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Abstract: Biodiesel is a non-toxic and environmentally friendly fuel that is made from renewable
biological sources. It can replace petrochemical diesel and has very broad application prospects.
However, the main raw materials in biodiesel are animal and plant oils, which present the problems
of high costs and a lack of resources. The current research primarily emphasizes the transesterification
process, with comparatively less focus on the esterification of fatty acids. In this paper, a series of
phosphotungstic acid (PTA)-functionalized hydrophobic MCM–41 catalysts, OTS–PTA–MCM–41(Cx),
were synthesized and used to catalyze the esterification of long-chain fatty acids with methanol
in water. The experimental results show that the yield of esterification reached a maximum when
catalyzed by OTS–PTA–MCM–41(Cx) and synthesized with a template agent with two carbon atoms
less than the number of carbon atoms of a fatty acid. The effects of different reaction variables were
investigated to optimize the reaction conditions for the maximum conversion. The stability of the
catalyst was also verified. Finally, a mixed catalyst was used to catalyze in situ the esterification of
fatty acids in a fermentation broth, which reached a high level (close to 90%). This paper provides
references for the synthesis of a hydrophobic solid acid catalyst and green synthesis by esterification
reactions in an aqueous solution and a fermentation broth system.

Keywords: biodiesel; solid acid; hydrophobic; heterogeneous catalysis; esterification reaction; water

1. Introduction

Recently, the heavy consumption of conventional fossil fuels and energy [1–3] has
caused global warming and an energy crisis. Clean and renewable biodiesel has been
greatly developed and promoted to deal with global warming and energy shortages [4]. It
is widely considered an important renewable energy source and one of the keys to the de-
velopment of new energy [5,6]. Biodiesel is usually obtained through the transesterification
of vegetable oil with short-chain alcohols [7–9]. The existing synthesis methods have many
disadvantages, such as the use of expensive and scarce raw materials. In contrast, fatty
acids synthesized by microbial fermentation have great potential to produce biodiesel as a
raw material [10,11]. The advantages of microbial fermentation in synthesizing fatty acids
include renewability, a short production cycle, and environmental friendliness. However,
due to the inhibition of H2O during the esterification and mass transfer processes [12–15],
the extraction and separation of fatty acids from the fermentation broth are necessary,
which are complex and expensive. In addition, the use of organic solvents violates the
concept of green chemistry and increases the cost of products, which is not conducive to
their later industrial applications. Researchers have explored the synthesis of biodiesel
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through biological pathways, but the yield and efficiency remain at a low level [16,17],
so it cannot replace chemical methods at the current stage [18]. In the chemical synthesis
method, organic solvent systems play a central role [19,20]. Research on the synthesis of
fatty acid esters in an aqueous solution is very scarce. The study of new hydrophobic
catalysts is crucial for achieving esterification in green aqueous solvents. Currently, het-
erogeneous catalysts with Bronsted acidity, such as heteropolyacid, molecular sieves, and
cation exchange resin, have attracted wide attention for the preparation of fatty acid esters
by catalyzing reactions of fatty acids and alcohols [21–24]. For example, Zhang et al. [23]
reported a heteropolyacid/Ni–MOF composite catalyst to catalyze the formation of fatty
acid methyl ester between fatty acids and methanol through an esterification reaction, and
the synthesized catalyst exhibited good catalytic performance. The maximum conversion
rate for oleic acid reached 86.1% in methanol. Guo et al. [24] designed and synthesized a
heterogeneous H6PV3MoW8O40/AC–Ag catalyst to catalyze the synthesis of biodiesel. The
yield of biodiesel is 92% when using methanol as the solvent. The above heterogeneous cat-
alyst realized an esterification reaction in organic solvents, and the heteropolyacid catalyst
showed excellent catalytic performance. However, the high solubility of heteropolyacid in
water is also an urgent problem that needs to be solved [25]. The application of heteropoly-
acid to esterification in aqueous solutions while maintaining good catalytic performance is
the focus of current research, and it is also the key to achieving the high-value derivatization
of fatty acids in water. In order to solve the existing problems and research focus mentioned
above, a series of hydrophobic and PTA-functionalized MCM–41 catalysts (OTS–PTA–
MCM–41(Cx)) were designed, synthesized, and characterized in detail. Heteropolyacid can
effectively catalyze esterification reactions, and the hydrophobic alkyl group can promote
the mass transfer process of fatty acids in a catalyst and inhibit the leaching of heteropoly-
acid in water by reducing the adsorption of H2O in that catalyst [26,27]. The synthesized
catalysts (OTS–PTA–MCM–41(Cx)) exhibited excellent performance in catalyzing the esteri-
fication of long-chain fatty acids with methanol in water and a fermentation broth, which
can be applied to the in situ synthesis of biodiesel through an esterification reaction in a
fermentation broth system. A summary of previous studies and the contents of this paper
are shown in Scheme 1.
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Scheme 1. The current problems in the aqueous synthesis of biodiesel and the corresponding
strategies in this paper.

2. Results

Here, we aimed to synthesize the target catalyst by loading the heteropolyacid in
the molecular sieve, MCM–41, with a different template agent. During the synthesis
process, micelles appeared in the synthesis system after adding the surfactant and adjusting
the pH. The hydrophobic end of the surfactants aggregated in the aqueous medium,
exposing hydrophilic ends, and the SiO4

4– ions formed by TEOS showed a negative charge
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outside the micelles. The negatively charged heteropolyacid component accumulated in the
interlayer between the hydrophilic end of the surfactants and SiO4

4– under the synergistic
effect of electrostatic force and surface tension. In the subsequent calcination process, the
heteropolyacid interacted with the freshly synthesized MCM–41 to form the catalyst with
a stable structure [28]. Figure 1 shows the XRD patterns of PTA–MCM–41(Cx). A wide
peak can be found at 23◦, which is attributed to the amorphous silica in the pore of the
MCM–41 [29]. The sharp diffraction peaks at 30.61◦ and 26.36◦ represent the PTA dispersed
in MCM–41 [30,31]. These results confirm that PTA molecules are dispersed in the pores
and surfaces of MCM–41 zeolite. The diffraction peak at 27◦ decreases with the increase in
the carbon chain of the template agent CxTAB. With a shorter chain template agent, the
synthesized molecular sieve exhibits a larger specific surface area, leading to the more
dispersed distribution of heteropolyacids [32].
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Figure 1. XRD patterns of PTA–MCM–41(Cx).

The successful loading of PTA on the MCM–41 molecular sieve can also be confirmed
by FT–IR, as shown in Figure 2a. Strong diffraction peaks are observed at 1081 cm−1 for
the vibration of Si–O–Si in all PTA–MCM–41(Cx) catalysts [33], and the characteristic peak
of heteropolyacid was at 1065 cm−1, which was caused by the asymmetric vibration of PTA
with absence [34]. The characteristic peaks at 989, 876, and 800 cm−1 are attributed to W–O,
W–Ob–W, W–Oc–W bonds, respectively. These characteristic peaks are the characteristics
of a Keggin-type phosphotungstic acid structure [35,36]. Figure 2b displays the FT–IR
spectra of the PTA–MCM–41(C14) before and after the hydrophobic modification. It can
be observed that there were diffraction peaks at 2855 cm−1 and 2925 cm−1 in the OTS–
PTA–MCM–41(C14) catalyst after hydrophobic modification, which can be attributed to the
C–H bond of symmetric methylene and antisymmetric methylene in OTS attached to the
MCM–41 [37]. During the hydrophobic functionalized process, the trichlorooctadecylsilane
with a large steric hindrance group interacts with the hydroxyl group of MCM–41 to attach
the hydrophobic group on the external surface of MCM–41 [37,38]. The results of XRD
and FT–IR show that the designed catalyst, OTS–PTA–MCM–41(Cx), was successfully
synthesized. With heteropolyacid and hydrophobic alkyl groups, the catalysts are expected
to exhibit excellent catalytic performance.

Figure 3 shows the N2 physical adsorption–desorption isotherm of OTS–PTA–MCM–
41(C14). With the feature of reversibility at P/P0 in the range of 0.20 to 0.45, the isotherm of
OTS–PTA–MCM–41(C14) is an IV isotherm [39,40]. The specific surface area of OTS–PTA–
MCM–41(C14) is 6.44 cm2/g, which exhibit a significant decrease compared with MCM–
41(C14) (11.86 m2/g). This result indicates the weak interaction between adsorbents and
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absorbers, which can be interpreted as phosphotungstic acid being filled in the channels of
the molecular sieve, resulting in blocking and the reduction in the specific surface area. This
result is consistent with the XRD and FT–IR assessments, indicating that the heteropolyacid
is successfully introduced into the molecular sieve MCM-41.
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Figure 3. N2 physisorption isotherms of OTS–PTA–MCM–41(C14).

Figure 4 displays the TEM and SEM spectra of OTS–PTA–MCM–41(C14). It is a round
cluster structure similar to a sphere with good dispersion and crystallinity. Each spherical
cluster is about 200–400 nanometers in diameter. There are uniformly distributed channels
on the surface of the molecular sieve, and the diameter is about a few nanometers. Due to
the small size, the PTA and the CxTAB cannot be observed.

Thermal stability is an important criterion used to evaluate the catalysts. TG curves of
PTA–MCM–41(C14) and OTS–PTA–MCM–41(C14) are shown in Figure 5. A slight weight
reduction in the catalyst before 200 °C is caused by the evaporation of free water adsorbed
in the catalyst [41]. The decline in the range of 200–600 ◦C can be attributed to the partial
dissociation of OTS and PTA [42,43], which indicates the phosphotungstic acid and OTS
formed a strong connection with MCM–41 in the catalyst. Experimental results show that
the designed catalyst has good stability under a reaction temperature and can efficiently
and continuously catalyze the reaction.
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The acidity of catalysts was tested by NH3–TPD. The amount of acid sites of MCM–
41(C14), PTA–MCM–41(C14), and OTS–PTA–MCM–41(C14) are 0.61, 1.03, and 1.01 mmol/g,
respectively. The results show that the support of PTA greatly increases the number
of acidity sites in MCM–41. It can be observed from the NH3–TPD curve in Figure 6
that there is an obvious desorption peak below 180 °C in MCM–41(C14) and OTS–PTA–
MCM–41(C14), which represents the weak acidic hydroxyl group in MCM–41. Notably, an
obvious signal appears in the high-temperature range of 500–540 ◦C, which corresponds to
phosphotungstic acid with strong Bronsted acidity introduced into MCM–41. This curve is
consistent with FT–IR and XRD results, indicating that the catalyst with strong Bronsted
acidity heteropolyacid can effectively promote the reaction. Although the introduction of



Catalysts 2024, 14, 142 6 of 14

OTS slightly hides the acid sites, the hydrophobicity of the catalyst is obviously improved.
This modification can effectively promote the transfer of reactants in the catalyst, inhibit
the adverse effects of H2O during the reaction, and improve the reaction effect.
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The methyl esterification reaction of long-chain fatty acids (number of carbon atoms = 12,
14, 16) was used to test the catalytic performance of synthesized catalysts; the results are
displayed in Table 1. The esterification yields of the three fatty acids basically increase
with the increase in carbon chains of the CxTAB template agent whether the catalyst is
hydrophobic or not. Interestingly, for each fatty acid, there is a corresponding catalyst with
the best catalytic activity. This can be summed up as the n–2 rule, which means that the
catalyst, PTA–MCM–41(Cx), synthesized by CxTAB with n–2 carbons on the long alkyl
chain, displays the best catalytic performance in the esterification of fatty acid containing n
carbon atoms. For example, methyl palmitate of yield reaches the highest value catalyzed
by PTA–MCM–41(C14). The reason for this rule may be the selective entry of fatty acids
into catalysts with different pore sizes. The pore size of catalysts synthesized by n–2 CxTAB
is suitable for the diameter of the corresponding fatty acid with n carbon, leading to the
increase in selectivity and yield. At the same time, we observe that the introduction of
the OTS hydrophobic group can improve the catalytic performance of the catalyst, but the
effect is limited. The reason is that the active center in the catalyst is phosphotungstic acid;
hydrophobic groups do not directly participate in the reaction process as active centers but
improve the reaction conditions. The introduction of hydrophobic groups will weaken the
absorption of H2O on the external surface of the catalyst, which can promote the transfer of
the reactants and product and improve the reaction effect.

Based on previous experiments, OTS–PTA–MCM–41(C14) displayed good catalytic
activity in the methyl esterification of palmitic acid (C16). Subsequently, some experiments
were conducted to optimize reaction conditions. Reaction conditions consist of catalyst
dosage, reaction temperature, and time. The experimental results are shown in Table 2. A
blank test is first conducted to verify the key role of the catalyst in the reaction. Next, the
amount of catalyst in the reaction was investigated. It can be seen from entries 2–6 that the
highest yield of methyl palmitate was achieved when adding 150 mg of catalyst. In entries
7–11, the temperature range is 70–150 ◦C; the yield of methyl palmitate firstly increases
and then decreases with the increase in temperature. This can be attributed to the fact that
esterification is endothermic [44,45] and reversible, and the increase in temperature shifts
the equilibrium toward the positive reaction, resulting in an increase in yield. In entries
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11–14, the temperature exceeded 150 ◦C, and the yield of methyl palmitate slowly decreased
with the increase in temperature. The reason for this is that the reaction is restrained at
an excessive temperature. Entries 15–20 show the effect of time; it can be observed that
the yield of palmitic acid is the highest at 3 h. When the reacion time is prolonged, the
synthesized methyl palmitate starts decomposition, resulting in a decrease in product yield.

Table 1. Preparation of biodiesel in different conditions catalyzed by various catalysts in water.

Entry Catalyst Solvent
Conditions 1 Yield (%)

T (◦C) t (h) C 2 (mg) L 3 M 4 P 5

1 PTA–MCM–41(C6) water 70 3 100 63.2 64.8 60.1
2 PTA–MCM–41(C8) water 70 3 100 64.8 62.7 64.2
3 PTA–MCM–41(C10) water 70 3 100 67.1 66.9 67.4
4 PTA–MCM–41(C12) water 70 3 100 66.9 74.3 68.7
5 PTA–MCM–41(C14) water 70 3 100 67.0 74.4 71.8
6 PTA–MCM–41(C16) water 70 3 100 65.2 72.8 70.4
7 PTA–MCM–41(C18) water 70 3 100 65.2 73.0 71.1
8 OTS–PTA–MCM–41(C6) water 70 3 100 65.4 67.7 63.2
9 OTS–PTA–MCM–41(C8) water 70 3 100 68.2 68.3 67.8

10 OTS–PTA–MCM–41(C10) water 70 3 100 72.1 69.9 67.7
11 OTS–PTA–MCM–41(C12) water 70 3 100 71.2 76.5 70.2
12 OTS–PTA–MCM–41(C14) water 70 3 100 72.6 76.6 74.4
13 OTS–PTA–MCM–41(C16) water 70 3 100 71.1 74.3 71.1
14 OTS–PTA–MCM–41(C18) water 70 3 100 71.2 74.8 72.3

1 Conditions: 100 mg of various acids, 5 mL of methanol, 45 mL of water, and 500 rpm stirring rate. 2 C: Catalyst
dosage. 3 L: Methyl lauric. 4 M: Methyl myristic. 5 P: Methyl palmitate.

Table 2. Esterification in different conditions catalyzed by OTS–PTA–MCM–41(C14) in water.

Entry Catalyst Solvent

Conditions 1 Yield (%)

T (◦C) t (h) C 2 (mg)
Methyl

Palmitate

1 OTS–PTA–MCM–41(C14) water 150 3 / 35.6
2 OTS–PTA–MCM–41(C14) water 150 3 50 78.2
3 OTS–PTA–MCM–41(C14) water 150 3 100 88.0
4 OTS–PTA–MCM–41(C14) water 150 3 150 93.0
5 OTS–PTA–MCM–41(C14) water 150 3 200 92.7
6 OTS–PTA–MCM–41(C14) water 150 3 250 91.9
7 OTS–PTA–MCM–41(C14) water 70 3 150 74.4
8 OTS–PTA–MCM–41(C14) water 90 3 150 75.9
9 OTS–PTA–MCM–41(C14) water 110 3 150 86.1
10 OTS–PTA–MCM–41(C14) water 130 3 150 89.8
11 OTS–PTA–MCM–41(C14) water 150 3 150 93.0
12 OTS–PTA–MCM–41(C14) water 170 3 150 91.2
13 OTS–PTA–MCM–41(C14) water 190 3 150 90.5
14 OTS–PTA–MCM–41(C14) water 210 3 150 91.1
15 OTS–PTA–MCM–41(C14) water 150 1 150 55.7
16 OTS–PTA–MCM–41(C14) water 150 3 150 93.0
17 OTS–PTA–MCM–41(C14) water 150 6 150 82.0
18 OTS–PTA–MCM–41(C14) water 150 9 150 82.5
19 OTS–PTA–MCM–41(C14) water 150 12 150 90.9
20 OTS–PTA–MCM–41(C14) water 150 24 150 84.2

1 Conditions: 100 mg of various acids, 5 mL of methanol, 45 mL of water, and 500 rpm stirring rate. 2 C: Catalyst
dosage.

After the optimization of reaction conditions, the yield of methyl palmitate catalyzed
by the OTS–PTA–MCM–41(C14) catalyst reached as high as 93.0%. Combined with the
previous n–2 rule, the optimal reaction conditions of OTS–PTA–MCM–41(C10) and OTS–
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PTA–MCM–41(C12) to catalyze lauric acid, myristic acid can also be inferred. The reaction
conditions are as follows: 150 mg catalyst is added to the reaction system for 3 h under
150 ◦C.

The stability of catalysts is also important for their industrial applications [46]. For
this purpose, the cycling performance test of OTS–PTA–MCM–41(C14) was carried out.
The experimental conditions are the same as before; the performance of the catalyst after
cycling five times is shown in Figure 7. The yield of methyl palmitate decreases from 93.0%
to 90.9%, which can be caused by the partial dissociation of PTA and OTS in the catalyst.
Results prove that OTS–PTA–MCM–41(C14) exhibits excellent stability. The introduction of
the hydrophobic OTS group improves the hydrophobicity of the catalyst by reducing the
adsorption of H2O in the catalyst and effectively prevents the leaching of the heteropolyacid,
thus maintaining a stable and efficient catalytic performance.
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Next, the synthesized catalyst was used to catalyze the in situ esterification in fermen-
tation broth. Firstly, GC detection of the existing fermentation broth system was carried
out. The concentration of lauric acid, myristic acid, and palmitic acid in the fermentation
broth was 18.98 mg/L, 51.95 mg/L, and 13.66 mg/L, respectively.

In the fermentation broth mentioned before, synthesized catalysts were used to cat-
alyze the esterification of three fatty acids, and the results are shown in Table 3. It can be
observed that the n–2 rule still holds. The esterification yield of the three kinds of acids in
the fermentation broth catalyzed by the same catalyst was higher than the corresponding
yield in water. A possible reason for this result is the addition of sodium dodecyl benzene
sulfonate in the fermentation broth. The phase-transfer reagent can promote cell wall
fragmentation and improve the transfer process of the esterification reaction. Firstly, the
addition of surfactant changes the interfacial properties of water and has the emulsified
effect in fermentation broth. Secondly, the addition of surfactant increases the solubilization
of three fatty acids in fermentation broth. In addition, it also facilitates the dispersion of the
reaction system, making fatty acids disperse more uniformly and become easier to contact
with the catalyst.

According to the conclusions obtained, experiments were conducted to test the cat-
alytic activity of the catalyst in the esterification of three fatty acids in the fermentation
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broth, as shown in Table 4. The reactions in entries 1–3 are catalyzed by a single catalyst,
which confirms the n–2 rule. In the entry 4 reaction, the mixed catalyst was used to catalyze
the methyl esterification of the three acids. For each fatty acid, the catalyst with the best
catalytic performance was selected according to the n–2 rule. The amount of three catalysts
was utilized according to the concentration of three fatty acids in the fermentation broth.
The concentration of lauric acid, myristic acid, and palmitic acid is 18.98 mg/L, 51.95 mg/L,
and 13.66 mg/L. The corresponding amount of OTS–PTA–MCM–41(C10), OTS–PTA–MCM–
41(C12), and OTS–PTA–MCM–41(C14) is 33.75 mg, 90.75 mg, and 25.5 mg, respectively. At
optimal reaction conditions, the yields of methyl laurate, methyl myristate, and methyl
palmitate reached 91.9%, 89.7%, and 91.2%, which achieved efficient in situ esterification in
the fermentation broth. However, the yield of fatty acids in fermentation broth catalyzed
by mixed catalyst did not achieve the expected maximum value. This might be caused by
the pore size of mixed catalysts. For example, the pore size of OTS–PTA–MCM–41(C10) is
relatively small, and palmitic acid does not easily enter into the pore, resulting in the yield
of methyl palmitate being lower than that catalyzed by a single OTS–PTA–MCM–41(C14).
In general, the product yields reached a high level.

Table 3. Preparation of biodiesel catalyzed by PTA–MCM–41(Cx) in fermentation broth.

Entry Catalyst Solvent
Conditions 1 Yield (%)

T (°C) T (h) C 2 (mg) L 3 M 4 P 5

1 PTA–MCM–41(C6) water 70 3 100 71.4 74.1 59.1
2 PTA–MCM–41(C8) water 70 3 100 76.4 73.2 70.3
3 PTA–MCM–41(C10) water 70 3 100 85.9 79.8 73.6
4 PTA–MCM–41(C12) water 70 3 100 84.7 84.8 80.5
5 PTA–MCM–41(C14) water 70 3 100 83.8 84.1 86.4
6 PTA–MCM–41(C16) water 70 3 100 83.5 84.3 81.9
7 PTA–MCM–41(C18) water 70 3 100 83.0 83.7 82.3

1 Conditions: 100 mg of various acids, 5 mL of methanol, 45 mL of water, and 500 rpm stirring rate. 2 C: Catalyst
dosage. 3 L: Methyl lauric. 4 M: Methyl myristic. 5 P: Methyl palmitate.

Table 4. Esterification of fermentation broth catalyzed by OTS–PTA–MCM–41(Cx).

Entry
Catalyst and Dosage

Solvent
Conditions 1 Yield (%)

Ca
2 Cb

3 Cc
4 T (◦C) t (h) L 5 M 6 P 7

1 150 / / water 150 3 92.9 83.8 86.4
2 / 150 / water 150 3 90.6 92.1 89.4
3 / / 150 water 150 3 91.7 86.6 92.1
4 33.75 90.75 25.5 water 150 3 91.9 89.7 91.2

1 Conditions: 100 mg of various acids, 5 mL of methanol, 45 mL of water, and 500 rpm stirring rate. 2 Ca:
OTS–PTA–MCM–41(C10), 3 Cb: OTS–PTA–MCM–41(C12), 4 Cc: OTS–PTA–MCM–41(C14). 5 L: Methyl lauric. 6 M:
Methyl myristic. 7 P: Methyl palmitate.

Finally, the general reaction process catalyzed by the OTS–PTA–MCM–41(Cx) is illus-
trated in Scheme 2. Heteropolyacid can effectively catalyze the esterification reaction; the
hydrophobic alkyl group OTS located on the surface of the molecular sieve can promote the
transfer of fatty acid in the catalyst and inhibit the leaching of heteropolyacid [37,45]. Conse-
quently, fatty acids and methanol can more easily enter the inside of the catalyst to proceed
with the esterification reaction catalyzed by heteropolyacid in OTS–PTA–MCM–41(Cx).
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3. Materials and Methods
3.1. Synthesis of Catalysts

Methanol, sodium phosphate tribasic dodecahydrate, sodium tungstate dihydrate,
tetraethyl orthosilicate, ammonia solution, hydrochloric acid, acetonitrile, toluene, trichlorooc-
tadecylsilane, and ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Alkyl trimethyl ammonium bromide (number of carbons on alkyl
chain = 6, 8, 10, 12, 14, 16, and 18), methyl laurate, methyl myristate, methyl palmitate, and
methyl arachidate were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). All
purchased materials did not require further separation and purification.

The synthesis procedure of (CxTA)4H3[PW11(H2O)O39]·nH2O was as follows. 3 mmol
Na2HPO4 and 30 mmol Na2WO4·2H2O were dissolved in 200 mL water. Then, 20 mL
CxTAB (x is the number of C atoms, 45 mmol) of aqueous solution was dropped in at
80–85 ◦C under stirring. The formed solid was filtered out and recrystallized in a mixture
of water and acetonitrile(VWater:VMeCN = 1:1) to obtain (CxTA)4H3[PW11(H2O)O39]·nH2O.
(x represents the number of carbon atoms on the alkyl group in template agent, x = 6, 8, 10,
12, 14, 16, and 18).

PTA–MCM–41(Cx) was synthesized by the following procedures from [28] with some
modifications. CxTAB (5.95 mmol) was dissolved in a mixture of deionized water (20 mL),
ethanol (62 mL), and aqueous ammonia (14 mL). Next, ethyl orthosilicate (TEOS, 5 mL)
was added into the solution under stirring. The mixture was stirred for 1.5 h, and the
pH was regulated to 2.0 by adding concentrated hydrochloric acid. Subsequently, a small
amount of acetonitrile with 2 g CxTA4H3[PW11(H2O)O39]·nH2O was added to the mixture.
The mixture was vigorously stirred for 12 h and aged for an additional 24 h at ambient
temperature after completion of the addition. After centrifugation, washing, and drying,
the precursor of catalyst was obtained. Finally, the precursor was calcinated at 400 ◦C for 6
h to obtain the catalysts PTA–MCM–41(Cx) (x represents the number of carbon atoms on
the alkyl group in template agent, x = 6, 8, 10, 12, 14, 16, and 18).

OTS–PTA–MCM–41(Cx) was synthesized by following procedure. First, 1 g of PTA–
MCM–41(Cx) was added to 70 mL of toluene with 15 g OTS. After stirring at ambient
temperature for 2 h, the mixture underwent filtration, washing by toluene, and drying, and
OTS–PTA–MCM–41(Cx) was successfully synthesized (x represents the number of carbon
atoms on the alkyl group in template agent, x = 6, 8, 10, 12, 14, 16, and18).
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3.2. Characterization Details

The XRD patterns of catalysts were detected by D/MAX–500X (Rigaku Corporation,
Tokyo, Japan) with Cu Kα radiation; the specific parameters were 40 kV and 70 mA. The
FT–IR spectra were obtained by Thermo Nicolet 8700 (Thermo Scientific, Waltham, MA,
USA) in 400–4000 cm−1 region to identify the types of chemical groups in samples. The sam-
ples were prepared by the tabbing method. Autosorb–iQ (Quantachrome, Boynton Beach,
FL, USA) gas adsorption instrument was used to record the N2 adsorption–desorption
isothermal curves of the samples at 77 K. Before the test, the samples were degassed in a vac-
uum environment at 373 K for 12 h. The FESEM and TEM images of samples were obtained
by HITACHI S–4800 (Hitachi, Tokyo, Japan) field emission scanning electron microscope
and JEM–2000EX (JEOL, Tokyo, Japan) Transmission electron microscope. NH3–TPD was
conducted using Micromeritics AutoChem II 2920 (Micromeritics, Norcross, GA, USA)
equipment with a thermal conductivity detector (TCD) attached. TG analysis was con-
ducted on a Rubotherm–Dyn THERM thermogravimetric analyzer (TA Instruments, New
Castle, DE, USA) under static air atmosphere with a heating rate of 10 °C/min, and the
temperature ranged from 100 ◦C to 800 ◦C.

3.3. General Catalytic Procedure
3.3.1. Esterification of Free Fatty Acids in the Water

Esterification reaction was carried out with long-chain fatty acids (such as lauric acid,
myristic acid, and palmitic acid) and methanol in water. A certain amount of catalyst; 100
mg of lauric acid, myristic acid, and palmitic acid; 5 mL of methanol; and 45 mL of water
were added in stainless steel autoclave with Teflon lining at ambient temperature. The
mixture was heated to designated temperature under stirring and maintained for a set
amount of time. The reaction was quenched by placing the reactor in ice bath. Finally, the
mixture was extracted with CH2Cl2 (50 mL × 3), and the organic phase was analyzed by
gas chromatography (GC).

3.3.2. In Situ Esterification of Fatty Acids in Fermentation Broth

In situ esterification reaction between fatty acids and methanol in fermentation broth
was conducted as follows. 45 mL of fermentation broth, 5 mL of methanol, and catalyst
were added into stainless steel autoclave with Teflon lining at ambient temperature. The
mixture was heated to designated temperature under stirring and maintained for 3 h. The
reaction was quenched by placing the reactor in ice bath. Finally, the reaction system was
extracted with CH2Cl2 (50 mL × 3), and the organic phase was analyzed by GC.

3.4. Cyclic Catalytic Procedure

In a typical cyclic experiment, the used catalyst is obtained by centrifugation and
stirred in methanol at ambient temperature for 1 h to regenerate. After that, the catalyst is
washed with methanol for several times. Finally, the regenerated catalyst is dried under
vacuum at 60 ◦C for the next reaction.

4. Conclusions

This study designed and synthesized a new type of phosphotungstic acid-functionalized
hydrophobic MCM–41 catalyst, OTS–PTA–MCM–41(Cx). The catalyst has a reasonable
pore structure, sufficient acidic sites, and can also inhibit the adverse effect of H2O. The
esterification reaction of fatty acids catalyzed by OTS–PTA–MCM–41(Cx) was in accor-
dance with the n–2 rule. The reaction conditions, such as the amount of catalyst, reaction
temperature, and time, were also studied in detail to determine the best conditions. The
cyclic experiment shows that OTS–PTA–MCM–41(C14) can still maintain more than 97% of
the first catalytic performance after five cycles. Finally, the in situ esterification reaction of
fermentation broth was catalyzed by mixed OTS–PTA–MCM–41(Cx) catalysts. At optimal
reaction conditions, the yields of methyl laurate, methyl myristate, and methyl palmitate
reached 91.9%, 89.7%, and 91.2%, which achieved an efficient esterification reaction in the
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presence of water solvent. This research is expected to realize the coupling of fermentation
and chemical reaction, effective separation of esterified products, and cost reduction. It has
reference value for the rational design of hydrophobic solid acid heterogeneous catalyst
and green synthesis of biodiesel via esterification reaction in an aqueous and fermentation
broth system.
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