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Abstract: It is highly desirable that efficient recoverable heterogeneous catalysts should be
developed to replace the costly biocatalysts used in producing structured phospholipids (SPLs) with
medium-chain fatty acids (MCFAs). Thus, mesoporous propyl and phenyl sulfonic acid-functionalized
SBA-15 materials synthesized via surface modification methods were investigated for the soybean
lecithin interesterification with methyl caprate or caprylate. The physicochemical properties of the
synthesized solid acids were deeply studied by small-angle X-ray diffraction, scanning electron
microscopy, transmission electron microscopy, Fourier transform infrared and pyridine adsorption,
etc. to build the possible structure–performance relationships. The results revealed that amounts
of organosulfonic acid groups were successfully grafted onto the SBA-15 support, and most of the
surface acid sites contained in the as-prepared organic–inorganic hybrid samples were assigned as
strong Brönsted acid sites. Notably, the functionalized SBA-15 materials exhibited promising catalytic
behaviors in producing MCFA-enriched SPLs under mild conditions (40 ◦C, 6 h) when compared with
commercial Amberlyst-15 and typical phospholipases or lipases, mostly due to their high surface
area, ordered structure and adequate Brönsted acid sites. Besides, the as-prepared materials could be
easily recycled five times without obvious deactivation. This work might shed light on alternative
catalysts for SPL production instead of the costly enzymes.

Keywords: structured phospholipid; medium-chain fatty acid; heterogeneous catalyst;
interesterification; lecithin

1. Introduction

At present, great efforts have been devoted to the catalytic production of structured lipids (SLs)
from natural vegetable oils and/or phospholipids (PLs) to meet the increasing demands for high-valued
chemicals, pharmaceuticals and nutraceuticals, etc. [1–4]. In particular, structured phospholipids (SPLs),
known as efficient emulsifiers considering their surfactant properties, have achieved extensive attention
owing to their versatile applications in fine chemical, pharmaceutical, cosmetic and food industries,
etc. [5,6]. Among these, medium-chain SPLs were generally produced by incorporating medium-chain
fatty acids (MCFAs) with 6 to 10 carbon-chain lengths into native long-chain PLs to enhance their
original physicochemical characteristics, functional attributes and nutritional effects, and meanwhile
to improve the emulsification activity and heat stability [5,7]. Furthermore, MCFA-enriched SPLs
could be utilized as healthy functional lipids for medical and food applications due to their lower
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caloric values and fat depositions, etc. Notably, the SPLs with MCFAs could also be considered as
a kind of accessible energy source for those patients with absorption problems because of the much
greater fatty acid (FA) bioavailabilities in the PL forms [8,9]. Accordingly, the increasing requirements
for MCFA-enriched SPLs might greatly stimulate their large-scale production, which could present a
remarkable challenge for academic research and industry.

Recently, the MCFA-enriched SPLs have been mostly produced by the interesterification reactions
of PLs, where the FAs in native PLs are replaced by the desirable MCFAs. Nevertheless, all these
processes were carried out by using expensive enzyme catalysts and displayed several drawbacks, such
as the lack of operational stability, costly separation and poor recyclability, etc. [10–12]. Otherwise, to
the best of our knowledge, no heterogeneous catalysts, especially for solid acids, have been employed in
the modification of natural PLs through interesterification reactions. Alternatively, from the standpoint
of cleaner production and sustainable development [13,14], it is extremely important to develop
heterogeneous solid acid catalysts with high efficiency and attractive stability for the production of
MCFA-enriched SPLs from natural PL feedstocks by interesterification reactions.

Over the past few years, extensive research has focused on heterogeneous acid catalysts utilized in
interesterification reactions, like graphene-based solid acids [14], biomass-based sulfated carbon [15],
commercial Amberlyst-15 [16], sulfated zirconia [17], sulfated zirconia-silica [18] and functionalized
SBA-15 [19], etc. Among these various candidates, SBA-15 type solid acids were perceived as one of the
most engaging solid acid catalysts due to their excellent structural properties, including the relatively
tunable pore size, high surface area and good stability together with the efficient, environmentally
benign and convenient natures [19,20]. More importantly, these SBA-15 materials attracted considerable
attention because of their facile modification with numerous catalytically active acid groups. In general,
it was accepted that amounts of active Brönsted acid sites in catalysts would be favorable for the
interesterification reactions [21]. Hence, it could be an active research topic to exploit the functionalized
SBA-15 materials with abundant Brönsted acid sites in order to develop highly efficient catalysts for
the production of MCFA-enriched SPLs via PL interesterification.

On the other hand, different modification methods have been used to prepare various
SBA-15 type mesoporous materials with prominent structural features and catalytic performances.
Noticeably, extensive interest has been centered on the introduction of organosulfonic acid groups
into the mesostructure of reference SBA-15 to enhance its Brönsted acid sites [22]. Generally,
the organosulfonic acid moieties were covalently bound onto the surfaces of SBA-15 silica. Consequently,
the inorganic–organic hybrid mesoporous materials with multiple strong Brönsted acid sites were
successfully achieved. And the resultant solid acids could possess abundant reactive and mechanical
properties attributed to the intercalation of organic species into inorganic solids [23]. Furthermore,
the catalytic performances of the inorganic–organic hybrid materials could be well maintained because
the leaching of active organosulfonic acid groups would be avoided during the reaction processes,
mostly owing to the existence of covalent bonds [22]. Therefore, the organosulfonic acid-modified
SBA-15 catalysts might be the appropriate candidates for the production of MCFA-enriched SPLs from
native PLs under mild conditions with high MCFA incorporations.

Inspired by the present work, two mesoporous organosulfonic acid-functionalized SBA-15
materials are prepared by surface modification and selected as heterogeneous catalysts for the
production of MCFA-enriched SPLs by the interesterification of soybean lecithin (SL) with methyl
caprate or caprylate (Scheme 1). The acidities and structural properties of the catalysts are studied
in detail by a series of characterization techniques, such as N2 adsorption–desorption, small-angle
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), Fourier transform infrared (FT-IR) and Pyridine-FT-IR (Py-FT-IR), etc., to build the possible
structure–performance relationships. The interesterification parameters are optimized based on the
incorporations of MCFAs into SLs and the catalyst reusability is investigated as well. Compared
with the commercial Amberlyst-15, the as-prepared SBA-15 solid acids exhibit promising catalytic
performances and great potential for the efficient production of MCFA-enriched SPLs from natural PLs.
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Scheme 1. Catalytic synthesis of MCFA-enriched SPLs by SL interesterification.

2. Results and Discussion

2.1. Catalyst Characterization

The physicochemical features of modified SBA-15 materials and reference SBA-15 were investigated
via various characterization techniques. Firstly, the textural properties of the samples were studied
by using N2 adsorption–desorption isotherms and pore-size distributions, as illustrated in Figure 1.
Notably, all the samples exhibited type IV patterns based on IUPAC classifications, with sharp
capillary condensation steps in the region of 0.4 < p/p0 < 0.8 and typically steep H1 hysteresis loops [24].
The results implied the existence of ordered mesoporous channels in the synthesized samples and further
confirmed the retainment of the intact mesoporous structure of SBA-15 after surface modification [25].
Furthermore, the mean pore-size distributions calculated by the Barrett–Joyner–Halenda (BJH) method
(Figure 1B) elucidated the narrow pore-size ranges centered at ca. 5.03–7.23 nm supporting the
ordered mesostructure natures of the investigated SBA-15 samples [25]. On the other hand, the specific
surface areas of the meso-Pr-SO3H-SBA-15 and meso-Ph-SO3H-SBA-15 were calculated to be around
558.1 and 582.3 m2/g, respectively, by the Brunauer–Emmett–Teller (BET) method. Correspondingly,
the pore volumes of the two samples were ca. 0.89 and 0.88 cm3/g, respectively. Remarkable decreases
were observed when compared with the values of as-prepared SBA-15 support (ca. 622.3 m2/g and
1.02 cm3/g). It indicated that numerous functionalized groups were incorporated into the SBA-15
mesoporous structure and further occupied some parts of the channel spaces, as reported in the previous
publication [26]. Therefore, the above-mentioned results suggested that the ordered mesoporous
structure of original SBA-15 was still retained in the modified SBA-15 materials with high BET
surface areas and pore volumes even after the organofunctionalization, which was favorable for the
SL interesterification.
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Figure 1. Nitrogen adsorption–desorption isotherms (A) and pore-size distributions (B) of SBA-15,
mesoporous propyl sulfonic acid-functionalized SBA-15 (meso-Pr-SO3H-SBA-15) and mesoporous
phenyl sulfonic acid-functionalized SBA-15 (meso-Ph-SO3H-SBA-15) samples.

The integrity of the structure of the SBA-15 catalyst and compared SBA-15 support was illustrated
by the high-angle XRD in the 2theta range of 10◦–80◦. The patterns of the synthesized SBA-15 samples
are displayed in Figure 2A. It could be clearly observed that each SBA-15 sample exhibited only a
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broad peak in the 2theta range of 10◦–40◦. This phenomenon was assigned to the amorphous nature
of the SBA-15 sample in good agreement with the previous report [20]. As for the mesostructure of
the SBA-15 sample, it could be verified by the low-angle XRD in the 2theta range of 0◦–6◦. Figure 2B
showed the patterns of the as-prepared samples. Obviously, all the SBA-15, meso-Pr-SO3H-SBA-15
and meso-Ph-SO3H-SBA-15 materials presented three characteristic XRD diffraction peaks centered at
ca. 0.90◦, 1.52◦ and 1.75◦. In general, the three typical peaks were indexable as reflections of (100), (110)
and (200) planes of ordered mesoporous SBA-15 type material associated with a two-dimensional (2D)
hexagonal symmetry (P6mm), which were in accordance with those of other functionalized SBA-15
materials prepared using similar strategies. [27,28]. Accordingly, the low-angle XRD results implied
that the 2D hexagonal mesostructure of SBA-15 silica was virtually maintained in the functionalized
SBA-15 samples after undergoing the organic sulfonation processes, which was consistent with the N2

adsorption–desorption isotherms [29].
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Figure 2. The high-angle (A) and low-angle (B) XRD patterns of SBA-15 and two modified
SBA-15 samples.

The surface morphologies and microstructures of the obtained SBA-15 materials were studied
by using SEM and TEM techniques. As illustrated in Figure 3A–C, a great number of well-defined
wheat-like particles, with average sizes of around 0.5 µm, appeared in the meso-Pr-SO3H-SBA-15
and meso-Ph-SO3H-SBA-15 samples similar to the parent SBA-15. Meanwhile, the two modified
SBA-15 materials exhibited rougher surfaces and/or denser structures than the SBA-15 support
owing to the surface functionalization, which was in good line with the previous literature [26].
Besides, Figure 3D–F showed the TEM images of the three samples. It was obvious that both the
modified SBA-15 materials presented one-dimensional and well-ordered arrays with ca. 6 nm wide
channels similar to the original SBA-15 specimen. Thus, the SEM and TEM results indicated that the
organosulfonic acid-functionalized SBA-15 materials essentially retained the ordered mesoporous silica
SBA-15 framework after the surface grafting with organic moieties, which would enhance catalytic
acid site accessibility. Furthermore, Figure 4 illustrates the carbon, oxygen, silicon and sulfur elemental
mappings and energy-dispersive X-ray spectroscopy (EDX) images from randomly selected regions
(Figure 4A,a) of the organofunctionalized SBA-15 materials. It was observed clearly that sulfur was
successfully introduced and uniformly dispersed on the catalyst surfaces compared to the reference
SBA-15, suggesting the presence of highly distributed organosulfonic acid groups [30]. Thus, it was
indicated that high densities of organosulfonic acid groups were achieved in thus-synthesized solid
acids by sulfonate-functionalization without damaging the order structure of the SBA-15 support,
which would have a positive effect on the SL interesterification.
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meso-Ph-SO3H-SBA-15 (a–f) samples.

In order to further confirm the surface functional groups on the investigated SBA-15 samples,
FT-IR analyses were performed and the spectra were shown in Figure 5A. Firstly, the successful grafting
of sulfonic groups onto the silica framework was evidenced by curves (b) and (c). Two characteristic
bonds observed at around 1070 and 650 cm−1 were identified as O=S=O and C-S stretching vibrations,
respectively. Besides, the absorption peaks centered at ca. 3430 and 1630 cm−1 were attributed to S-OH
stretching vibrations in -SO3H groups [31]. These FT-IR results suggested that the -SO3H groups were
anchored onto the surfaces of as-synthesized modified SBA-15 materials, which were always viewed
as the active Brönsted acid sites of the catalyst [32]. In addition, the bands observed at about 1080,
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780 and 450 cm−1 from the three curves corresponded to the Si-O-Si stretching and bending vibrations,
suggesting the presence of SBA-15 structure. And the FT-IR peaks located at ca. 3400 and 960 cm−1

were assigned to the surface -OH stretching mode and the Si-OH bending vibration, supporting the
aforementioned view [26]. Otherwise, the existence of propyl groups was confirmed by the bands
at about 2930 and 2854 cm−1 in curve (b), ascribed to the C-H stretching vibration of methylene [33].
The peaks at ca. 1510, 1430 and 550 cm−1 in curve (c) were correspondingly attributed to the stretching
vibrations of phenyl groups [34]. Based on all the FT-IR analyses, it was elucidated that propyl and
phenyl groups, respectively, existed in the meso-Pr-SO3H-SBA-15 and meso-Ph-SO3H-SBA-15 samples
with multiple Brönsted acid sites.
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meso-Ph-SO3H-SBA-15 (c) samples.

It is well accepted that surface acid property is one of the key factors for the catalytic
interesterification reactions of solid acids. In order to clarify the types of acid sites as well as
their ratios on the catalyst surfaces, the corresponding Py-FT-IR spectra were collected and are depicted
in Figure 5B. Three characteristic absorption bands at about 1546, 1490 and 1446 cm−1 confirmed the
presence of Brönsted acid sites assignable to the N-H bending of the pyridinium ion, the mixture
of Brönsted and Lewis acid sites and Lewis acid sites ascribed to pyridine coordination [35,36].
Obviously, the results revealed the coexistence of Brönsted and Lewis acid sites in the modified
SBA-15 catalyst. In addition, it is notable that the relative intensities of the characteristic peaks
are consistent with the acid site quantities. Correspondingly, the ratios of Brönsted acid sites to
Lewis acid sites were calculated to be 7.5 (meso-Ph-SO3H-SBA-15) and 5.2 (meso-Pr-SO3H-SBA-15),
respectively. The results indicated that most of the surface acid sites on the two SBA-15 solid acids
(ca. 86% for meso-Ph-SO3H-SBA-15 and ca. 79% for meso-Pr-SO3H-SBA-15) were attributed to strong
Brönsted acid sites. To further quantify the acid densities of Brönsted acid sites in the modified SBA-15
samples, acid-base titrations were conducted. Consequently, the values were measured to be 0.93
and 0.85 mmol/g for meso-Ph-SO3H-SBA-15 and meso-Pr-SO3H-SBA-15 materials, suggesting that
both of the investigated samples belonged to strong solid acids. By contrast, it was determined that
the meso-Ph-SO3H-SBA-15 sample contained the larger acid site quantities, mostly due to the more
electron withdrawing environments of its sulfonic acid sites, which would lead to the higher reaction
performances in interesterifications. As for reference SBA-15, no peak at ca. 1546 cm−1 was observed
in curve (a), meaning hardly any Brönsted acid sites existed in this support, which was verified by
the titration result. Noticeably, many recent studies have reported that abundant Brönsted acid sites
on solid acids could be responsible for the high interesterification activities of these catalysts [37,38].
Therefore, numerous Brönsted acid sites on the organosulfonic acid-modified SBA-15 silica could
efficiently promote the SL interesterification under mild conditions.
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2.2. Catalytic Production of SPLs with MCFAs

The organosulfonic acid-modified SBA-15 might be a more promising catalyst in the
interesterification reactions based on the reasonable surface acid property. Hence, thus-synthesized
SBA-15 solid acids were selected as potential catalysts for the efficient production of SPLs with MCFAs in
this work. According to the results of initial blank tests, it was expected that no detectable MCFAs would
be observed. Similarly, the reference SBA-15 displayed no considerable catalytic performances with the
detection of trace amounts of MCFAs, which was in good line with the discussion of pyridine adsorption
results (Figure 5B). In contrast, the additions of SBA-15 solid acids remarkably improved the capric
acid (C10:0) incorporations (ca. 14.66 ± 0.57% for meso-Ph-SO3H-SBA-15 and ca. 12.95 ± 0.64%
for meso-Pr-SO3H-SBA-15) and the caprylic acid (C8:0) incorporations (ca. 12.85 ± 0.33% for
meso-Ph-SO3H-SBA-15 and ca. 9.36 ± 0.52% for meso-Pr-SO3H-SBA-15) under identical experimental
conditions. It was clearly revealed that the two studied modified SBA-15 catalysts greatly facilitated
the production of SPLs with MCFAs. Besides, the meso-Ph-SO3H-SBA-15 catalyst with more Brönsted
acid sites exhibited the higher reactivities, which could support the aforementioned hypothesis.
Furthermore, these results indicated that the strong acidities in the two SBA-15 solid acids and their
ordered mesostructure natures as well could improve the accessibility of reactants to the active sites,
resulting in the satisfactory catalytic behavior in the SL interesterification reactions [39].

Correspondingly, the results of optimal reaction conditions regarding the meso-Ph-SO3H-SBA-15
and meso-Pr-SO3H-SBA-15 catalysts are listed in Figure 6. With respect to the meso-Ph-SO3H-SBA-15
sample, the influence of reaction time was first assessed by changing the time from 4 to 12 h while
keeping all other reaction conditions constant. It is depicted in Figure 6A that the incorporations
of MCFAs gradually increased with the reaction time. The maximum values (ca. 15.47 ± 0.53% for
C10:0 and ca. 14.25 ± 0.32% for C8:0) were attained at 6 h and significantly declined when the time
was further extended. This might be explained by the consequent hydrolysis of SPL products into
by-products, which could cover and partially deactivate the surface acid sites [11]. Then the effect
of reaction temperature was investigated in the range of 30 ◦C –70 ◦C. The results (Figure 6B) clearly
showed that about 16.21 ± 0.22% incorporation of C10:0 and around 14.28 ± 0.20% incorporation of
C8:0 were obtained at the initial 30 ◦C. And then the two values were respectively increased to ca.
17.97 ± 0.55% and 16.00 ± 0.37% upon heating to 40 ◦C. After the reaction temperature was further
increased to 70 ◦C, the incorporations of C10:0 and C8:0 were drastically reduced to about 14.93 ± 0.60%
and 12.97 ± 0.21%, almost owing to the decomposition of targeted SPLs into by-products at higher
temperatures, as discussed before [12]. In the case of the meso-Pr-SO3H-SBA-15 catalyst, similar
optimized results of the two aforementioned parameters were attained. Therefore, consecutively
prolonging the reaction time and/or enhancing the reaction temperature would hardly exhibit any
favorable effect on the SL interesterification process.

Thereafter, the influences of mass ratio (SL to methyl caprate or caprylate) and catalyst loading
on the SL interesterification over the two functionalized SBA-15 solid acids were also researched and
the data are shown in Figure 6C,D. As for the meso-Ph-SO3H-SBA-15 catalyst, it was clearly seen
from Figure 6C that the incorporations of MCFAs progressively increased from ca. 18.97 ± 0.34% to
ca. 23.47 ± 0.50% for C10:0 and from ca. 16.00 ± 0.52% to ca. 21.00 ± 0.35% for C8:0 by enhancing
the mass ratios from 1:4 to 1:12. This might be ascribed to the fact that higher concentrations of
methyl caprate or caprylate in reaction mixtures would promote the formations of targeted SPLs
by offering much more acyl groups during the interesterification reactions. Then slight declines of
the values were observed when the mass ratios were further increased, which most likely resulted
from the deposition of extra methyl caprate or caprylate on the catalyst surfaces and the occupation
of the active acid sites [40]. With respect to the effect of catalyst loading, the tests were carried out
ranging from 2.5 to 12.5 wt%. According to the results (Figure 6D), it was noticeable that as high as
ca. 27.03 ± 0.98% incorporation of C10:0 and ca. 22.21 ± 1.13% of C8:0 were gained when the catalyst
loading was 5 wt%. When the parameter was continuously raised up to 12.5 wt%, the two values
declined rapidly to around 22.01 ± 0.98% and 18.73 ± 0.66%, respectively. The proposed reason for the
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decrease trend could be that the SPLs formed in the SL interesterification were partially converted to
by-products [12]. In addition, excess catalyst could make the reaction mixture more viscous and then
decrease the effective mass transfer of reactants to active acid sites, which would ultimately result in
the reduction of incorporations [40]. Meanwhile, similar changing trends of these two parameters for
the meso-Pr-SO3H-SBA-15 catalyst were attained as well.
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Figure 6. (A) Effect of reaction time on SL interesterification over two modified SBA-15 samples. SL:
0.1 g, methyl caprate (or caprylate): 1.45 g (or 1.20 g), catalyst: 10 wt% of total mass, 50 ◦C. (B) Effect of
reaction temperature on SL interesterification over two modified SBA-15 samples. SL: 0.1 g, methyl
caprate (or caprylate): 1.45 g (or 1.20 g), catalyst: 10 wt% of total mass, 6 h. (C) Effect of mass ratio
(SL to methyl caprate or caprylate) on SL interesterification over two modified SBA-15 samples. SL:
0.1 g, catalyst: 10 wt% of total mass, 40 ◦C, 6 h. (D) Effect of catalyst loading on SL interesterification
over two modified SBA-15 samples. SL: 0.1 g, methyl caprate (or caprylate): 1.45 g (or 1.20 g), 40 ◦C,
6 h. Values of different groups with different upper-case letters, lower-case letters or numbers are
significantly different at p < 0.05.

The solvent system is always being regarded as one of the key features of reaction kinetics.
It is necessary to optimize this crucial factor so as to achieve satisfactory catalytic activity [5].
Hence, the effect of the solvent system on the catalytic performance of mesoporous organosulfonic
acid-modified SBA-15 in SL interesterification was tested in the next step. From the data illustrated
in Figure 7A, it could be seen that the two SBA-15 solid acids in hexane exhibited superior MCFA
incorporations, meaning that the SL interesterification should be carried out in a hexane solvent system.
Simultaneously, the meso-Ph-SO3H-SBA-15 catalyst showed an exceptional catalytic performance with
up to ca. 30.99 ± 0.65% incorporation of C10:0 and ca. 27.03 ± 0.56% of C8:0. Furthermore, it was
noted that the MCFA incorporations in non-polar solvent and/or solvent-free systems were much
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more than those in polar solvent systems. Generally, non-polar solvent systems were suitable for
interesterification, which was attributed to the higher solubility values for substrates in non-polar
solvents. Otherwise, the two studied catalysts showed higher activities in the non-polar solvent
than in the solvent-free system, mostly because of the viscosity reduction in the reaction mixture
caused by non-polar solvent addition and the subsequent enhancement of effective mass transfer [5,41].
Accordingly, the present work should be performed at 40 ◦C for 6 h with a catalyst loading of 5 wt% in
a hexane solvent system for the following studies.
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Figure 7. (A) Effect of solvent system on SL interesterification over two modified SBA-15 samples.
SL: 0.1 g, methyl caprate (or caprylate): 1.45 g (or 1.20 g), catalyst: 0.078 g for methyl caprate or 0.065 g
for methyl caprylate, solvent: 5 mL, 40 ◦C, 6 h. (B) Recyclability tests of two modified SBA-15 samples
for SL interesterification. SL: 0.1 g, methyl caprate (or caprylate): 1.45 g (or 1.20 g), catalyst: 0.078 g for
methyl caprate or 0.065 g for methyl caprylate, hexane: 5 mL, 40 ◦C, 6 h. Values of different groups
with different upper-case letters, lower-case letters, numbers or Greek letters are significantly different
at p < 0.05.

Under the optimized reaction conditions, the MCFA-enriched SPLs were subsequently produced
through SL interesterification by using the above-discussed catalysts. For comparison purposes,
the total FA compositions of interesterification products together with SL reactants were quantitatively
identified. As summarized in Table 1, FA profiles of the resulting SPL products differed noticeably from
those of SL feedstocks. Originally, the FAs found in the SL materials were oleic acid (ca. 66.36 ± 0.46%),
linoleic acid (ca. 22.05 ± 0.25%), palmitic acid (ca. 7.39 ± 0.31%) and stearic acid (ca. 4.18 ± 0.53%).
After the catalytic interesterification reactions, capric or caprylic acids were detected and their contents
were significantly enhanced, revealing that the MCFAs were successfully introduced into the targeted
SPLs. Otherwise, the achieved incorporation values were superior to those attained by using expensive
phospholipases or lipases at higher temperatures for longer times [11,12]. Thus, it was concluded
that the mesoporous sulfonic acid-modified SBA-15 could efficiently catalyze the SL interesterification
reactions to produce the MCFA-enriched SPLs under much milder conditions.

Table 1. Total FA composition (mol%) of SLs and SPL products a.

FA C8:0 C10:0 C16:0 c C18:0 c C18:1 c C18:2 c

SPL (Ph b)
26.17 ± 0.44 0 6.16 ± 0.12 3.52 ± 1.03 49.43 ± 0.54 14.72 ± 0.23

0 30.92 ± 0.83 4.99 ± 0.33 2.71 ± 0.74 44.47 ± 0.82 16.91 ± 0.35

SPL (Pr b)
23.22 ± 0.25 0 6.74 ± 0.27 3.94 ± 0.55 45.36 ± 0.90 20.74 ± 0.41

0 27.82 ± 0.87 4.58 ± 0.29 3.81 ± 1.01 45.57 ± 0.37 18.22 ± 0.53
SL 0 0 7.39 ± 0.31 4.18 ± 0.53 66.36 ± 0.46 22.05 ± 0.25

a Reaction conditions: SL (0.1 g), methyl caprate (1.45 g) or methyl caprylate (1.20 g), catalyst (0.078 g for methyl
caprate or 0.065 g for methyl caprylate), hexane (5 mL), 40 ◦C, 6 h. b Ph = meso-Ph-SO3H-SBA-15 catalyst, Pr =
meso-Pr-SO3H-SBA-15 catalyst. c C16:0 = palmitic acid, C18:0 = stearic acid, C18:1 = oleic acid, C18:2 = linoleic acid.
Data were reported as mean ± standard deviation.
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2.3. Recyclability of the Sulfonic Acid-Modified SBA-15 Catalysts

The catalyst reusability plays a vital role in evaluating its efficiency for industrial application.
To achieve this, the stability of the functionalized SBA-15 materials was investigated in the catalytic
production of SPLs with MCFAs. The tests were carried out under the optimized experimental
conditions for five cycles. After each test run, the used catalyst was centrifuged, respectively washed
with diethyl ether and methanol to remove both polar and non-polar compounds adsorbed on the
catalyst, and finally vacuum-dried at 80 ◦C overnight for the next run. As displayed in Figure 7B,
no significant changes in MCFA incorporations were observed after five consecutive cycles for each
SBA-15 solid acid, suggesting that the two discussed catalysts exhibited long-term cycling stability.
In general, with respect to sulfonic acid-modified SBA-15 materials, the losses in catalytic performances
were primarily caused by the leaching of sulfur species [42]. Elemental analyses were first performed
to determine the product solutions and the results revealed that no obvious leaching of sulfur occurred
after the tests. Additionally, the FT-IR spectra of the two reused modified SBA-15 samples are presented
in Figure 8A. It was obvious that the characteristic bands ascribed to organosulfonic acid groups
remained almost unchanged even after five repeated cycles. Hence, all the aforementioned results
indicated that surface-grafted sulfonic acid groups on the studied solid acids were stable under mild
conditions. Another hypothesis was proposed that reactants or products might partially occupy
the active acid sites, resulting in the pore blockage and slight catalyst deactivation as described
in previous publications [14,40]. Therefore, thus-synthesized sulfonic acid-functionalized SBA-15
possessed excellent activity and stability in SL interesterification, which was essential for its potential
application in the production of SPLs.Catalysts 2019, 9, x FOR PEER REVIEW  11 of 16 
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Figure 8. (A) FT-IR spectra of two recycled modified SBA-15 samples. (B) Comparison of catalytic
performances of two modified SBA-15 samples with commercial Amberlyst-15. SL: 0.1 g, methyl
caprate (or caprylate): 1.45 g (or 1.20 g), catalyst: 0.078 g for methyl caprate or 0.065 g for methyl
caprylate, hexane: 5 mL, 40 ◦C, 6 h. Values of different groups with different upper-case or lower-case
letters are significantly different at p < 0.05.

In order to further evaluate the efficiencies of the two SBA-15 type solid acids, their catalytic
activities were compared with those of the commercially available Brönsted acid Amberlyst-15 [16]
under identical conditions. As depicted in Figure 8B, the incorporations of C10:0 and C8:0 over the
meso-Ph-SO3H-SBA-15 catalyst were up to ca. 30.99 ± 0.65% and 27.03 ± 0.56%, respectively. As for
the meso-Pr-SO3H-SBA-15 catalyst, the two values were as high as ca. 24.32 ± 0.87% and 20.11 ± 0.33%.
In contrast, the two incorporation values for Amberlyst-15 drastically declined to ca. 5.95 ± 0.96% and
3.68 ± 0.24%. Thus, it was clearly suggested that the researched SBA-15 catalysts exhibited superior
activities in comparison with the typical industrial Amberlyst-15.
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3. Materials and Methods

3.1. Materials

Standard fatty acid methyl esters (purity ≥ 99 wt%), poly(ethylene
glycol)-block-poly(propylene glycol)-block-ploy(ethylene glycol) (P123, average molecular
mass=5800), 3-mercaptopropyltrimethoxysilane (95 wt% purity) and trimethoxyphenylsilane
(98 wt% purity) were purchased from Sigma-Aldrich, U.S.A. Soybean lecithin was obtained from
Sangon Biotech, China. Methyl caprylate (purity ≥ 99 wt%), methyl caprate (purity ≥ 99 wt%) and
tetraethoxysilane (98 wt% purity) were supplied by Aladdin, China. All other chemicals and reagents
were of chromatographic or analytical grade and used without further purification.

3.2. Catalyst Preparation

The mesoporous SBA-15 silica was prepared by a hydrothermal method described previously [43].
Briefly, 2.5 g of P123 was dissolved in 75 mL of 1.6 mol/L aqueous hydrochloric acid solution at
40 ◦C under magnetic stirring. Then, 5.2 g of tetraethoxysilane was added dropwise. Afterwards,
the attained mixture was stirred at 40 ◦C for 24 h, transferred into 100 mL of Teflon-lined stainless steel
autoclave and heated at 100 ◦C for 48 h. Then, the solid sample was collected by filtration, washed
with deionized water and dried at 60 ◦C. Finally, the white solid was calcined at 550 ◦C for 6 h.

The meso-Pr-SO3H-SBA-15 was synthesized as reported in the previous literature [33]. Typically,
a mixture of SBA-15 (1.0 g) and 3-mercaptopropyltrimethoxysilane (3.0 g) was added into 25 mL of
anhydrous toluene, and then the suspension was refluxed under N2 flow for 30 h. After filtration and
thorough washing with diethyl ether, the precipitate was Soxhlet-extracted in a dichloromethane-diethyl
ether (1:1, volume ratio) mixture for 10 h and dried in a vacuum oven at 80 ◦C for 12 h. Subsequently,
the obtained solid was oxidized with 30 mL of aqueous H2O2 (30 wt%) at 20 ◦C for 24 h and further
acidified with 80 mL of 0.5 M H2SO4. The as-prepared catalyst was filtered, washed with deionized
water and finally dried at 80 ◦C under vacuum overnight.

The meso-Ph-SO3H-SBA-15 was prepared using the following procedures described in the
published literature [39]. In a typical run, trimethoxyphenylsilane (3.0 g) was initially suspended in a
mixture of SBA-15 (1.0 g) in toluene (20 mL) and refluxed under N2 atmosphere for 24 h. After the
filtration, Soxhlet-extraction in toluene for 10 h and vacuum-drying at 90 ◦C for 10 h, the formed solid
(1.0 g) was added into 30 mL of 1,2-dichloroethane and refluxed under N2 flow for 2 h. Afterwards,
15 mL of chlorosulfonic acid was added dropwise into the above-mentioned solution, and the resulting
mixture was continuously stirred and refluxed under N2 atmosphere for 6 h. Thereafter, the precipitated
solid was separated by filtration and thoroughly washed with ethanol. Finally, the thus-synthesized
catalyst could be attained by vacuum-drying at 80 ◦C for 12 h.

3.3. Catalyst Characterization

XRD measurements were conducted on a Rigaku D/MAX 2400 diffractor (Tokyo, Japan) using
Cu Kα radiation at 40 kV and 30 mA. Nitrogen adsorption–desorption isotherms were determined
at -193 ◦C on an ASAP 2010 Micrometrics apparatus (Norcross, GA, U.S.A.). The specific surface
area was calculated by the BET method. And the pore-size distribution and total pore volume were
evaluated according to the BJH method. SEM was conducted on a JSM-7800F field-emission microscope
(JEOL, Tokyo, Japan) equipped with X-Max50 detection (Oxford Instruments, London, U.K.) and
operated at 15 kV. TEM images were taken on a JEM-2100 microscope (JEOL, Tokyo, Japan) at 200 kV
accelerating voltage.

FT-IR spectra were carried out on a Digilab FTS 3100 spectrometer (Holliston, MA, U.S.A.)
using the standard KBr pellet technique in the range of 400–4000 cm−1. FT-IR spectra of pyridine
adsorption were recorded on the same instrument based on the procedures reported in our previous
literature [30]. The shown spectra were obtained by subtracting the spectra recorded before and
after pyridine adsorption. And the ratio of the concentration of strong Brönsted acid sites to Lewis
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sites was semi-quantified based on the ratio of the peak areas at around 1546 cm−1 and 1446 cm−1,
respectively [44,45]. The Brönsted acid site density of the sample was estimated by using 2 M NaCl
solution as the exchange agent and 0.01 M NaOH standard solution as the titration agent [46].

3.4. Catalytic Tests

The catalytic interesterification of SL (0.1 g) with methyl caprate or caprylate was tested in a 25 mL
of Schlenk tube. Typically, a mixture of SL and powdered catalyst was added into methyl caprate or
caprylate. The reactor was then heated to the target temperature (30 ◦C–70 ◦C) by magnetic stirring
at 700 rpm. Subsequently, the reaction was executed under solvent-free conditions or in an organic
solvent system. As for the blank reaction, the mixture of SL (0.1 g) with methyl caprate (1.45 g) or
methyl caprylate (1.20 g) was heated at 50 ◦C for 4 h without adding any catalyst and solvent, and then
compared with the results of the catalytic interesterifications to elucidate the critical roles of these
SBA-15 type materials.

After the reaction, the reactor was cooled down to room temperature. The reaction mixture
was centrifuged to obtain the supernatant liquid, and the precipitate was washed three times with
5 mL of chloroform. Thereafter, the combined chloroform washes were mixed with the supernatant
liquid, followed by chloroform evaporation. Then, 5 mL of acetone was added into the resulting lipid
mixture, stirred at 4 ◦C for 1 min and then centrifuged to separate the phospholipid precipitate [47].
The resultant phospholipid pellet was thoroughly washed with another 5 mL of acetone. After the
centrifugation and vacuum-drying for 30 min, the pellet sample was finally stored at -40 ◦C until
processing [48]. Additionally, the optimized experimental conditions, such as reaction time, reaction
temperature, mass ratio, catalyst loading and solvent system, etc., were systematically explored in
order to assess the catalytic activity.

3.5. Analysis of the Fatty Acid Composition

The total FA composition of SLs or interesterification products were determined after converting
FA residues in phospholipid samples into the corresponding fatty acid methyl esters (FAMEs) according
to the method described by Hartman and Lago [49]. Subsequently, the analyses of the obtained FAMEs
were conducted on a Shimadzu Model 2010 Plus gas chromatograph (Kyoto, Japan), fitted with a
Shimadzu AOC-20i auto sample injector (Kyoto, Japan), a flame ionization detector and a software
package for system control and data acquisition (Shimadzu LabSolutions GC Workstation, version 5.73,
Kyoto, Japan). Injections were performed in a fused silica capillary column (30 m*0.25 mm internal
diameter) coated with 0.25 µm of Restek Rtx®-5 (Bellefonte, PA, U.S.A.) using nitrogen as the carrier
gas at a flow rate of 1.5 mL/min at a split ratio of 1:50. The operating temperatures of the injector and
detector were set at 250 ◦C and 300 ◦C, respectively. The initial temperature of the oven was set at
160 ◦C for 3 min, and then programmed to increase to 220 ◦C at a rate of 5 ◦C/min, followed by a further
increase to 260 ◦C (30 ◦C/min) for another 3 min at the final temperature. The injection volume of the
FAME sample was 1 µL. The qualitative identification of FA composition was made by comparing
the relative retention times of FAME peaks from the sample with those of the respective commercial
FAME standards [50]. And the quantitative FA composition was obtained by an external standard
method and expressed as a molar percentage. The relative amounts of FAs in the phospholipid sample
were calculated according to the response factors of the FAME standards in units of mol%. Moreover,
the catalytic performances of the studied materials on the SL interesterification were evaluated by the
relative amounts of MCFAs from SPLs in the form of incorporations. And these MCFA incorporations
were determined as the molar percentages of capric or caprylic acids introduced into the SPL products.
All determinations of the FAME sample were done in triplicate and the values reported in this work
were averaged over three runs [47].
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3.6. Statistical Analysis

All of the interesterification reactions were conducted in triplicate. The statistical analysis
was performed by using SPSS 22.0 software (Chicago, IL, U.S.A.). The data were presented as
mean ± standard deviation based on our previous method [30]. A P value < 0.05 was considered
statistically significant.

4. Conclusions

This work thoroughly studied the production of medium-chain SPLs by SL interesterification
over two mesoporous organosulfonic acid-functionalized SBA-15 catalysts. It was proposed that the
MCFA incorporations were greatly influenced by the acidic properties and mesoporous structures
of the catalysts. In contrast to Lewis acid sites, the adequate Brönsted acid sites on the surfaces of
catalysts were more conducive to SPL production. Besides, the ordered mesostructures of the SBA-15
type catalysts could improve the accessibilities of SL feedstocks. Hence, under the optimum conditions
of 40 ◦C and 6 h, the maximum incorporations of C10:0 and C8:0, respectively, reached up to around
30.99 ± 0.65% and 27.03 ± 0.56% by using the meso-Ph-SO3H-SBA-15 catalyst. Meanwhile, the two
values for the meso-Pr-SO3H-SBA-15 catalyst were about 24.32 ± 0.87% and 20.11 ± 0.33%. Otherwise,
the two functionalized SBA-15 catalysts could be repeatedly used without significant loss in reaction
activity during five consecutive tests. When further compared with the commercial Amberlyst-15,
the two catalysts demonstrated much better catalytic performances. Therefore, the positive results in
this work might shed light on the development of efficient, economical and eco-friendly catalysts for
the production of MCFA-enriched SPLs in a heterogeneous manner, achieving the goal of producing
high-valued chemicals, pharmaceuticals and nutraceuticals from natural lipids.
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