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Abstract: The traditional methacrylic esterification process, which couples reaction—distillation/rectification,
suffers from issues such as prolonged reaction time, high risk of self-polymerization, and low
utilization rate of methacrylic acid. By optimizing the esterification reaction of methacrylic acid
through reaction—thin film evaporation coupling, compared to the reaction—distillation coupling
process, the reaction time could be reduced by 37.50%, the reaction temperature could be lowered
by over 15 °C, and the yield of etherification of dodecanol could be decreased by 81.25%, which
significantly mitigates the risk of self-aggregation and reduces energy consumption. Furthermore,
the feasibility of recovery of methacrylic acid from aqueous phase through extraction with higher
aliphatic alcohol was verified, the recovery rate of methacrylic acid could reach above 96.95%, and
the extracted phase could be directly utilized for preparing raw material for esterification reaction
without requiring further separation steps, which effectively enhances the process economy and
atomic utilization.

Keywords: methacrylic acid; higher alkyl methacrylate; esterification; thin film evaporation; extrac-
tion deacidification

1. Introduction

Energy conservation and consumption reduction are imperative for the advancement
of chemical processes towards low carbon emissions, and it is crucial to enhance reaction
efficiency and product selectivity through diverse approaches in order to achieve these
goals [1,2]. Higher alkyl methacrylate exhibits exceptional molecular design and function-
alization capabilities, due to its unsaturated carbon—carbon double-bonds and high-carbon
ester groups. The homopolymer or copolymer of higher alkyl methacrylate possess a low
brittle point and excellent flexibility, thereby enhancing the solubility, hydrophobicity, and
internal plasticity of the polymer in solvents. Higher alkyl methacrylate serves as a crucial
chemical intermediate for the production of lubricating oil viscosity indicators [3] and
pour point depressants [4], adhesives [5], couplers [6], elastic resins [7], and other related
products [8]. The traditional preparation processes for higher alkyl methacrylate mainly
include the acyl chloride [9], ester exchange [10], solvent azeotropic esterification, and melt
esterification processes. Table 1 presents an overview of the advantages and disadvantages
associated with different synthesis processes.

Based on the summary presented in Table 1, due to the inherent toxicity of raw
materials and occurrence of side reactions, both the acyl chloride process and ester ex-
change process are not considered as primary options for the preparation of higher alkyl
methacrylate. In comparison to the acyl chloride process and ester exchange process, the
esterification process of methacrylic acid offers advantages in terms of simplicity and high
product purity. The optimization of the esterification process primarily focuses on catalyst
development [11,12] and the strengthening of the separation process [13,14]. Methacrylic
acid esterification is a typical reaction limited by thermodynamics [15], and the equilib-
rium conversion of the esterification reaction of methacrylic acid and higher alcohols is
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about 70~73%. Enhancing the removal efficiency of byproduct water is the most effective
approach to overcoming the thermodynamic equilibrium limit and improving reaction
efficiency. However, the solvent azeotropic esterification process can enhance the reac-
tion rate, which often results in solvent residue and high energy consumption during
solvent recovery [16]. Integrating the reaction process with the separation operation, i.e.,
reaction—separation coupling, allows for continuous product/byproduct separation within
the reaction zone and enables higher reactant conversion and reaction efficiency [17,18].

Table 1. Advantages and disadvantages of higher alkyl methacrylate production process.

Process Method Advantage Disadvantage
High toxicity of raw
Acyl chloride process High reaction activity materials, high corrosion

resistance of equipment

More byproduct, long
reaction time, product
difficult to refine

Mild reaction conditions,

Ester exchange process .
simple process route

Solvent azeotrope High reaction efficiency High energy consumption,
Esterification P and product yield solvent residue
rocess i i
P Molten ngh product purity, Low reaction efficiency
simple process route
o catalyst o
polymerization inhibitor
OH + R—OH < orR + H0

R: - CnH2n+la n=8

Reaction-separation coupling enhancement techniques encompass various methods,
including ion exchange [19], reaction—extraction [20], reaction—distillation/rectification [21],
reaction—adsorption [22], reaction—degradation, reaction—crystallization [23], reaction—
membrane separation [24], and reaction—thin film evaporation [25,26]. Different from
the traditional distillation tower and other separation equipment, thin film evaporation
not only offers a larger evaporation area but also ensures the material maintains a thin
film structure within the wiped film evaporator, and the heating time of the material is
compressed to several seconds or ten seconds [27,28], which greatly reduces the possi-
bility of heat loss and is widely used in the separation of heat-sensitive substances [29].
The utilization of reaction-thin film evaporator coupled technology has proven partic-
ularly advantageous in enhancing the intrinsic safety of the reaction and efficiency of
equilibrium-limited reactions, as it facilitates the continuous removal of products from the
reaction mixture, thereby driving the reaction towards rapid completion. In 2022, Shao and
coworkers reported on reaction-wiped film coupled evaporator technology applied to the
alkylation of 1,3,5-trihydroxy-2,4,6-trinitrobenzene, which improved the continuity and in-
trinsic safety of the preparation of 2,4,6-trinitrobenzene-1,3,5-triamine [25]. Furthermore, in
2024, Veser and coworkers investigated a horizontal thin film evaporator as a continuously
operated reactive separator that combines reaction and dehydration into a single operating
unit; this approach reduces the overall cost and physical footprint of the imine dispersant
production process [26].

In the present work, to address the challenges associated with prolonged reaction time,
increased risk of self-polymerization, and reduced atom utilization rate encountered in
the conventional molten esterification process of methacrylic acid, the coupling of reaction
and thin film evaporation was first employed for the esterification reaction of methacrylic
acid and higher alcohols, the influence of the process parameters on reaction efficiency
and the enhancement effect under ordinary pressure were systematically investigated, and,
additionally, the separation process of methacrylic acid and water with high efficiency and
low energy consumption was explored.
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2. Materials and Methods
2.1. Materials and Reagents

The raw materials and analytical reagents used in this work are shown in Table 2.

Table 2. List of raw materials and analytical reagents.

Materials and Reagents = Purity/wt% Manufacturer

Methacrylic acid >99.5 Wanhua Chemical Group Co., Ltd., Yantai, China

Lauryl alcohol >99.0 Beijing InnoChem Scllfznce & Technology Co., Ltd.,
Beijing, China

P-toluenesulfonic acid >99.0 Beijing InnoChem Sqﬂence & Technology Co., Ltd.,
Beijing, China

Hydroquinone >995 Beijing InnoChem Sc.1.<.ence & Technology Co., Ltd.,
Beijing, China

Dodecylether >95.0 Shanghai Aladdin Blochemlcal Technology Co., Ltd,,
Shanghai, China

Dodecane >99.9 Beijing InnoChem SQ{.ence & Technology Co., Ltd.,

Beijing, China
Acetone >99.5 Xilong Scientific Co., Ltd., Shantou, China

2.2. Experimental Equipment and Procedures

The water content of that reaction solution was measured with a moisture meter
(831 KF Coulometer, Metrohm, Herisau, Switzerland). A schematic diagram of the reaction—
distillation experimental apparatus is shown in Figure 1.

Thermostatic magnetic stirrer

Figure 1. Schematic diagram of reaction—distillation experimental apparatus.

The reaction—distillation (RD) coupling experiment was conducted using the appa-
ratus depicted in Figure 1. Methacrylic acid (MAA, 184.78 g), lauryl alcohol (200 g),
p-toluenesulfonic acid (2 g), and hydroquinone (0.2 g) were degassed with N for 5 min
in a 500 mL three-neck flask. Subsequently, the mixture was heated to above 115 °C, and
vaporized water and methacrylic acid were condensed into the water separator and col-
lected. The progress of the reaction was monitored by gas chromatography throughout the
experimental procedure, which was not connected to the reaction apparatus.

A schematic diagram of the reaction—thin film evaporation experimental device is
shown in Figure 2.
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Figure 2. Schematic diagram of reaction—thin film evaporation experimental device.

The reaction—thin film evaporation (RTFE) coupling experiment was conducted us-
ing the apparatus illustrated in Figure 2. Methacrylic acid, lauryl alcohol (383.5 g), p-
toluenesulfonic acid (3.83 g), and hydroquinone (0.38 g) were degassed with N; for 5 min
ina 1L glass-jacketed mixing kettle. Subsequently, the mixture was heated to the desired re-
action temperature. Gear pump A was employed to convey the mixture at a predetermined
flow rate to the thin film evaporator with a built-in condensing coil; the ratio of the flow
rate of pump A to the mass of reaction solution represented the renewal rate of the reaction
solution within the thin film evaporator. Byproduct water generated by the reaction was
separated in the thin film evaporator, discharged as light components, and condensed
using a built-in condenser, and heavy components (i.e., reaction solution) were transported
back to the mixing kettle via gear pump B. Throughout this experiment, temperatures of
both the mixing kettle and the thin film evaporator were maintained at constant levels, and
the reaction progress was monitored by gas chromatography, which was not connected to
the reaction apparatus.

2.3. Analysis Methods

The conversion of lauryl alcohol and the yield of dodecylether in the esterification
reaction were calculated by Equations (1) and (2).

. Mjnitially added — Mreacti id
Laurylalcohol conversion(%) = ey e T % 100 (1)
Minitially added

_ Mactually generated % 100 )

Dodecylether yield (%)
Mtheory generation
The extraction partition coefficient and extraction rate were calculated by Equations (3)

and (4).

CMAA in organic phase % 100 3)

Partition coefficient(%) =
CMAA in aqueous phase

. MMAA i ic ph
Extraction rate(%) = MAA in organic phase x 100 4)

IMMAA in organic and aqueous phase

The quantitative analysis of methacrylic acid, lauryl alcohol, lauryl methacrylate
(LMA), and dodecylether was performed using gas chromatography (GC-2014, Shimadzu,
Kyoto, Japan) with the internal standard method. The experiments involve the execution of
at least three sets of tests. In case the outcomes obtained from these three sets fail to adhere
to scientific principles, it is necessary to conduct additional tests for verification purposes.
The GC samples were prepared by dissolving approximately 50 mg of the reaction solution
obtained from the three-neck flask in 2 mL of acetone. The gas chromatograph was
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equipped with an HP-5 column (30 m x 320 um x 0.25 um). Nitrogen was used as the
carrier gas (3 mL/min). The vaporizing chamber was set at 320 °C. The oven, in the
programmed temperature mode, was initially held at 100 °C for 2 min, then ramped up
to 300 °C at a rate of 10 °C/min, and finally maintained at 300 °C for an additional 3 min.
Dodecane was used as the internal standard, and acetone was used as a diluent.

Linear mass ratio—peak area ratio equations of each substance and internal standard
were established. The substances were quantified based on peak area and mass of dodecane.
The quantitative standard curve of methacrylic acid is shown in Figure 3, the quantitative
standard curve of lauryl alcohol is illustrated in Figure 4, the quantitative standard curve
of lauryl methacrylate is illustrated in Figure 5, and the quantitative standard curve of
dodecylether is illustrated in Figure 6.
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Figure 3. The quantitative standard curve of methacrylic acid.
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Figure 4. The quantitative standard curve of lauryl alcohol.
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Figure 5. The quantitative standard curve of lauryl methacrylate.



Processes 2024, 12, 1233

6 of 13

0.05

L |
y=0.9107x L
0.04 | R’=0.9997 L7
| <
rd

H e

2 7

2 0.03 | [ ]

a 4
< .
~ z

2 ’

g 0.02 -

< X - 7
<E -7

o
7
.
0.01 | I
a
.
.
o
P
1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05

ml)odl:cw Icher/ml)odcmnv

Figure 6. The quantitative standard curve of dodecylether.

3. Results and Discussion
3.1. Molar Ratio of Methacrylic Acid to Lauryl Alcohol

For the esterification of methacrylic acid, increasing the molar ratio of methacrylic acid
to lauryl alcohol improves the conversion of higher alcohols by changing the concentration
of reactants. Moreover, methacrylic acid and water can form an azeotrope mixture [30,31],
and excess methacrylic acid is beneficial to improving the removal efficiency of water [32].
Therefore, the effect of the methacrylic acid /lauryl alcohol ratio on the reaction—thin film
evaporation coupling process is first investigated, as illustrated in Figure 7. The reaction
was conducted at 100 °C with the thin film evaporator scraping speed set at 400 r/min and
reaction solution renewal rate maintained at 4.
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Figure 7. The effect of the acid/alcohol ratio.

The azeotropic point of methacrylic acid and water is lower than the boiling point
of water, and excess methacrylic acid in the raw material facilitates the removal of water
from the reaction system. Based on the results presented in Figure 7, increasing the molar
ratio of methacrylic acid to lauryl alcohol in the reaction—thin film evaporation coupling
from 1.50 to 1.97 resulted in an increase in lauryl alcohol conversion from 91.65% to 99.28%.
However, further increasing the molar ratio of methacrylic acid to lauryl alcohol did not
have any significant effect on improving the reaction conversion rate. Methacrylic acid
belongs to heat-sensitive organic acid [33]; a further increase in acid/alcohol ratio will not
only increase the risk of process self-polymerization, but also lead to the increased energy
consumption of methacrylic acid recovery [34]. Therefore, the recommended appropriate
molar ratio of methacrylic acid to lauryl alcohol for the reaction-thin film evaporation
coupling process is 1.97.
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3.2. Temperature

Due to the reflux and gas pressure drop in volatile light components existing in the
process of kettle reaction—distillation coupling, it is necessary to elevate the temperature
beyond the boiling point of the substances in order to enhance the evaporation efficiency
and reaction rate. The temperature of the reaction solution prepared by kettle reaction-
distillation coupling should not be lower than 115 °C [35]. Light components vaporized
in the thin film evaporator diffuse very short distances and condense on the built-in
condensing coil without significant reflux to heavy components, which is beneficial to
reducing the separation temperature. Consequently, the influence of temperature on
reaction-thin film evaporation coupling process was investigated, as illustrated in Figure 8.
The molar ratio of methacrylic acid to lauryl alcohol was set at 2, while maintaining a

scraping speed of 400 r/min for the thin film evaporator, and a reaction solution renewal
rate of 4.
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Figure 8. The effect of temperature.

Based on the results presented in Figure 8, when the reaction temperature of the
reaction—thin film evaporation coupling process was set at 90 °C, the conversion of lauryl
alcohol reached 90.76%. However, by increasing the reaction temperature to 100 °C, the
conversion of lauryl alcohol significantly improved to 99.21%, which coincides with the
boiling point of pure water. Compared with the reaction—distillation coupling process, the
reaction temperature during the reaction—thin film evaporation coupling process could
be reduced by at least 15 °C. The reduction in temperature not only reduces the reaction
energy consumption, but also reduces the risk of methacrylic acid self-polymerization or
copolymerization and improves the atomic utilization rate of the process [34].

3.3. Scraping Speed of Thin Film Evaporator

The influence of the thin film evaporator’s scraping speed on the reaction—thin film
evaporation coupling process was investigated, as illustrated in Figure 9. The molar ratio
of methacrylic acid to lauryl alcohol was set at 2, while maintaining a reaction temperature
of 100 °C and a reaction solution renewal rate of 4.

At a constant feed rate, the tangential force exerted on the liquid film by the scraping
of the rotor increases with the rise in rotor speed within a proper range, which reduces
the longitudinal wave formation on the liquid film surface, decreases the axial velocity
of the liquid film, and increases the residence time and residence time distribution of
the solution in the thin film evaporator [36]. Simultaneously, the proper rotor speed can
effectively promote the continuous renewal of the liquid film surface and effectively reduce
the difference in radial concentration and temperature gradient caused by the evaporation
of light and heavy components on the surface of the liquid film [21], which is beneficial
to strengthening the evaporation of light components in the thin film evaporator and
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improving the evaporation efficiency [36]. Based on the results presented in Figure 9, the
conversion of lauryl alcohol was 96.03% at 50 r/min; however, when increasing scraping
speed to 100 r/min, it improved the uniformity in the reaction solution distribution across
the evaporator surface and resulted in a significant improvement in evaporation efficiency,
leading to a remarkable increase in lauryl alcohol conversion to 99.47%. In the range
of 100~400 r/min, increasing the scraping speed had no significant effect on the lauryl
alcohol conversion.

100
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Lauryalcohol conversion/%

et
N
T

90 . I . I . I . I .
0 90 180 270 360 450

Scraping speed of thin film evaporator/(r/min)

Figure 9. The effect of scraping speed of thin film evaporator.

3.4. Reaction Solution Renewal Rate

The influence of the reaction solution renewal rate—defined as the ratio between
the feed rate of the thin film evaporator and the mass of the reaction solution—on the
reaction—thin film evaporation coupling process was investigated under a constant total
mass of reaction solution (650 g), as illustrated in Figure 10. The molar ratio of methacrylic
acid to lauryl alcohol was set at 2, while maintaining a reaction temperature of 100 °C and
scraping speed of 400 r/min.
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Figure 10. The effect of the reaction solution renewal rate.

The axial velocity of the reaction solution in the thin film evaporator exhibits the pro-
motional impact of an increase in feed rate at a constant scraping speed, which means that
the residence time, residence time distribution, and evaporation efficiency of the solution
decrease with the increase in feed speed in the film evaporator [37]. Nevertheless, when
heavy components are recycled as feedstock for thin film evaporators, increasing the feed
rate can enhance the renewal rate of the reaction solution in thin film evaporators, thereby
improving the light component evaporation efficiency. Based on the results presented in
Figure 10, when the reaction solution renewal rate was 1, the conversion of lauryl alcohol
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reached 96.51%. Furthermore, if the renewal rate of the reaction solution was below 3,
increasing renewal rate could raise the lauryl alcohol conversion to 99.20%, whereas in
the event that the reaction solution renewal rate exceeded 3, the promotional impact of
increasing the renewal rate of the reaction solution on the reaction conversion was lower
than the inhibitory effect of shortening the residence time of the reaction solution and
increasing the thickness of the liquid film.

3.5. Effect of Reaction—Thin Film Evaporation Coupling on Reaction Efficiency and Side Reaction
of Etherification

According to the optimized process parameters of the reaction—thin film evaporation
coupling process, the reaction efficiency and etherification side reaction degree of reaction—
thin film evaporation coupling and reaction—distillation coupling were compared, and the
results are illustrated in Figure 11. The reaction efficiency reflects the speed at which the
desired reaction is accomplished and exhibits an inverse relationship with the reaction time.
The optimized reaction parameters for the reaction-thin film evaporation coupling process
were as follows: methacrylic acid-to-lauryl alcohol molar ratio of 2, reaction temperature of
100 °C, thin film evaporator scraping speed at 400 r/min, and a reaction solution renewal
rate of 4. For the reaction-distillation coupling process, the following reaction parameters
were used: methacrylic acid-to-lauryl alcohol molar ratio of 1.5 and reaction temperature
ranging from 115 to 125 °C.
(2) (b)
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Figure 11. Comparison between reaction—thin film evaporation coupling process and reaction—
distillation coupling process. ((a) water content and conversion of lauryl alcohol during reaction,
(b) dodecyl ether yield after reaction).

By analyzing the traditional kettle-based methacrylic acid esterification process en-
hanced by reaction—distillation coupling (as shown in Figure 11a), it could be concluded
that the essential cause of the low reaction efficiency of the reaction—distillation coupling
process was that the water produced in the first five hours of the reaction could not be
removed in time. In comparison, the thin film evaporator offers larger evaporation area and
higher reaction solution renewal rate, thereby enhancing the water removal efficiency and
the reaction rate. Based on the results presented in Figure 11, the conversion of lauryl alco-
hol was 98.51% when the reaction time was 8 h in the reaction-distillation coupling process;
nevertheless, it only took less than 5 h to reach the same conversion in the reaction—thin
film evaporation coupling process. Compared with the reaction—distillation coupling pro-
cess, the reaction-thin film evaporation coupling process exhibited an increase in reaction
efficiency of over 37.5%, the yield of dodecylether could be reduced from 0.16% to 0.03%,
the reaction temperature could be reduced by more than 15 °C, which can significantly
reduce the risk of self-polymerization and energy consumption.

3.6. Recovery of Methacrylic Acid in Aqueous Phase

During the esterification reaction of methacrylic acid and subsequent product purifi-
cation, excess methacrylic acid and water generated by the reaction were evaporated and
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condensed to form a homogeneous mixed liquid. By vacuum distillation, a portion of
methacrylic acid was evaporated as an azeotrope, and the content of methacrylic acid in
the azeotrope reached between 16.16% and 17.53%, as presented in Table 3.

Table 3. Composition of methacrylic acid and water azeotrope at varying pressures.

Pressure/kPa (A) Methacrylic Acid Content in Azeotrope/wt%
4.998 16.160
9.999 17.044
14.825 17.529

Azeotropic distillation [38] or extractive distillation [39] exhibits excellent separation
efficiency for azeotropic mixtures; however, introducing a third solvent often leads to
product contamination. The mutual solubility between higher aliphatic alcohols and water
is limited, whereas complete miscibility is observed between higher aliphatic alcohols
and methacrylic acid. These characteristics make higher aliphatic alcohols a potentially
efficient extractant for the separation of methacrylic acid from water. Therefore, cross-flow
extraction was used to explore the effect of higher aliphatic alcohol as extractant to recover
methacrylic acid in aqueous phase. The results are illustrated in Figure 12. The operation
temperature of extraction was between 35 and 40 °C.
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Figure 12. Effect of extraction phase ratio on deacidification in two-stage cross-flow extraction process.

Based on the results presented in Figure 12, in the case of higher aliphatic alcohol
used as extractant to recover methacrylic acid in aqueous phase, the partition coefficient
of methacrylic acid was relatively high. When the proportion of higher aliphatic alcohol
to methacrylic acid and water was 1:1, the partition coefficient of methacrylic acid could
reach 11, and the extraction rate of methacrylic acid could reach more than 92%. By
optimizing the multistage extraction process and adjusting the extraction phase ratio, both
the amount of extraction solvent required and the removal efficiency of methacrylic acid
can be optimized. When the extraction ratio was 0.5:1, and the residue of methacrylic acid
in aqueous phase could be reduced to 0.46 wt% with two-stage extraction; compared with
single-stage extraction with the same amount of extractant, the removal rate of methacrylic
acid increased by 5.35%. Furthermore, without requiring further separation steps, the
extracted phase can be directly utilized as a raw material for esterification reactions, thereby
enhancing technical economy and atomic utilization.

4. Conclusions

The present study proposed a novel approach to enhancing the production efficiency
of methacrylate by introducing reaction-thin film evaporation coupling technology into
the esterification process of methacrylic acid and higher aliphatic alcohol. The utilization
of a thin film evaporator, with its larger evaporation area and enhanced liquid renewal
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rate, proved advantageous in improving removal efficiency of water and reaction rate
of esterification reaction. Compared with the reaction—distillation coupling process, the
reaction time of reaction—thin film evaporation coupling process could be shortened by
more than 37.50%, and the reaction-thin film evaporation coupling process could reduce the
reaction temperature by at least 15 °C and reduce the yield of etherification of dodecanol by
81.25%. In the case of higher aliphatic alcohol used as an extractant to recover methacrylic
acid in aqueous phase, the recovery rate of methacrylic acid could reach more than 96.95%,
and the extracted phase could be directly used for preparing raw materials for esterification
reaction without further separation.
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Nomenclature

Abbreviations:

RD Reaction—distillation

RTFE Reaction—thin film evaporation
MAA Methacrylic acid

N Nitrogen

GC Gas chromatograph

LMA Lauryl methacrylate

Symbols:

Amaa Peak area of methacrylic acid
Apodecane Peak area of dodecane
AlLaurylalcohol Peak area of lauryl alcohol
Arma Peak area of lauryl methacrylate
Apodecylether Peak area of dodecylether

NMAA Molar amount of methacrylic acid
N aurylalcohol Molar amount of laury lalcohol

Mreaction residue
Minitially added
Mactually generated
Miheory generation
CMAA in organic phase
CMAA in aqueous phase

IMMAA in organic and aqueous phase

Reaction residue mass of lauryl alcohol
Initial addition mass of lauryl alcohol
Actual mass of dodecylether produced
Theoretical maximum mass of dodecylether
MAA concentration in organic phase

MAA concentration in aqueous phase

Mass of MAA in organic and aqueous phase

MMAA in organic phase Mass of MAA in organic phase
MMAA Mass of methacrylic acid
Mpodecane Mass of dodecane

My aurylalcohol Mass of lauryl alcohol

mypMA Mass of lauryl methacrylate
Mpodecylether Mass of dodecylether
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