this study, the working curves of PGME and PO were first plot-
ted. Subsequently, the reaction path and reaction enthalpy were
calculated based on DFT, yielding a heat release of approximately
85.41 kJ/mol for this reaction. Experimental measurements were
further conducted using the RCle reaction calorimeter, and the
obtained result was 84.95 kJ/mol, which is in good agreement with
the theoretical value. The single-factor method was then adopted to
analyze the yield and maximum system pressure in the process of
preparing PGME from PO, which identified the suitable ranges for
reaction temperature, catalyst concentration, and alcohol-to-alkane
ratio. Based on these ranges, the RSM was utilized to optimize the
reaction yield and pressure. The results showed that the yield
reached 88.20% when the reaction temperature was 100 °C, the
alcohol-to-alkane ratio was 4, and the catalyst concentration was

Fang et al. Emergency Management Science and Technology 2026, 6: €008

0.77%. Simultaneously, the pressure could be reduced to 3.56 bar.
Three sets of experiments were conducted to verify the results, and
the error of the results is less than 2%, demonstrating the rationality
of the model. Subsequently, calorimetric experiments were per-
formed to investigate the changes in reaction-related parameters
under different factors. In addition, in-situ infrared spectroscopy was
used to study the changes of various substances and thermal behav-
ior during the reaction process. Accelerating Rate Calorimeter exper-
iments on the products indicated no decomposition. The risk level
of the reaction was determined to be acceptable using the risk
matrix method, and the reaction was assessed as a third-order reac-
tion based on the Stoessel critical diagram. The reaction posed a
certain degree of danger, necessitating strict control of the feeding
rate and consideration of emergency decompression measures to
avoid material rush and explosion risks.
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