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Abstract

Free phytosterols (PS) and phytosterol esters (PSE) usually coexist in natural oils, which significantly affect the crystallization
behavior of oil. However, the phase behaviors of PS/PSE mixtures in oils and their roles on the crystallization behavior of oil
are still unclear. In this study, the dissolution and crystallization behaviors of PS/PSE mixtures in medium chain triglyceride
(MCT) were studied, and the synergistic mechanism of PS/PSE mixtures on the crystallization behaviors of MCT was further
clarified. The results showed that when the mass ratio of PS: PSE was greater than 3: 7, PS/PSE mixtures recrystallized
a new urchin-like crystal structure, which was different from PS spherical or PSE plate-like crystal structure, in MCT. The
new urchin-like PS/PSE crystal had a larger surface area, and its melting point was between PS and PSE. It also showed the
synergistic ability to promote the crystallization nucleation of MCT. When the total content of PS and PSE was 1 wt%, and
the mass ratio of PS: PSE was 5: 5, the crystallization peak temperature of PS/PSE/MCT was 12 ºC higher than that of
virgin MCT, 2.5 ºC higher than that of PSE/MCT, and 10.3 ºC higher than that of PS/MCT. These results not only provide
a method for obtaining new crystal structure of phytosterols, but also have great significance for controlling the crystallization
behaviors of oils by precisely adjusting the nutritional composition of oils.
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Abstract: Free phytosterols (PS) and phytosterol esters (PSE) usually coexist in natural oils, which signifi-
cantly affect the crystallization behavior of oil. However, the phase behaviors of PS/PSE mixtures in oils and
their roles on the crystallization behavior of oil are still unclear. In this study, the dissolution and crystalli-
zation behaviors of PS/PSE mixtures in medium chain triglyceride (MCT) were studied, and the synergistic
mechanism of PS/PSE mixtures on the crystallization behaviors of MCT was further clarified. The results
showed that when the mass ratio of PS: PSE was greater than 3: 7, PS/PSE mixtures recrystallized a new
urchin-like crystal structure, which was different from PS spherical or PSE plate-like crystal structure, in
MCT. The new urchin-like PS/PSE crystal had a larger surface area, and its melting point was between
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. PS and PSE. It also showed the synergistic ability to promote the crystallization nucleation of MCT. When
the total content of PS and PSE was 1 wt%, and the mass ratio of PS: PSE was 5: 5, the crystallization
peak temperature of PS/PSE/MCT was 12 ºC higher than that of virgin MCT, 2.5 ºC higher than that of
PSE/MCT, and 10.3 ºC higher than that of PS/MCT. These results not only provide a method for obtai-
ning new crystal structure of phytosterols, but also have great significance for controlling the crystallization
behaviors of oils by precisely adjusting the nutritional composition of oils.

Key words: phytosterols; phytosterol esters; medium chain triglycerides; crystallization; synergistic effect;
crystal structure

1. Introduction

Phytosterols are natural substances with important biological functions for human body, like the lowering
effect of cholesterols (Bohn et al., 2007; Goldberg et al., 2006), anti-flammatory (Hannan et al., 2020), anti-
cancer (Shahzad et al., 2017) and immunity strengthen effect (Bouic et al., 1999) etc. It shows an increasingly
popular trend in the consumer market and becomes the hot research topic in foods and oils industry.

However, due to the phase characteristics of phytosterols, their practical applications in foods and oils are
limited, especially in edible vegetable oil. The solubility of phytosterols in oils is very low while its melting
point is quite high (about 140-150 ºC) (Wester, 2000). Phytosterols will precipitate in oils, which may cause
turbidity in the process of oil storage, thus affecting the shelf life of the products and the acceptability of
the products from the perspective of consumers. The crystallization behaviors of phytosterols in vegetable
oil have been reported. Vaikousi et al. (Vaikousi, Lazaridou, Biliaderis, & Zawistowski, 2007) had studied
the thermal properties, solubility characteristics and crystallization kinetics of four kinds of commercial
phytosterols and their mixtures in corn oil. The results showed that the crystal structure and morphology of
commercial phytosterols and their corresponding precipitates in oil were different. In order to improve the
performance of phytosterols in food and oils, esterification of phytosterols with fatty acids has been studied
to improve the oil solubility of phytosterols (Nguyen, Huang, & Su, 2020; Yang, Oyeyinka, & Ma, 2016), and
the phase behavior of phytosterol esters in vegetable oils has also been reported (Daels, Foubert, & Goderis,
2017; Vu, Shin, Lim, & Lee, 2004). Vu et al. (Vu, Shin, Lim, & Lee, 2004) had reported the synthesis
and crystallization behavior of phytosterol esters in corn oil. The results showed that the crystallization
temperature of the medium chain fatty acid sterol ester increased with the increase of acyl group carbon
numbers, among which sterol laurate had the highest crystallization temperature in corn oil.

Usually, the free phytosterols (PS) and phytosterol esters (PSE) coexist in natural vegetable oil (Esche,
Scholz, & Engel, 2013; Galeano Diaz, Durán Merás, Sánchez Casas, & Alexandre Franco, 2005; Phillips,
Ruggio, Toivo, Swank, & Simpkins, 2002), but the phase behaviors of PS/PSE mixtures in oils, and whether
PS and PSE have synergistic effects on the crystallization behaviors of oils are still unclear. At present,
there are only a few synergistic compounds related to phytosterols, which have been widely studied, such as
γ-oryzanol and β-sitosterol (Sawalha et al., 2012; Sawalha, Venema, Bot, Flöter, & van der Linden, 2011),
monoglyceride and phytosterol (Bin Sintang, Rimaux, Van de Walle, Dewettinck, & Patel, 2017). Therefore,
it is very important to elucidate the dissolution and crystallization behaviors of PS/PSE mixtures in oils
for regulating the shelf life of oils and evaluating the possibility of oil-based delivery system as a functional
component of foods.

In this study, the dissolution and crystallization behaviors of PS/PSE mixtures in medium chain triglyce-
rides (MCT) were investigated systematically, and the synergistic mechanism of PS/PSE mixtures on the
crystallization behaviors of MCT was further clarified in depth. This will be of great significance to control
the quality of oils through accurately adjusting the nutritional composition of oil.

2. Materials and methods

2.1. Materials

MCT was purchased from Dubois Natural Esters Sdn. Bhd. (Malaysia), which was composed of two kinds
of fatty acids (54.6 % of C8:0 and 45.4% of C10:0). PS, brand PS-95 (95 wt% free phytosterol, in which beta
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. sitosterol was 42.2 wt%, stigmasterol was 26.7 wt%, campesterol was 25.6 wt%, brassicasterol was 0.9 wt%,
others were 4.6%) with melting point of 130 ºC, was purchased by Wilmar Spring Fruit Nutrition Products
(Jiangsu) Co., Ltd. PSE, brand Vegapure 95 E with melting point of about 70 ºC, was provided by BASF
(China) Co., Ltd. Vegapure 95 E were obtained by esterification of free plant sterols derived from vegetable
oils, and with fatty acids obtained from vegetable oils. The sterol composition of vegapure 95 E was about
77.7 wt% for beta sitosterol, 9.9 wt% for sitosterol, 7.6 wt% for campesterol and 4.8 wt% for others. All
materials were used as received.

2.2. Sample preparation

A certain amount of accurately weighed PS and PSE was added into MCT to make PS/MCT, PSE/MCT
and PS/PSE/MCT mixtures. The mixtures were stirred and heated to 130 ºC for 5min to ensure that PS
and PSE were fully dissolved in MCT, and then stored samples at room temperature. The naming rule of
samples was a-PSxPSEy, specifically, the total addition of PS and PSE was a wt%, and the mass ratio of
PS: PSE was x: y. For example, sample 1-PS5PSE5 represents that the total addition of PS and PSE was 1
wt%, and the mass ratio of PS: PSE was 5: 5.

2.3. Melting and crystallization behaviors

Differential scanning calorimetry (DSC, Q2000, TA Instruments Inc., USA) was applied to probe the non-
isothermal melting and crystallization behaviors of the samples. Approximately 6 mg sample was weighed
and heated from 20 ºC to 160 ºC at a heating rate of 10 ºC*min-1. After maintaining for 5 min to eliminate
the thermal history and residual crystals, the sample was cooled down to - 65 oC at a cooling rate of 5
oC*min-1. After holding for 5 min at - 65 oC, the sample was reheated to 160 oC at a heating rate of 10
oC*min-1.

2.4. Crystal morphology

The crystal morphologies of the samples were observed by polarized light microscope (PLM, E400, Nikon,
Japan), equipped with a heating and cooling stage. The crystal morphologies of PS, PSE and PS/PSE
mixtures precipitated in MCT were observed at room temperature. For obtaining the non-isothermal crys-
tallization crystal morphologies, the samples were firstly heated to 130 oC and held for 5 minutes to erase
the thermal history and residual crystals, then cooled to - 30 oC at a cooling rate of 5 oC*min-1.

2.5. Crystal form

The crystal forms of samples were characterized on an X-ray powder diffraction measurement (XRD, X’Pert
PRO, PANalytical B.V., Netherlands). XRD patterns from 2θ 12º to 30º at 0.5º *min-1 with a step size of
0.02o were recorded at room temperature using Cu Kα radiation (λ = 1.54056 Å, 40 kV, 40 mA).

2.6. Statistical analysis

All experiments were done in triplicate. All results were expressed as mean values. Statistical analysis was
performed using Origin 8.0 software (OriginLab Ltd.). One-way analysis of variance was carried out by
Tukey adjustment (p [?] 0.05) to determine the significant difference between different samples.

3. Results and discussion

3.1. Crystallization behaviors of PS/PSE mixtures in MCT

The thermal behaviors of PS/PSE mixtures in MCT were measured by DSC. Fig. 1 shows the DSC cooling
and heating profiles of PS/PSE mixtures with different PS: PSE mass ratios in MCT. The total concentration
of PS and PSE in MCT was fixed at 5 wt%. Fig. 1 demonstrates that the thermal behaviors of PS/PSE
mixtures in MCT were significantly affected by PS: PSE mass ratios.

The DSC cooling curves of PS/PSE mixtures with different PS: PSE mass ratios in MCT are shown in Fig.
1a. When 5 wt% PSE was added into MCT alone (5-PS0PSE10), the crystallization peak temperatures (T

cp) of PSE in MCT was - 15.9 oC, while when 5 wt% PS was added into MCT alone (5-PS10PSE0), theT cp of

3
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. PS in MCT was - 3.3 oC, indicating that PSE had higher oil solubility than PS at the same temperature and
amount, which was consistent with the research results of Vaikousi et al. (Vaikousi, Lazaridou, Biliaderis, &
Zawistowski, 2007) and Vu et al. (Vu, Shin, Lim, & Lee, 2004). With the increase of PS: PSE mass ratio, the
T cp of PS/PSE mixtures in MCT first decreased and then increased. When PS: PSE mass ratio was 3: 7,
theT cp of PS/PSE mixtures in MCT reached its lowest, which was - 21.7 oC. The change was chiefly caused
by the fact that the oil solubility of PS was lower than that of PSE. When the content of PS in PS/PSE
mixtures was less, the content of PSE also decreased, thus theT cp of PS/PSE mixtures in MCT decreased;
with the increase of PS content, the T cp of PS/PSE mixtures in MCT increased gradually caused by theT

cp of PS in MCT was higher than that of PSE in MCT.

The DSC heating curves of PS/PSE mixtures with different PS: PSE ratios in MCT are shown in Fig. 1b.
When 5 wt% PS was added into MCT alone, the dissolution peak temperature (T dp) of PS in MCT was
43.9 oC. When 5 wt% PSE added into MCT alone, the dissolution peak of PSE in MCT coincided with the
melting peak of MCT due to the excellent oil solubility of PSE. With the increase of PS: PSE mass ratio, the
oil solubility of PS/PSE mixtures decreased gradually, resulting in the increase of T dp of PS/PSE mixtures
in MCT.

The XRD patterns of PS/PSE mixtures obtained via recrystallization from MCT are illustrated in Fig. 2.
It was clear that the PS: PSE mass ratios significantly affected the crystal structure of PS/PSE mixtures
obtained via recrystallization from MCT. The diffraction peaks (2θ) for PSE (5-PS0PSE10) were observed
at 2θ 14.1, 14.4, 14.8, 15.3, 17.4, 17.7, 18.1, 18.5, 19.5, 21.1, and 23.6º, while the respective diffraction
angles for PS (5-PS10PSE0) peaks were at positions 14.2, 15.1,15.3, 16.0, 16.6,17.0,17.5, 18.0, 18.4, 18.7,
19.0, 19.3, 21.1, 21.2, and 21.9º. In contrast, when the PS: PSE mass ratio was 5: 5, the XRD pattern of
5-PS5PSE5 was different from those of PS and PSE. The respective diffraction peak for PSE at positions
21.1ºand for PS at positions 16.0, 17.0, 18.0 and 20.1º were disappeared, indicating that a new crystal
structure different from PSE and PS was generated in 5-PS5PSE5. When the PS: PSE mass ratio was lower
than 5: 5, the diffraction peak patterns of PS/PSE mixtures (5-PS1PSE9 and 5-PS2PSE8) was similar with
that of 5-PS0PSE10, indicating that the crystal structure of the precipitates was a mixture of new crystal
structure and PSE crystal. When the PS: PSE mass ratio was higher than 5: 5, the diffraction peak patterns
of PS/PSE mixtures (5-PS7PSE3 and 5-PS9PSE1) was similar with that of 5-PS10PSE0, indicating that
the crystal structure of the precipitates was a mixture of new crystal structure and PS crystal.

In order to further verified that a new crystal structure different from PSE and PS was generated in PS/PSE
mixtures, the melting behavior of PS/PSE mixtures obtained via recrystallization from MCT was tested
by DSC. The DSC melting curves of PS/PSE mixtures with different PS: PSE mass ratios recrystallized
from MCT are shown in Fig. 3. It illustrated that the melting peak temperature (T mp) of PSE crystal
recrystallized from MCT was about 70 ºC, while theT mp of PS crystal recrystallized from MCT was about
127 ºC. It was interesting that when the PS: PSE mass ratio was increased to 5: 5, the T mp of PS/PSE
mixtures obtained via recrystallization from MCT was about 113 ºC, which was between the T mp of PSE
and PS crystals recrystallized from MCT, indicating that the PS/PSE mixtures precipitated from MCT
formed a new crystal structure different from PSE and PS. When the PS: PSE mass ratios were lower than
5: 5, the PS/PSE mixtures recrystallized from MCT had similar melting properties with that of PSE crystals.
But the T mp of the PS/PSE mixtures increased slightly with the increase of PS: PSE mass ratios, which
indicated that the crystal structure of PS/PSE mixtures was a mixture of new crystal structure and PSE.
When the PS: PSE mass ratios were higher than 5: 5, the melting curves’ shape of the PS/PSE mixtures
was similar with that of PS crystals, but the T mpPS/PSE mixtures increased with the increase of PS: PSE
mass ratios, which suggested that the crystal structure of PS/PSE mixtures was a mixture of new crystal
structure and PS. These results were consistent with the results of XRD, verifying that PS/PSE mixtures
could form a new crystal structure different from PS and PSE when recrystallized from MCT.

The crystal morphologies of the PS/PSE mixtures obtained via recrystallization from MCT were investigated
using PLM. The PLM morphologies of PS/PSE mixtures with different PS: PSE mass ratios recrystallized
from MCT are presented in Fig. 4. For PSE crystals obtained via recrystallization from MCT (Fig.4a), the
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. spherical crystals with average diameter of about 10 μm were observed. The plate-like crystals with width
of about 5 μm were observed for PS crystals obtained via recrystallization from MCT (Fig.4g), which was
consistent with a previous study which also showed that phytosterol exhibited plater-like morphologies in
the oil media (Vaikousi, Lazaridou, Biliaderis, & Zawistowski, 2007). It was worth noting that when the PS:
PSE mass ratios were 5: 5 and 7: 3 (Fig. 4d, e), the crystal morphologies of PS/PSE mixtures obtained via
recrystallization from MCT were neither spherical nor plate-like, but urchin-like crystals with a large surface
area and average diameter of about 200 μm. When the mass ratio of PS: PSE were 1: 9 and 3: 7 (Fig.
4b, c), the crystal morphologies of PS/PSE mixtures recrystallized from MCT were similar to that of PSE
crystals, both of which exhibited spherical crystals. Furthermore, with the increase of PS: PSE mass ratios,
the crystal size tended to increase. When the mass ratios of PS: PSE increased to 9:1 (Fig. 4f), the crystal
morphologies of PS/PSE mixtures recrystallized from MCT were similar gradually transited to the plate-like
crystals morphologies of PS, resulting in needle-like crystals morphologies with more quantity, smaller size
and larger surface area. This trend was consistent with the results of Fig.2 and Fig.3.

3.2 Recrystallization mechanism of PS/PSE mixtures in MCT

From the above results, it could be concluded that PS/PSE mixtures had a unique recrystallization behavior
in MCT, and the relevant schematic diagram is shown in Fig. 5. PS and PSE could dissolve in MCT at high
temperature, and their solubility in MCT was different due to their different molecular structures. For PSE
(Fig. 5a), it had lower recrystallization temperature (Fig. 1a) due to its higher solubility in MCT, and it
self-assembled small number of spherical crystals structure in MCT (Fig. 4a). For PS (Fig. 5b), it has lower
solubility in MCT compared with that of PSE, which was leading to the recrystallization temperature of PS
in MCT was higher (Fig. 1a), and a large number of plate-like crystals were precipitated from MCT (Fig.
4g). It can be seen from Fig.5c, when PS and PSE coexisted in MCT at the same time, especially when the
mass ratio of PS: PSE was 5: 5, PS/PSE mixtures would recrystallize into a new crystal structure in MCT
(Fig. 2 and Fig. 3), showing an urchin-like crystal morphology with large size and large surface area (Fig.
4d).

The unique recrystallization behaviors of PS/PSE mixtures in MCT will be of great significance for con-
trolling the quality of oils via accurately adjusting the nutritional composition of oils. Edible vegetable oils
appear turbid and precipitates at low temperature (Turkulov, Dimić, Karlović, & Vukša, 1986), which will
affect consumers’ acceptability of the product. Low temperature turbidity of oils is closely related to the
crystallization behaviors of oils. The crystallization process of oils is divided into two processes, nucleation
and growth (Himawan, Starov, & Stapley, 2006). Crystallization nucleation is the result of metastable state
after supersaturation of solution, and it is the precondition of oils’ crystal growth. The common ways of oils
supersaturation are cooling or adding impurities. Once the nucleus is formed, it will further develop into
crystal. The introduction of impurities is one of the effective ways to promote oils crystallization, and the
efficiency of impurities to promote oil crystallization depends on the structure and morphology of impurities
(Fredrick et al., 2013; Kim & Marangoni, 2017a, 2017b; Patel & Dewettinck, 2015; Smith, Bhaggan, Talbot,
& Malssen, 2011; Talbot, Smith, & Bhaggan, 2012). Therefore, further studies on the effects of the unique
recrystallization behaviors of PS/PSE mixtures in oils on the crystallization behavior of oils is very important
to control the crystallization behavior of oils by controlling the proportion of PS and PSE, so as to realize
the regulation of shelf performance of oils.

3.3 Synergistic effects of PS/PSE mixtures on promoting MCT crystallization

PS and PSE usually coexist in natural vegetable oil, and their contents and ratios in different vegetable oils
are quite different (Esche, Scholz, & Engel, 2013; Galeano Diaz, Durán Merás, Sánchez Casas, & Alexandre
Franco, 2005). Philip et al. (Phillips, Ruggio, Toivo, Swank, & Simpkins, 2002) showed that, generally, the
total PS/PSE content in natural vegetable oils was approximately 1 wt%, and in soybean oil, sesame oil,
olive oil and cottonseed oil, PS accounted for 54 – 85 %, while in rapeseed oil, corn oil and peanut oil, PS
accounted for only 32 – 44 %. It is of great significance to study the effect of PS/PSE mixtures on the
crystallization behavior of oil for regulating its processing, application and storage properties.
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. In order to reveal the effects of the special recrystallization behaviors of PS/PSE mixtures in oil on the
crystallization behavior of oil, the influences of PS/PSE mixtures on the crystallization behavior of MCT
were discussed in this study. The total content of PS and PSE was fixed to 1 wt%, and the PS/PES/MCT
mixtures with different PS: PSE mass ratios were designed. The effects of PS/PES mixtures on DSC cooling
curve, T cp and melting curve of MCT are showed in Fig. 6.

As shown in Fig. 6a and 6b, the T cp of virgin MCT was - 42.2 ºC, and both adding 1 wt% PSE (1-
PS0PSE10) or 1 wt% PS (1-PS10PSE0) alone could increase the T cp of MCT to - 40.5 ºC and - 32.7 ºC,
respectively. Compared PSE, the hydroxyl group of PS molecule leads to the poor compatibility between
PS and triglyceride (Vaikousi, Lazaridou, Biliaderis, & Zawistowski, 2007), and thus PS is more easily to
recrystallize from MCT (Fig.1a), acting as nucleating agents to increase the T cp of MCT, which resulted
in PS was more efficient than PSE in promoting MCT crystallization. It was also demonstrated from Fig.
6a and 6b that 1 wt% PS/PSE mixtures could significantly increase theT cp of MCT, and 1 wt% PS/PSE
mixtures with all PS: PES mass ratios had higher efficiency in promoting MCT crystallization than 1 wt%
PSE. With the increase of PS: PSE mass ratios, the T cp of MCT increased gradually. When the mass ratio
of PS: PSE increased to 5: 5 or above, theT cp of MCT was higher than that of MCT with 1 wt% PSE and
MCT with 1 wt% PS, which indicated that PS and PSE had synergistic effect on the crystallization behavior
of MCT. For example, when the mass ratio of PS: PES was 5: 5, the T cpof 1-PS5PSE5 was - 30.2 ºC, 10.3
ºC higher than that of 1-PS0PSE10 and 2.5 ºC higher than that of 1-PS10PSE0.

Fig. 6c illustrated that the PSE, PS and PS/PSE mixtures had a great influence on the DSC melting curve
of MCT. For virgin MCT, there was a small exothermic peak at - 32.5 ºC appeared. It might be attributed to
that MCT could not be completely crystallized when the temperature drops to - 75 ºC; with the temperature
rising to - 32.5 , the non-crystallized MCT continued to crystallize leading to the exothermic peak appeared.
When PSE, PS or PS/PSE mixtures was added, the crystallization of MCT was completed in the cooling
process due to the crystallization-promoting effect of PSE, PS or PS/PSE mixtures, thus the exothermic
peak at - 32.5 oC disappeared.

PLM was used to further verify that PS and PSE could synergistic promote the crystallization of MCT.
The PLM non-isothermal crystallization morphologies of virgin MCT, 1-PS0PSE10, 1-PS10PSE0 and 1-
PS5PSE5 are displayed in Fig. 7. For virgin MCT (Fig. 7a), its initial crystallization temperature was
approximately - 30 oC. For 1-PS0PSE10, its initial crystallization temperature was - 28 oC, higher than
that of virgin MCT, and the number of crystals was also more than that of virgin MCT. For 1-PS10PSE0,
its initial crystallization temperature was - 27 oC, higher than that of virgin MCT and 1-PS0PSE10, and
the number of crystals was increased obviously compared with that of virgin MCT and 1-PS0PSE10. These
results suggested that both PSE and PS could promote the crystallization nucleation of MCT, but PSE was
less effective than PS. While for 1-PS5PSE5, it had a lowest initial crystallization temperature of - 20 oC
among four samples, which indicated that the PS/PSE mixtures showed the strongest nucleation effect. In
addition, the crystal size of 1-PS5PSE5 at - 25 oC was bigger than 1-PS0PSE10 at - 28 oC and 1-PS10PSE0
at - 27 oC. PS and PSE could be dissolved in MCT at high temperature and recrystallized in MCT at low
temperature, which could be using as nucleating agents to promote the crystallization of MCT. However,
the nucleation efficiencies of the recrystallized PS and PSE crystals were directly related to their crystal
morphologies. Since PSE had higher solubility in MCT, it would precipitate from MCT at relative low
temperature in the form of a small amount of spherical crystals (Fig. 4a), and the initial crystallization
temperature of MCT increased slightly. Compared with PSE, PS had lower solubility in MCT and it would
recrystallize from MCT at relative high temperature in the form of a large number of plate-like crystals (Fig.
4g), which had higher nucleation efficiency, thus the initial crystallization temperature of MCT increased
greatly. When PS and PSE were used together, the PS/PSE mixtures could recrystallize a new crystal
structure in form of special urchin-like aggregation morphology with larger nucleation surface (Fig. 4d),
which made the initial crystallization temperature of MCT increased the most compared to that of using PS
or PSE alone. These results were consistent with the above results, which further indicated that the special
recrystallization behavior of PS/PSE mixtures in MCT synergistically promoted the crystallization of MCT.
These results will be helpful to control the crystallization behavior of oil by precisely controlling the content
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. and mass ratio of PS/PSE mixtures.

4. Conclusion

The crystallization temperature, crystal form and crystal morphology of PS/PSE mixtures in MCT were
studied by DSC, XRD and PLM. The results showed that the crystallization peak temperature of PS/PSE
mixtures in MCT decreased first and then increased with the increase of PS: PSE mass ratio, while the
dissolution peak temperature of PS/PSE mixtures in MCT increased gradually with the increase of PS: PSE
mass ratio. When the mass ratio of PS: PSE was greater than 3: 7, PS/PSE mixtures precipitated a new
urchin-like crystal structure, different from PS spherical or PSE plate-like crystal structure, in MCT. The
new urchin-like PS/PSE crystals had a larger surface area, and its melting point was between PS and PSE.
Furthermore, the effects of PS/PSE mixtures on the crystallization behavior of MCT were investigated. The
results indicated that PS/PSE mixtures could synergistically promote the crystallization of MCT when the
PS: PSE mass ratio was greater than 3:7. When the total content of PS and PSE was 1 wt%, and the mass
ratio of PS: PSE was 5: 5, the crystallization peak temperature of PS/PSE/MCT was 12 oC higher than
that of virgin MCT, 2.5 oC higher than that of PS/MCT, and 10.3 oC higher than that of PSE/MCT. These
results not only provide a method for obtaining new crystal structure of phytosterols, but also have great
significance for controlling the quality of oils by precisely adjusting the nutritional composition of oils.
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Figure captions

Fig. 1 DSC cooling (a) and heating (b) profiles of PS/PSE mixtures in MCT

Fig. 2 XRD patterns of PS/PSE mixtures obtained via recrystallization from MCT

Fig. 3 DSC melting curves of PS/PSE mixtures obtained via recrystallization from MCT

Fig. 4 PLM morphologies of PS/PSE mixtures obtained via recrystallization from MCT

Fig. 5 Recrystallization processing of PS/PSE mixtures in MCT

Fig. 6 DSC cooling curves (a), T cp (b) and melting curves (c) of MCT with PS/PES mixtures

Fig. 7 PLM morphologies of pure MCT (a), 1-PS10PSE0 (b), 1-PS0PSE10 (c) and 1-PS5PSE5 (d)
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