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Abstract: Methyl benzoate (MB) compounds are prepared by reacting various benzoic acids with
methanol using an acidic catalyst. In this study, the solid acids of zirconium metal solids fixed with
various substances were studied. We determined that zirconium metal catalysts with fixed Ti had the
best activity. The catalytic synthesis of a series of MB compounds using titanium zirconium solid
acids was studied. The direct condensation of benzoic acid and methanol using a metallic Lewis acid
without other auxiliary Bronsted acids is reported for the first time.
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1. Introduction

Methyl benzoate (MB) compounds are an important class of chemical products. Most
of these compounds have low toxicity and are mainly used in scents and as solvents [1–14].
For example, MB has a fruity flavor that can be used in pineapple, strawberry, and cherry
syrups, and it as acts as a solvent in resin rubber. Additionally, p-methoxybenzoic acid is
also used as a flavoring, and methyl p-bromobenzoate is the main raw material of peme-
trexed disodium, an antitumor drug, and diglitin A [15], an antifungal compound [16–18].

The synthesis of MB is catalyzed by various inorganic and organic acids, such as
sulfuric, phosphoric, and p-toluenesulfonic acid [19–25]. However, these acids are not
recoverable, and a large amount of water is required to clean them; therefore, a large
amount of wastewater is produced during this process, polluting the environment. Sulfuric
acid is often used in industry because of its low price; however, the yield of sulfuric acid
is not high because of its oxidation. Solid acids are now being developed for use in ester
synthesis reactions as an alternative to common acids [6,26].

Solid acids are both strongly acidic and insoluble in organic solvents [26,27]. Therefore,
solid acids are recoverable and can be used multiple times. Herein, we present our synthesis
of a series of reusable supported solid acids for use in the synthesis of MB compounds.
Beena Tyagi’s research group reported the use of zirconate sulfate as a catalyst for methyl
palmitate [28,29]. A zirconia-based phyto-nanocatalyst was used to catalyze novel non-
edible Bischofia javanica seed oil into methyl ester [30]. In this study, zirconium with
various carriers was used as a catalyst in the synthesis of methyl benzoates. Pure zirconium
compounds are solids, such as zirconia, which can be used in the form of solid spheres [30].
The addition of a carrier leads to zirconium forming a cage structure more conducive
to catalysis.

Zirconium solid acid was synthesized using catalysts with different supports, and the
catalyst with the highest activity was selected. This catalyst catalyzed the esterification
of methanol and benzoic acid with different functional groups. The catalytic formation
of methyl benzoate using Lewis Al2O3 has been reported, requiring the auxiliary catalyst
MeSO3H [31]. The catalytic generation of methyl benzoate with Lewis Fe2(SO4)3·xH2O
has been reported. The auxiliary catalyst concentrated H2SO4 is needed [32]. The use
of metal Lewis as a catalyst for the synthesis of MB without adding other acids has not
been reported.
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2. Results
2.1. Characteristics of the Catalyst

Zirconium solid acid and its carriers were synthesized in a one-to-one atomic molar
ratio. These zirconium solid acids were synthesized from various raw materials (Table 1).
In order for these atoms to mix well, the raw materials used must be completely liquid.
The ingredients chosen are either inherently liquid or very soluble in water. The selection
of raw materials is shown in Table 1. The solid form of the raw material was mixed into a
certain concentration of water solution before use.

Table 1. Various raw materials for zirconium solid acids.

No. Raw Material/g Raw Material/g

1 ZrOCl2·8H2O 10 g (C4H9O)4Ti 10.56 g

2 ZrOCl2·8H2O 10 g CdCl2 5.69 g

3 ZrOCl2·8H2O 10 g FeCl3 5.03 g

4 ZrOCl2·8H2O 10 g - -

5 ZrOCl2·8H2O 10 g AlCl3 4.14 g

6 ZrOCl2·8H2O 10 g (C2H5O)4Si 6.46 g

7 ZrOCl2·8H2O 10 g ZnCl2 4.23 g

2.1.1. XRD

Figure 1 shows the X-ray diffraction (XRD) patterns of the solid acids (Table 1). The
XRD curves indicate that the catalysts had a large number of amorphous phases and show
obvious amorphous diffraction peaks (steamed bun peaks) in the range of 2θ = 10◦–40◦.
Zinc oxide [33] and titanium oxide [34] have been reported to have good crystal forms. The
prepared catalysts had poor crystal forms.
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2.1.2. FT-IR

Above is the infrared spectrum of Zr/Ti (entry 10, Table 2, abbreviated as ZT10).
The infrared multiplet absorption peak at 1040–1180 cm−1 (Figure 2) was attributed to
the S=O double bond. It was observed that the [SO4]2− was bonded to the catalyst. The
peak at 1400 cm−1 was attributed to the vibrational absorption of the covalent S=O double
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bond, which is the characteristic absorption of a solid superacid. This finding indicates the
successful synthesis of the solid superacid. The other absorption peaks belonging to the
solid catalysts are not detailed.

Table 2. Synthesis of methyl p-toluenate and methyl p-chlorobenzoate using different catalysts a,b.

Entry Zr:C c Molar Ratio
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1 Zr:Ti 1:1 55.9% 52.7%
2 Zr:Cd 1:1 49.9% 35.8%
3 Zr:Fe 1:1 50.4% 50.4%
4 Zr - 10.0% 7.2%
5 Zr:Al 1:1 9.0% 14.6%
6 Zr:Si 1:1 19.9% 21.5%
7 Zr:Zn 1:1 51.2% 50.1%
8 Zr:Ti 1:0.5 50.4% 50.3%
9 Zr:Ti 0.5:1 43.1% 45.5%
10 Zr:Ti 1.5:1 66.1% 68.1%
11 Zr:Ti 1.2:1 60.3% 62.1%
12 Zr:Ti 2:1 40.5% 45.2%

a Reaction condition: acid (2.0 mmol), CH3OH (15 mL), Cat. (10 wt%), Oil bath (120 ◦C), 6 h. b Isolated yields.
c C = Carrier atom.
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Figure 2. FT−IR spectra of ZT10.

2.1.3. SEM

The following are the SEM pictures. Diagram A shows a 1 µm electron microscopy
of ZT10. B shows a 5 µm electron microscopic image of ZT10. C presents an electron
microscopy of Zr (entry 4, Table 2, abbreviated as Zr0) at 1 µm (Figure 3). D shows a
5 µm electron microscope image of Zr0. Titanium metal was used as a carrier to form a
honeycomb solid of zirconium metal. In the catalytic process, methyl alcohol and benzoic
acid can enter the honeycomb to react, effectively improving the catalytic activity.

2.1.4. EDS

It can be seen from Figure 4 that the surface of ZT10 contained C, Ti, O, Zr, S, etc. The
content of Zr was particularly high, which indicates that zirconium plays a major role in
the synthesized catalyst. Sulfur, oxygen, and metals were partly in the form of sulfate.
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Figure 5 below shows the TGA of catalyst ZT10. The results show that there was
a significant weightlessness at 84.32 ◦C. This was due to the evaporation of free water
on the surface of the sample. The main weight loss temperature was 735.28 ◦C. At this
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temperature C, S, and O atoms were recombined to form small molecules such as CO2, CO,
SO2, etc. The evaporation of these small molecules was the reason for the mass loss.
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2.2. Comparison of Catalyst Activity

These solid acids catalyzed reactions of methanol with p-chlorobenzoic acid and
p-methylbenzoic acid. Titanium, as a supporting compound, exhibited the highest catalytic
activity among the solid acids. The catalytic activities of zirconium and titanium mixtures
with different atomic molar ratios were observed. The zirconium-titanium atomic molar
ratio of 1.2 exhibited the highest catalytic activity. Zirconium alone was found to have a
poor catalytic effect. The honeycomb structure of ZT10 results in higher catalytic activity.
Zinc-zif-7 (CAS:909531-29-9) with a three-dimensional network structure was used to
catalyze the reaction between benzoic acid and methyl ester (under the same conditions as
in Table 2) with a yield of only 34.1%. This may be due to the fact that the central metal
zinc atom is less acidic than zirconium.

The mechanism of esterification may be ZT10 binding with carboxylate. Fast disso-
ciation of hydrogen ions was observed. The hydrogen ion activated the carbonyl group.
Methanol electrophiles formed the carbonyl group. The water molecules were removed to
form methyl benzoate.

2.3. Properties and Activity of Preferred Catalyst

The strength of ZT10 was determined using the Hammett method. The solid acid could
significantly change the color of 2,4-dinitrotoluene (H0 = −13.75) and 2,4-dinitrofluorobenzene
(H0 = −14.52) but not that of 1,3,5-trinitrobenzene (H0 = −16.02). The catalyst was an acid
with an acid strength range of −16.02 < H0 < −14.52. This indicates that the solid acid was
a solid superacid.

A series of catalytic studies were carried out using the preferred solid acid with a
Zr–Ti atomic ratio of 1.2:1. The catalytic results are summarized in Table 3. The yields of the
compounds (1, 4, 7, 10, 13) indicate that the presence of a large group in the ortho position
decreased the yield. Orthosteric effects play a dominant role in the esterification process.
However, the steric hindrance effect at the para-position was small (16, 17, 18). Therefore,
MB with strong electron-absorbing groups on the benzene ring was obtained in a low yield.
For example, the yield of MB with a nitro group in the ortho position was only 20.1%, and
the compound with a trifluoromethyl group in the ortho position was obtained with only
29.1% yield. This is because of high steric hindrance and strong electron absorption effects,
which make esterification difficult. For the same functional group, the para-substituted
product yields were higher than those of the relative and intermediate sites, regardless of
whether it was an electron-withdrawing or electron-donating group (e.g., 1, 2, 3; 4, 5, 6;
19, 20, 21). In the case of the benzene ring with two carboxyl groups, the reaction activity
was low because of the large steric hindrance and strong electric absorption of the carboxyl
group. The two carboxyl groups each underwent esterification, and moderate yields were
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also obtained for 31, which had a large steric hindrance from three methoxy groups, and
32, which had a perfluorinated substitution.

Table 3. Synthesis of methyl benzoate with substituents a,b.
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nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-
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electric absorption of the carboxyl group. The two carboxyl groups each underwent es-
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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a Reaction condition: acid (2.0 mmol), CH3OH (15 mL), Cat. (10 wt%) (Zr:Ti = 1.2:1), oil bath(120 

°C), 24 h. b Isolated yields. 

As previously reported, direct metal–Lewis acid interaction has not been found to 

catalyze the reaction of direct benzoic acid and methanol to form methyl benzoate. De-

hydration esterification is a reversible reaction. It requires high energy and the removal 

of the resulting water molecules to move the reaction forward. In the catalytic process, 

methanol is strongly reflux. Methanol can be supplemented when the amount of metha-

nol is too low. The methanol that does not condense will remove the water and move the 
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Because the esterification reaction is heterogeneous, the catalyst and reactants can 

be directly separated via solid–liquid separation after the initial reaction. After the reac-

tion liquid was filtered and discarded, new reactants were added. The activity of the 

second reaction was similar to that of the first. Taking compound 7 as an example, the 

catalyst afforded an 84.1% yield in the second reaction. 

Nitrogen adsorption of the recovered and original catalysts was also studied. The 

specific surface area of the catalyst was 242 m2/g, and the pore size was approximately 2 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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a Reaction condition: acid (2.0 mmol), CH3OH (15 mL), Cat. (10 wt%) (Zr:Ti = 1.2:1), oil bath(120 

°C), 24 h. b Isolated yields. 
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methanol is strongly reflux. Methanol can be supplemented when the amount of metha-
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catalyst afforded an 84.1% yield in the second reaction. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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a Reaction condition: acid (2.0 mmol), CH3OH (15 mL), Cat. (10 wt%) (Zr:Ti = 1.2:1), oil bath(120 

°C), 24 h. b Isolated yields. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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a Reaction condition: acid (2.0 mmol), CH3OH (15 mL), Cat. (10 wt%) (Zr:Ti = 1.2:1), oil bath(120 

°C), 24 h. b Isolated yields. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 

Table 3. Synthesis of methyl benzoate with substituents a,b. 

 

   
   

1 85.2% 2 87.8% 3 91.2% 19 20.1% 20 34.6% 21 45.2% 

   
   

4 84.2% 5 87.8% 6 91.1% 22 88.2% 23 86.5% 24 95.7% 

   
   

7 83.1% 8 83.4% 9 86.3% 25 29.1% 26 33.4% 27 55.0% 

   
 

  

10 70.1% 11 79.3% 12 83.9% 28 34.2% 29 45.6% 30 60.3% 

    
 

 

13 70.0% 14 74.2% 15 79.3% 31 50.2% 32 75.6%  

   
   

16 90.5% 17 91.7% 18 93.3%    
a Reaction condition: acid (2.0 mmol), CH3OH (15 mL), Cat. (10 wt%) (Zr:Ti = 1.2:1), oil bath(120 

°C), 24 h. b Isolated yields. 

As previously reported, direct metal–Lewis acid interaction has not been found to 

catalyze the reaction of direct benzoic acid and methanol to form methyl benzoate. De-

hydration esterification is a reversible reaction. It requires high energy and the removal 

of the resulting water molecules to move the reaction forward. In the catalytic process, 

methanol is strongly reflux. Methanol can be supplemented when the amount of metha-
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 

Table 3. Synthesis of methyl benzoate with substituents a,b. 

 

   
   

1 85.2% 2 87.8% 3 91.2% 19 20.1% 20 34.6% 21 45.2% 

   
   

4 84.2% 5 87.8% 6 91.1% 22 88.2% 23 86.5% 24 95.7% 

   
   

7 83.1% 8 83.4% 9 86.3% 25 29.1% 26 33.4% 27 55.0% 

   
 

  

10 70.1% 11 79.3% 12 83.9% 28 34.2% 29 45.6% 30 60.3% 

    
 

 

13 70.0% 14 74.2% 15 79.3% 31 50.2% 32 75.6%  

   
   

16 90.5% 17 91.7% 18 93.3%    
a Reaction condition: acid (2.0 mmol), CH3OH (15 mL), Cat. (10 wt%) (Zr:Ti = 1.2:1), oil bath(120 

°C), 24 h. b Isolated yields. 

As previously reported, direct metal–Lewis acid interaction has not been found to 

catalyze the reaction of direct benzoic acid and methanol to form methyl benzoate. De-

hydration esterification is a reversible reaction. It requires high energy and the removal 
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nol is too low. The methanol that does not condense will remove the water and move the 

reaction forward. 

2.4. Properties and Activity of Recovered Catalyst 

Because the esterification reaction is heterogeneous, the catalyst and reactants can 

be directly separated via solid–liquid separation after the initial reaction. After the reac-

tion liquid was filtered and discarded, new reactants were added. The activity of the 

second reaction was similar to that of the first. Taking compound 7 as an example, the 

catalyst afforded an 84.1% yield in the second reaction. 

Nitrogen adsorption of the recovered and original catalysts was also studied. The 

specific surface area of the catalyst was 242 m2/g, and the pore size was approximately 2 

COCH3

O
R

COH

OR
CH3OH Cat.(10%wt)

EsterAcid

24 h

COCH3

O

COCH3

O
COCH3

O COCH3

O

NO2

COCH3

O
O2N

COCH3

O

O2N

COCH3

O

F
COCH3

O
F

COCH3

O

F
COCH3

O

OCH3

COCH3

O
H3CO

COCH3

O

H3CO

COCH3

O

Cl
COCH3

O
Cl

COCH3

O

Cl
COCH3

O

CF3

COCH3

O
F3C

COCH3

O

F3C

COCH3

O

Br
COCH3

O
Br

COCH3

O

Br

O

O

OCH3

OCH3

OO

H3CO OCH3

O

O

OCH3

H3CO

COCH3

O

I
COCH3

O
I

COCH3

O

I COCH3

O
H3CO

H3CO

H3CO

COCH3

O

F

F F

FF

COCH3

O

COCH3

O

COCH3

O

Me2N

Catalysts 2023, 13, x FOR PEER REVIEW 6 of 10 
 

 

intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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intermediate sites, regardless of whether it was an electron-withdrawing or electron-do-

nating group (e.g., 1,2,3; 4,5,6; 19,20,21). In the case of the benzene ring with two carboxyl 

groups, the reaction activity was low because of the large steric hindrance and strong 

electric absorption of the carboxyl group. The two carboxyl groups each underwent es-

terification, and moderate yields were also obtained for 31, which had a large steric hin-

drance from three methoxy groups, and 32, which had a perfluorinated substitution. 
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As previously reported, direct metal–Lewis acid interaction has not been found to
catalyze the reaction of direct benzoic acid and methanol to form methyl benzoate. De-
hydration esterification is a reversible reaction. It requires high energy and the removal
of the resulting water molecules to move the reaction forward. In the catalytic process,
methanol is strongly reflux. Methanol can be supplemented when the amount of methanol
is too low. The methanol that does not condense will remove the water and move the
reaction forward.

2.4. Properties and Activity of Recovered Catalyst

Because the esterification reaction is heterogeneous, the catalyst and reactants can be
directly separated via solid–liquid separation after the initial reaction. After the reaction
liquid was filtered and discarded, new reactants were added. The activity of the second
reaction was similar to that of the first. Taking compound 7 as an example, the catalyst
afforded an 84.1% yield in the second reaction.

Nitrogen adsorption of the recovered and original catalysts was also studied. The
specific surface area of the catalyst was 242 m2/g, and the pore size was approximately
2 nm. The recovered and primary catalysts exhibited comparable pore structures and
specific surface areas (Table 4).
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Table 4. Surface properties of the catalyst and the regenerated one.

Samples Surface Area
(m2/g)

Pore Volume
(cm−3g−1)

Pore Diameter
(nm)

Catalyst
(zirconium: titanium = 1.2:1) 242 0.210 2.32

Regenerated Catalyst
(zirconium: titanium = 1.2:1) 248 0.205 2.34

3. Materials and Methods
3.1. Synthesis of the Catalyst

Dichlorooxyzirconium, cadmium chloride, aluminum chloride, tetraethoxysilane iron
chloride, zinc chloride, tetrabutyl titanate, and methanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) Benzoic acid and other benzene compounds
were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China) Deionized water
(18.2 MΩ·cm) was used in the catalyst synthesis. All materials were used as received. 1H,
19F, and 13C NMR spectra (Figures S1–S32) were measured on a Bruker AVANCE (400 MHz,
Bruker, Billerica, MA, USA) spectrometer using TMS as the internal standard and CDCl3 as
a solvent.

The zirconium catalyst was synthesized with cadmium as a carrier. Zirconium oxy-
chloride was prepared as a 50% aqueous solution. Cadmium chloride was prepared as 30%
aqueous solutions. The ratio of the solutions was calculated according to the molar ratio,
and quantitative zirconium oxychloride and aqueous chloride solutions were mixed by
weight. The mixture was placed in an oven at 100 ◦C until it reached a constant weight.
The dried mixture was added to a 2 mol/L sulfuric acid solution and soaked for 24 h. After
soaking, the products were dried in the oven at 120 ◦C until the weight was constant. The
mixture was bagged and heated in a Muffle furnace at 550 ◦C for 12 h.

The zirconium catalyst was synthesized with cadmium as a carrier. Zirconium oxy-
chloride was prepared as a 50% aqueous solution. Zinc chloride was prepared as 50%
aqueous solutions. The ratio of the solutions was calculated according to the molar ratio,
and quantitative zirconium oxychloride and aqueous chloride solutions were mixed by
weight. The mixture was placed in an oven at 100 ◦C until it reached a constant weight.
The dried mixture was added to a 2 mol/L sulfuric acid solution and soaked for 24 h. After
soaking, the products were dried in the oven at 120 ◦C until the weight was constant. The
mixture was bagged and heated in a Muffle furnace at 550 ◦C for 12 h.

The zirconium catalyst was synthesized with aluminum as a carrier. Zirconium
oxychloride was prepared as a 50% aqueous solution. Aluminum chloride was prepared as
60% aqueous solutions. The ratio of the solutions was calculated according to the molar
ratio, and quantitative zirconium oxychloride and aqueous chloride solutions were mixed
by weight. The mixture was placed in an oven at 100 ◦C until it reached a constant weight.
The dried mixture was added to a 2 mol/L sulfuric acid solution and soaked for 24 h. After
soaking, the products were dried in the oven at 120 ◦C until the weight was constant. The
mixture was bagged and heated in a Muffle furnace at 550 ◦C for 12 h.

A zirconium oxychloride solution was prepared using silicon as the support catalyst
at 50 wt% based on the molar ratio. After rapid stirring, proportional ethyl orthosilicate
was added. The mixture was stirred and placed in the oven at 100 ◦C until the weight was
constant. The dried mixture was added to a 2 mol/L sulfuric acid solution and soaked for
24 h. The mixed solution was placed in the oven at 120 ◦C until the weight was constant.
The mixture was bagged and heated in a Muffle furnace at 550 ◦C for 12 h.

A zirconium oxychloride solution was prepared using titanium as the support catalyst
at 50 wt% based on the molar ratio. A proportional amount of tetrabutyl titanate was added
after rapid stirring. After thorough mixing, it was placed in the oven to bake at 100 ◦C until
the weight was constant. The dried mixture was added to a 2 mol/L sulfuric acid solution
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and soaked for 24 h. The mixed solution was placed in the oven at 120 ◦C until the weight
was constant. The mixture was bagged and heated in a Muffle furnace at 550 ◦C for 12 h.

3.2. General Catalytic Process

Taking p-methylbenzoic acid as an example, 0.27 g of (2 mmol) p-methylbenzoic acid,
15.00 mL of methanol, and 0.027 g of catalyst were added into a 25 mL single-mouth flask
successively and vigorously stirred. In an oil bath at 120 ◦C, the mixture was strongly
refluxed. If there is too little methanol during reflux, a small amount can be added.
The reaction was stopped after 24 h, and the catalyst was removed. The product was
isolated using column chromatography with petroleum ether/ethyl acetate (5:1 v/v) as the
mobile phase.

3.3. Recovery Catalyst Catalytic Process

The reaction was completed and the reaction liquid was poured out. A small amount
of residual solid from methanol washing was used as a catalyst. Additionally, 0.27 g of
(2 mmol) p-methylbenzoic acid and 15.00 mL of methanol were then added into a 25 mL
single-mouth flask with the used catalyst and vigorously stirred. In an oil bath at 120 ◦C,
the mixture was strongly refluxed. If there was too little methanol during reflux, a small
amount was added. The reaction was stopped after 24 h, and the catalyst was removed. The
product was isolated using column chromatography with petroleum ether/ethyl acetate
(5:1 v/v) as the mobile phase.

After the catalyst was recovered, it was baked at 100 ◦C until a constant weight was
reached for nitrogen adsorption.

4. Conclusions

Zirconium solid acid catalysts, supported by various compounds, have been synthe-
sized, and their catalytic activities for synthesizing MB compounds were studied. The
experimental results show that titanium was the best carrier for zirconium. The catalyst
(ZT10) prepared with a Zr: Ti molar ratio of 1.2:1 exhibited the best catalytic effect.

ZT10 catalyzed the synthesis of MB from benzoic acid with a substituted group
and methanol. The experimental results demonstrate that this catalyst could catalyze
the reactions of benzoic acid and methanol, regardless of whether the benzene ring of
benzoic acid contains electron-donating groups, strong electron-absorbing groups, small
steric hindrance groups, or large steric hindrance groups. We also demonstrated that the
catalyst could be easily separated from a reaction mixture and reused with no impact on
its performance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13050915/s1; Figure S1: 1H and 13C NMR of methyl
2-methylbenzoate; Figure S2: 1H and 13C NMR of methyl 3-methylbenzoate; Figure S3: 1H and 13C
NMR of methyl 4-methylbenzoate; Figure S4: 1H, 13C and 19F NMR of methyl methyl
2-fluorobenzoate; Figure S5: 1H, 13C and 19F NMR of methyl methyl 3-fluorobenzoate; Figure
S6: 1H, 13C and 19F NMR of methyl methyl 4-fluorobenzoate; Figure S7: 1H and 13C NMR of methyl
2-chlorobenzoate; Figure S8: 1H and 13C NMR of methyl 3-chlorobenzoate; Figure S9: 1H and
13C NMR of methyl 4-chlorobenzoate; Figure S10: 1H and 13C NMR of methyl 2-bromobenzoate;
Figure S11: 1H and 13C NMR of methyl 3-bromobenzoate; Figure S12: 1H and 13C NMR of methyl
4-bromobenzoate; Figure S13: 1H and 13C NMR of methyl 2-iodobenzoate; Figure S14: 1H and 13C
NMR of methyl 3-iodobenzoate; Figure S15: 1H and 13C NMR of methyl 4-iodobenzoate; Figure S16:
1H and 13C NMR of methyl benzoate; Figure S17: 1H and 13C NMR of methyl 4-Tert-Butylbenzoate;
Figure S18: 1H and 13C NMR of methyl 4-cyanobenzoate; Figure S19: 1H and 13C NMR of Methyl
2-nitrobenzoate; Figure S20: 1H and 13C NMR of Methyl 3-nitrobenzoate; Figure S21: 1H and
13C NMR of Methyl 4-nitrobenzoate; Figure S22: 1H and 13C NMR of Methyl 2-methoxybenzoate;
Figure S23: 1H and 13C NMR of Methyl 3-methoxybenzoate; Figure S24: 1H and 13C NMR of
Methyl 4-methoxybenzoate; Figure S25: 1H, 13C and 19F NMR of Methyl 2-trifluoromethylbenzoate;
Figure S26: 1H, 13C and 19F NMR of Methyl 3-trifluoromethylbenzoate; Figure S27: 1H, 13C and
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19F NMR of Methyl 4-trifluoromethylbenzoate; Figure S28: 1H and 13C NMR of o-Dimethyl phtha-
late; Figure S29: 1H and 13C NMR of m-Dimethyl terephthalate; Figure S30: 1H and 13C NMR of
p-Dimethyl terephthalate; Figure S31: 1H and 13C NMR of methyl 3,4,5-trimethoxybenzoate; Figure
S32: 1H, 13C and 19F NMR of Methyl 2,3,4,5,6-pentafluorobenzoate. References [35–41] are cited in
the Supplementary Materials.
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