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The objective of this study was to evaluate the eﬀect of ultrasonic pretreatment on diacylglycerol (DAG)
synthesis by lipase-catalysed glycerolysis of lard and to analyse the physicochemical properties of lard-based
DAG. The optimal ultrasonic pretreatment conditions were: Rhizomucor miehei (Lipozyme® RMIM)-to-lard ratio
4:100 (W/W), 45 °C for 5 min, and power 250 W. The lard-based DAG samples for 4 h of glycerolysis reactions
with ultrasonic pretreatment (named DAG-U) and 11 h of glycerolysis reactions without ultrasonic pretreatment
(named DAG-N) had similar DAG contents and were used for further analysis. The major FA compositions and
iodine value of lard, DAG-U and DAG-N were similar. Fourier transform infrared spectroscopy analysis proved
that enzymatic glycerolysis with and without ultrasonic pretreatment did not change the structure of the lard.
Diﬀerential scanning calorimetry analysis showed that the crystallization onset of DAG-U and DAG-N shifted to
higher temperatures than that of lard, which indicated that DAG oils accelerated nucleation and crystal growth.
X-ray diﬀraction analysis revealed that both DAG-U and DAG-N contained β′ crystal and a substantially lower
amount of β crystal. Overall, ultrasonic pretreatment promotes diacylglycerol production from lard through
lipase-catalysed glycerolysis, and DAG-U and DAG-N have similar physicochemical properties.

1. Introduction
Diacylglycerol (DAG), which is produced by the esteriﬁcation of
glycerol with free fatty acids (FFA), is normally reported as a minor
natural lipid component of glycerides in various edible oils and fats [1].
DAG occurs in two conﬁgurations, namely, 1,3-DAG and 1,2(2,3)-DAG
[2]. The energy value and digestibility of DAG are similar to those of
triacylglycerol (TAG), with a similar fatty acid (FA) composition [3].
However, several studies in humans and animals revealed that DAG
plays a role in suppressing postprandial serum TAG levels and body fat
accumulation compared to conventional TAG. These beneﬁcial eﬀects
may be attributed to diﬀerences in the metabolic properties and digestive products of TAG and DAG. The main digestive product of TAG
metabolism is 2-monoacylglycerol (MAG), whereas the main digestive
product of DAG metabolism is 1(3)-MAG [4]. In addition, substantial
preclinical and clinical studies have suggested that DAG oil as an edible
oil is safe for animals and humans [5].
DAG oils have unique nutritional properties and health beneﬁts, as
well as speciﬁc physicochemical properties compared to TAG [6]. DAG
has a free hydroxyl group, which may account for higher interfacial
chemical properties and surface activity compared to TAG. Thus, it has
attracted great attention as a popular emulsiﬁer and stabilizer in
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cosmetics and foods [7]. Furthermore, the melting and crystallization
characteristics of DAG are diﬀerent from those of TAG, e.g., DAG has a
higher melting point, which may improve product texture [8]. Various
sources of oils and fats have already been used to synthesize DAG, such
as soybean oil [9], palm oil [10], olive oil [11], and other plant oils.
Nevertheless, synthesis of DAG from animal fats has not been extensively investigated. As a by-product of animal product processing,
lard has been used for limited purposes due to its unhealthy properties,
including high caloric value, abundance of saturated fatty acids and low
digestibility. However, it plays a crucial role in meat products due to its
low cost and unique ﬂavour and texture compared to plant oils [12].
The nutritional properties of lard are expected to improve; thus, the
synthesis of DAG from lard may be an appropriate use.
The application of lipases to the synthesis of DAG has drawn great
attention due to its advantages, including more energy eﬃcient, mild
reaction conditions and environmentally friendly processes [13]. Furthermore, commercial immobilized lipase has the advantages of easy
recovery and reuse, all of which reduce the cost of lipase-catalysed
reactions. However, the preparation of DAG is time and the enzymeconsuming in this method. Wang, Li et al. [9] investigated the synthesis
of highly pure DAG from soybean oil by enzymatic glycerolysis and
found optimal reaction conditions of a 6.23:1 mass ratio of soybean oil
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8 mm) connected to a sonotrode. The operating frequency of the ultrasonic equipment was 25 kHz, and the power was 100–1500 W.
The ultrasonic pretreatment was performed before the lipase-catalysed glycerolysis reactions to prepare DAG from lard. The completely
melted lard (10 g) and glycerol in a molar ratio of 1:1 were mixed in a
centrifuge tube, and the lipase was added. The tube was ﬁrst incubated
in an ultrasonic bath and the microtip probe was immersed into the
mixture to a depth of over 5 mm for ultrasound pretreatment at the
designed pretreatment conditions; mechanical agitation speed was
maintained constant for all experimental conditions. The eﬀect of ultrasonic pretreatment times of 0, 1, 5, 10, 15 and 20 min, enzyme-tolard ratios (W/W) of 1:100, 2:100, 3:100, 4:100 and 5:100, ultrasonic
pretreatment powers of 100, 150, 200, 250 and 300 W, and ultrasonic
pretreatment temperatures of 40, 45, 50, 55 and 60 °C were investigated. After ultrasonic pretreatment, the mixtures were transferred
to a shaking water-bath at 50 °C for 4 h with a constant speed of 180 r/
min to synthesize DAG. After the reaction, lipase was removed by ﬁltration using six layers of cheesecloth, and samples were collected. The
conversion of TAG and the DAG content of the samples were analysed
by high-performance liquid chromatography (HPLC) according to
Section 2.4.

to glycerol, 40% (w/v) substrate concentration, 1:100 (W/W) enzymeto-soybean oil ratio, and 45 °C reaction temperature. A DAG content of
48.5% was achieved after 24 h of reaction time. In our previous study,
the optimized preparation conditions of DAG from lard by enzymatic
glycerolysis were a 14:100 (W/W) enzyme-to-lard ratio, 1:1 lard-toglycerol molar ratio, and 10 h of reaction time [12].
Ultrasonic technology provides a promising route due to its cavitational collapse eﬀects, which produce an eﬃcient cavitation energy
and a remarkable mixing eﬀect that accelerates lipase-catalysed reactions [14]. Compared to conventional lipase-catalysed methods, ultrasound-assisted enzymatic methods are environmentally friendly [15]
and can increase reaction eﬃciency. The lipase-catalysed reaction can
reduce particle size and increase the substrate-lipase interface area,
which can help promote mass transfer [16]. Furthermore, ultrasound
irradiation can result in the activation of lipase and increases the active
site by altering lipase conformations [17]. In most of ultrasound-assistant technology, ultrasound is used throughout the enzymatic reaction,
which consumes signiﬁcant amounts of energy and is diﬃcult to scale
for production [18]. Therefore, if ultrasonic pretreatment was used only
at the beginning of the reaction, the preparation would be energysaving, simple to operate, and easy to realize in industrial production.
An ultrasonic cleaning bath is used in most enzymatic reactions to
supply the ultrasound, but it is diﬃcult to transfer the ultrasound energy completely in this format; it is also diﬃcult to adapt to large-scale
production. Compared to an ultrasonic cleaning bath, an ultrasonic
microtip probe may be more eﬀective for enzymatic reactions and
synthesis on a large scale [18], which is due to that the ultrasonic energy produced by microtip probe can transfer to the enzymatic reactions more easily and completely through this kind of direct transmittal
mode. Furthermore the microtip probe can introduce a much greater
intensity of ultrasonic into the reaction container than the ultrasonic
cleaning bath (up to 100-fold greater) [19].
This study aimed to investigate the eﬀect of ultrasonic pretreatment
using a microtip probe in the synthesis of DAG from lard using lipasecatalysed glycerolysis. The eﬀects of ultrasonic pretreatment time, enzyme dosage, ultrasonic power, and ultrasonic temperature were investigated. The physicochemical properties of DAG produced with ultrasonic pretreatment compared to DAG produced via conventional
lipase-catalysed glycerolysis of lard were analysed.

2.3. Comparison of DAG production by ultrasound pretreatment and
conventional method
The eﬀects of lard with ultrasonic pretreatment and without ultrasonic pretreatment (conventional method) on DAG production by lipase-catalysed glycerolysis were evaluated at the diﬀerent reaction
times. The ultrasonic pretreatment conditions were: 1:1 M ratio of lard
to glycerol, 5 min ultrasonic pretreatment time, 45 °C ultrasonic temperature, 250 W ultrasonic power, and 4:100 (W/W) of Lipozyme
RMIM to lard substrate. After ultrasonic pretreatment, the lipase-catalysed glycerolysis reaction conditions were: temperature 55 °C, agitation speed 180 r/min, and reaction time 1–12 h. The reaction conditions
for the conventional method were the same as those presented in ultrasonic pretreatment method, but without ultrasonic pretreatment.
The lard-based DAG samples after 4-h glycerolysis reactions with ultrasonic pretreatment (named DAG-U) and 11 h of glycerolysis reactions without ultrasonic pretreatment (named DAG-N) had similar DAG
contents and were used for further analysis.

2. Material and methods
2.1. Materials

2.4. Acylglycerol composition analysis by high-performance liquid
chromatography

Pork backfat were supplied by the Beidahuang Meat Corporation
(Harbin, Heilongjiang, China). Lard was produced by heating the
backfat at 120 °C and stirring constantly. The liquid lard was ﬁltered
through an eight layers of cheese cloth, cooled at room temperature and
stored at 4 °C. Rhizomucor miehei (Lipozyme® RMIM) was provided by
Novozymes A/S (Bagsvaerd, Denmark). Lipozyme® RMIM is a commercial immobilized lipase and has claimed lipase activity of 275 IUN
(Inter-esteriﬁcation Units Novo)/g. Glycerol of minimum 99.0% purity
was acquired from the Tianjin Chemical Reagent Factory (Tianjin,
China). The standards of monoolein, 1,2-diolein, 1,3-dioleon and triolein for high performance liquid chromatography (HPLC) analysis and
Supelco™ 37 component fatty acid methyl esters (FAMEs) mix standards
for gas chromatography (GC) analysis were provided by Sigma-Aldrich
(St Louis, MO, USA). All other solvents and reagents used in this article
were of analytical or HPLC grades.

The acylglycerol composition in the glycerolysis reaction mixture
from lard was analysed according to the method of Wang, Wang et al.
[20] with a minor modiﬁcation by HPLC. The samples were prepared
by mixing 50 μL of melted reaction mixture with 950 μL of mobile
phase, and the mixture was ﬁltered through a 0.45-μm nylon membrane
ﬁlter to remove impurities. The n-hexane and isopropanol (10:1 v:v)
were used as the mobile phase. The sample (25 μL) was injected into a
Promosil Silica column (250 mm length, 4.6 mm internal diameter,
5 μm particle size) by a Waters 515 HPLC pump equipped with a refractive index detector (Waters 2410) at a constant ﬂow rate of 1 mL/
min and a constant column temperature of 35 °C. Peaks in the HPLC
were conﬁrmed by comparison of their retention times to commercial
standards. The content of DAG and the conversion of TAG were calculated using the external standard method. The enzymatic glycerolysis
reactions involved are reversible and result in formation of MAG, DAG,
and possibly TAG [21]. The conversion of TAG (%) in samples was
deﬁned as reduced TAG content divided by original TAG content,
multiplied by 100. The total DAG content (%) in samples was expressed
as a ratio of the amounts of DAG to the total acylglycerols, multiplied
by 100.

2.2. Optimum ultrasound pretreatment conditions and synthesis of DAG
Ultrasonic pretreatment was performed in a XH-2008D ultrasonic
instrument (Xianghu development Co., Ltd., Beijing, China) equipped
with a reactor with a thermostatic water bath (temperature accuracy
of ± 1 °C), a mechanical stirrer and a microtip probe (diameter of
12
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2.5. Fatty acid composition and iodine value analysis
The fatty acid (FA) compositions of lard, DAG-U, and DAG-N were
determined by fatty acid methyl esters (FAMEs) according to Liu,
Inbaraj, and Chen [22] and Hou, Jiang, and Zhang [23] with some
modiﬁcation. The analysis was performed on an Agilent 7890A GC
(Agilent Technologies, CA, USA) connected to a ﬂame ionization detector (FID). Each sample (1 μL) was injected into a SP-2560 column
(100 m length, 0.25 mm internal diameter, and 0.2 μm ﬁlm thickness;
Sigma-Aldrich, St Louis, MO, USA). The ﬂow rate of nitrogen was
1.4 mL/min (carrier gas, split ratio of 40:1). The oven temperature was
held for 5 min at 140 °C, then increased from 140 °C to 240 °C at 5 °C/
min, hold for 25 min at 240 °C. The injection temperature and detector
temperature were 250 °C and 260 °C, respectively. The Supelco™ 37
component FAMEs mix as a standard was used to conﬁrm crucial
FAMEs, which can be used to determine FA in the oil samples.
The iodine value of lard, DAG-U and DAG-N was determined according to the method described by Toscano, Riva, Pedretti, and Duca
[24].
2.6. Fourier-transform infrared spectra qualitative analysis
The Fourier-transform infrared (FTIR) spectra of lard, DAG-U, and
DAG-N were analysed at 25 °C using a Perkin-Elmer Spectrum 100
(Perkin-Elmer Inc., MA, USA) equipped with a diamond-attenuated
total reﬂection crystal. Oil drops were placed directly on the zinc selenide (ZnSe) crystal plate for horizon attenuation total reﬂection. The
spectra were obtained by collecting 32 scans at a resolution of 8 cm−1
from 4000 to 650 cm−1. The plate was carefully cleaned with petroleum ether before the sample was determined.
2.7. Diﬀerential scanning calorimetry analysis
The melting and crystallization properties of lard, DAG-U and DAGN were studied using a Q200 diﬀerential scanning calorimeter (DSC)
(TA Instruments Co., New Castle, DE, USA) under a nitrogen atmosphere according to the method described by Wan et al. [25] with some
modiﬁcation. A weighted empty aluminium pan was used as a control.
Each oil sample (approximately 6 mg) was heated from 20 °C to 80 °C at
20 °C/min and equilibrated for 10 min at 80 °C to completely destroy
crystals. To obtain the crystallization curve, the sample was immediately cooled from 80 °C to −60 °C at a constant cooling rate of
5 °C/min. To attain the melting curves, the oil sample was maintained
for 10 min at −60 °C and then heated to the last temperature of 80 °C at
5 °C/min. Onset temperature (To) and oﬀset temperature (Tf) were
measured at the endotherm intersections with the baseline and transition temperature.
2.8. X-ray diﬀraction analysis
Fig. 1. Eﬀect of ultrasonic pretreatment time (A), power (B), and temperature
(C) on diacylglycerol (DAG) content and conversion of triacylglycerol (TAG) in
lipase-catalysed reaction. Lipase-catalysed glycerolysis reaction conditions:
1:1 M ratio of lard to glycerol, 55 °C temperature, 180 r/min agitation speed,
and 4 h reaction time.

The polymorphisms of lard, DAG-U and DAG-N were measured at
40 kV and 30 mA on a Rigaku diﬀractometer (D/max 2200, Tokyo,
Japan) with a Philips Cu-tube at 25 °C. The oil samples were heated and
maintained at 80 °C for 10 min to destroy crystals. The determination
parameters and calculation method were based on Zhou et al. [26]. The
scanning rate was 1.2°/min in a 2 θ range from 5° to 35°.

3. Results and discussion

2.9. Statistical analysis

3.1. Eﬀect of ultrasonic pretreatment parameters on DAG content and
conversion of TAG

Data were analysed using the General Linear Models procedure of
the Statistix 8.1 software package (Analytical Software, St. Paul, MN).
The analysis of variance (ANOVA) was employed to analyze the signiﬁcance. The Tukey procedures were performed to verify signiﬁcant
diﬀerences (P < 0.05).

3.1.1. Eﬀect of ultrasound pretreatment time
The eﬀect of ultrasonic pretreatment time (0, 1, 5, 10, 15, and
20 min) on DAG production from lard was investigated with a 3:100
(W/W) enzyme-to-lard ratio, temperature of 45 °C, and power of 250 W
13

Ultrasonics - Sonochemistry 48 (2018) 11–18

X. Zhao et al.

(Fig. 1A). The content of DAG was 15.53% without ultrasonic pretreatment (0 min), rapidly increased to 33.68% with 5 min of ultrasonic
pretreatment (P < 0.05) and then decreased to 16.67% with 20 min of
ultrasonic pretreatment. The conversion of TAG was 46.11% without
ultrasonic pretreatment (0 min), rapidly increased to 69.07% with
5 min ultrasonic pretreatment (P < 0.05) and decreased to 54.90%
with 20 min of ultrasonic pretreatment. The results were similar to
those previously reported in Liu et al. [27], in which ultrasonic pretreatment time in the proper range increased the rates of consequent
lipase-catalysed reactions. These results can most likely be ascribed to
the fact that the appropriate ultrasonic treatment could not only stimulate mass transfer but also alter lipase conformations. Shah and
Gupta [28] showed that the ultrasonic treatment of lipases increased
enzyme activity, and the circular dichroism (CD) spectral analysis revealed that ultrasonication led to a slight perturbation of the lipase
tertiary structure. Similarly, scanning electron microscope results
proved that ultrasonication led to signiﬁcant morphological changes in
the enzyme. However, long ultrasonication times might produce excess
heat and partially inactivate the enzyme [27,29]. Thus, an ultrasonic
pretreatment time of 5 min was chosen in subsequent experiments.

Fig. 2. Eﬀect of enzyme-to-lard ratio on diacylglycerol (DAG) content and
conversion of triacylglycerol (TAG) in lipase-catalysed reaction. Lipase-catalysed glycerolysis reaction conditions: 1:1 M ratio of lard to glycerol, 55 °C
temperature, 180 r/min agitation speed, and 4 h reaction time.

3.1.2. Eﬀect of ultrasonic pretreatment power
The eﬀect of ultrasonic pretreatment power (100, 150, 200, 250,
and 300 W) under an ultrasonic frequency of 25 kHz for the DAG content and conversion of TAG was investigated with a 4:100 (W/W) enzyme-to-lard ratio, ultrasonication time of 5 min, and temperature of
45 °C (Fig. 1B). The DAG content and conversion of TAG signiﬁcantly
(P < 0.05) increased with increasing ultrasonic power from 100 W to
250 W (P < 0.05) and then decreased with increased ultrasonic power
up to 300 W (P > 0.05), which showed that ultrasonic power is an
important factor aﬀecting DAG yield and TAG conversion. The primary
explanations for these trends is that appropriate ultrasonic power stimulates an increase in lipase-catalysed reaction rate, but too high ultrasonic power may somewhat inactivate lipase [18]. These results
were in agreement with Wang et al. [30], who investigated the inﬂuence of diﬀerent ultrasound powers (90, 120, 150, 180 and 210 W) on
the yield of methyl caﬀeate; the optimum ultrasound power was 150 W.
Guo et al. [31] reported the eﬀect of ﬁve ultrasonic pretreatment
powers (50, 100, 150, 200 and 250 W) on the production of 4-methoxy
cinnamoyl glycerol from 4-methoxy cinnamoyl by enzymatic glycerolysis under ultrasound water bath irradiation; the proper ultrasonic
pretreatment power (150 W) has a positive eﬀect on the lipase-catalysed reaction. Therefore, in this study, 250 W of ultrasonic power was
used for further experiments.

signiﬁcantly increased from 8.40% to 47.87% and the conversion of
TAG increased from 40.92% to 77.86% (P < 0.05). There was no
signiﬁcant change (P > 0.05) with further increasing lipase dosage to
5:100 (W/W). These results could be attributed to the equilibrium of
reactions and coalescence of lipases at high lipase amounts [32]. Similar variation trends were reported by Liu et al. [33], who described
the immobilization of lecitase® ultra for DAG preparation from soybean
oil by glycerolysis. In that study, the eﬀect of enzyme load (1, 3, 5, 10,
and 15 wt%) was investigated and a higher DAG yield (51.2 wt%) was
attained at an enzyme load of 5 wt% (substrate mass). In addition,
compared to a conventional lipase-catalysed method, the ultrasonic
pretreatment enzymatic method can drastically reduce lipase dosage. In
our previous study, the enzyme-to-lard ratio was studied in DAG preparation without ultrasonic pretreatment, and the conversion of TAG
and total DAG content were 69.89% and 50.53%, respectively, at an
optimal 14:100 (W/W) ratio [12]. As seen above, the 14:100 (W/W)
lipase dosage without ultrasonic pretreatment and 4:100 (W/W) lipase
dosage with ultrasonic pretreatment showed a similar conversion of
TAG and DAG contents. Considering the expense of the lipase and the
reaction eﬃciency, in this study, the lipase-to-lard ratio of 4% (W/W)
was chosen as the optimal lipase dosage.

3.2. Comparison of DAG production between ultrasound pretreatment and
conventional method

3.1.3. Eﬀect of ultrasonic pretreatment temperature
Ultrasonic temperature plays a crucial role in lipase-catalysed glycerolysis reactions due to the viscosity eﬀect and lipase activation or
lipase inactivation. The eﬀect of ultrasonic pretreatment temperatures
of 40, 45, 50, 55 and 60 °C was investigated with a 4:100 (W/W) enzyme-to-lard ratio, ultrasonic time 5 min, and power 250 W. As shown
in Fig. 1C, the DAG yield increased with increasing ultrasonic temperature from 40 to 45 °C, and an obvious decrease was observed when
the ultrasonic temperature exceeded 45 °C, likely because increasing
the ultrasonic temperature to a suitable range could enhance the cavitation eﬀect, but a too high temperature might disrupt lipase activity
[29]. Hence, 45 °C was selected as the optimum ultrasonic pretreatment
temperature in further experiments.

Experiments were performed to compare the conversion of TAG (A)
and DAG content (B) between the ultrasonic pretreatment and the
conventional method (without ultrasonic pretreatment) with the same
lipase dosage [4:100 (W/W)] at various reaction times (0–12 h) (Fig. 3).
The conversion of TAG and DAG content using ultrasonic pretreatment
was consistently higher than that of the conventional method over the
12 h of reaction (P < 0.05). During the 1–4 h reaction period, the DAG
content after ultrasonic pretreatment was more than two-fold greater
than the conventional method. The reaction achieved equilibrium in a
relatively short reaction time (4 h) under ultrasonic pretreatment and
yielded a 46.91% content of DAG. This was signiﬁcantly shorter than
the time required for a similar DAG content from the conventional
method, which was 11 h (46.72%). The change in TAG conversion
showed a similar trend to that seen for DAG content. This obvious
diﬀerence between the ultrasound pretreatment and conventional
method may be due to the cavitation eﬃciency from the ultrasonic
pretreatment [27]. The results suggest that ultrasonic pretreatment
could be applied to accelerate the lipase-catalysed synthesis of DAG.

3.1.4. Eﬀect of lipase dosage on ultrasonic pretreatment
Immobilized lipase dosage was a vital factor for lipase-catalysed
reactions due to its high cost. The eﬀect of Lipozyme RMIM-to-lard
ratios (W/W) of 1:100, 2:100, 3:100, 4:100, and 5:100 on DAG content
and TAG conversion was investigated with ultrasonic pretreatment time
5 min, temperature 45 °C, and power 200 W (Fig. 2). When lipase dosage increased from 1:100 (W/W) to 4:100 (W/W), the DAG contents
14
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Fig. 3. Comparison between ultrasonic pretreatment and conventional method (without ultrasonic pretreatment) in conversion of triacylglycerol (TAG) (A) and
diacylglycerol (DAG) content (B). Ultrasonic pretreatment conditions: 5 min pretreatment time, 4:100 (W/W) Lipozyme RMIM-to-lard ratio, 45 °C pretreatment
temperature, and 250 W ultrasonic power. After ultrasonic pretreatment, lipase-catalysed glycerolysis reaction conditions: temperature 55 °C, agitation speed 180 r/
min. Conventional method conditions were as in ultrasonic pretreatment method except without ultrasonic pretreatment. a–iSame treatment with diﬀerent letters
indicates signiﬁcant diﬀerence (P < 0.05).

acid (USFA) in DAG-U and DAG-N had no signiﬁcant diﬀerences
(P > 0.05) compared to lard. Similar results have been described in
other studies [34]. The iodine value is usually utilized to estimate the
degree of oil unsaturation. In agreement with the FA results, no remarkable diﬀerences in the iodine values were observed for lard, DAGU and DAG-N (P > 0.05).

Similar results were reported by Zheng et al. [18], who found that more
than twice as much time was needed for the conventional method,
compared to the ultrasonic irradiation treatment for the enzymatic
synthesis of phytosterol esters. In this experiment, DAG-U and DAG-N
had a similar DAG content, and their DAG contents were 46.91% and
46.72%, respectively. These were used for further analysis.
3.3. Fat acid composition and iodine value analysis

3.4. Fourier-transform infrared spectroscopy analysis

The major FA compositions and iodine values of lard, DAG-U and
DAG-N are summarized in Table 1. The results showed that three types
of fats had a similar FA composition and content, which means that
lipase-catalysed glycerolysis with and without ultrasonic pretreatment
did not aﬀect (P > 0.05) the FA compositions in samples. Furthermore,
the contents of total saturated fatty acid (SFA) and unsaturated fatty

FTIR is powerful analytical method due to its rapid, non-destructive
character and minimum sample requirement for the study of fats and
edible oils. The FTIR spectra of lard, DAG-U and DAG-N are described in
Fig. 4. The major absorption bands among these three types of fats were
similar, with only minor diﬀerences in the individual absorption bands.
According to Lerma-García, Ramis-Ramos, Herrero-Martínez, and SimóAlfonso [35], the bands at 3650 cm−1 and 3200 cm−1 represented the
O–H symmetrical and asymmetrical stretching, the bands at 2946 cm−1

Table 1
Fatty acid composition and iodine value of lard, DAG-U and DAG-N.
Lard
Fatty acid
composition (g/
100 g)

Iodine value (g/
100 g)

C14:0
C16:0
C16:1
C17:0
C17:1
C18:0
C18:1
C18:2
C18:3
C20:0
C20:1
C20:2
C20:3
C20:4
C24:1
Others
SFA
USFA

DAG-N
a

DAG-U
a

0.96 ± 0.06
20.25 ± 0.06a
1.25 ± 0.07a
0.33 ± 0.04a
0.15 ± 0.06a
11.15 ± 0.08a
36.12 ± 0.03a
25.12 ± 0.08a
1.40 ± 0.08a
0.18 ± 0.04a
0.72 ± 0.07a
1.22 ± 0.08a
0.21 ± 0.06a
0.27 ± 0.06a
0.12 ± 0.06a
0.55
32.90 ± 0.01a
66.54 ± 0.28a

0.99 ± 0.06
20.41 ± 0.07a
1.21 ± 0.03a
0.34 ± 0.03a
0.12 ± 0.04a
11.42 ± 0.08a
36.05 ± 0.07a
25.05 ± 0.08a
1.36 ± 0.04a
0.19 ± 0.06a
0.70 ± 0.04a
1.14 ± 0.06a
0.18 ± 0.06a
0.26 ± 0.08a
0.09 ± 0.06a
0.49
33.35 ± 0.16a
65.90 ± 0.23a

0.98 ± 0.04a
20.36 ± 0.03a
1.20 ± 0.08a
0.36 ± 0.06a
0.12 ± 0.07a
11.47 ± 0.02a
36.08 ± 0.03a
25.09 ± 0.06a
1.37 ± 0.06a
0.19 ± 0.04a
0.69 ± 0.08a
1.15 ± 0.04a
0.19 ± 0.08a
0.26 ± 0.06a
0.09 ± 0.03a
0.40
33.33 ± 0.18a
66.24 ± 0.54a

67.90 ± 0.60a

66.43 ± 0.67a

67.23 ± 0.32a

DAG, diacylglycerol; DAG-U, DAG samples of 4 h of glycerolysis reactions with
ultrasonic pretreatment; DAG-N, DAG samples of 11 h of glycerolysis reactions
without ultrasonic pretreatment; SFA, saturated fatty acid; USFA, unsaturated
fatty acid.
a-b
Same row with diﬀerent letters indicates signiﬁcant diﬀerence (P < 0.05).

Fig. 4. Fourier-transform infrared (FTIR) spectra of lard, DAG-U and DAG-N
from 4000 to 650 cm−1. DAG, diacylglycerol; DAG-U, DAG samples of 4 h of
glycerolysis reactions with ultrasonic pretreatment; DAG-N, DAG samples of
11 h of glycerolysis reactions without ultrasonic pretreatment.
15
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and 2881 cm−1 represented the eCH2 asymmetrical stretching, the
bands at 1900 cm−1 and 1650 cm−1 represented the eC]O stretching,
the bands at 1486 cm−1 and 1446 cm−1 represented the eCeH inplane ﬂexural vibration, the bands at 1300 cm−1 and 1000 cm−1 represented the eCeO stretching of the eCeOeC group and the bands at
754 cm−1 and 701 cm−1 represented e(CH2)n of the swing vibration.
Lard, DAG-U and DAG-N contained these functional groups, and their
FTIR spectra were similar. Slight diﬀerences in the FTIR spectra were
observed at 3381 cm−1 (I) and 1051 cm−1 (II), namely, DAG-U had
similar absorption peaks to DAG-N at 3381 cm−1 and 1051 cm−1, respectively, whereas lard had no absorption peaks in these wavelength
ranges. The diﬀerences could result from the addition of glycerol
(3381 cm−1) in glycerolysis and the presence of an hydroxyl group
(1051 cm−1) in DAG-U and DAG-N. The FTIR spectra obtained in this
study were consistent with data plotted by Gumel, Annuar, and Chisti
[36] and Gumel, Annuar, Chisti, and Heidelberg [37]. As a result, it was
concluded that enzymatic glycerolysis with and without ultrasonic
pretreatment will not change the structure of lard and will not produce
undesirable substances.

had a signiﬁcantly lower (P < 0.05) transition temperature (last
crystallization peak) of crystallization compared to lard. The diﬀerences
in the DSC curves between DAG oils and lard could be attributed to the
fact that lard crystallized as α and β′ crystals (α → β′), whereas DAG-U
and DAG-N crystallized as α, β′ and β crystals (α → β′ → β). The differences in the chemical compositions of oils and recrystallization of
DAG with TAG resulted in a slower polymorphic transformation from
the β′ to β forms [39,40].
The melting curves of lard exhibited four melting peaks and an
onset melting peak at approximately −1.69 °C (peak 1) (Fig. 5B), with a
major melting peak of 28.63 °C and melting oﬀset of 49.30 °C (Table 2).
For DAG-U and DAG-N, only a small fraction was melted at 3.92 °C and
4.37 °C, respectively. The DAG-U showed two major melting peaks,
with a transition temperature of 12.22 °C (peak 2) and 27.40 °C (peak
3), respectively. DAG-N revealed a similar melting proﬁle to that of
DAG-U. Furthermore, the melting oﬀset obtained from the melting
curve of DAG-U (46.94 °C) was similar to DAG-N (46.97 °C), and the
melting oﬀset of DAG-U and DAG-N was signiﬁcantly lower (P < 0.05)
than that of lard (49.30 °C). These results suggested that DAG-U and
DAG-N had higher melting points compared to lard. These ﬁndings
were similar to those reported by Miklos, Zhang, Lametsch, and Xu [6],
in which melting point increased with increasing DAG (50–100%).
Additionally, Ng et al. [41] reported that the addition of high concentrations of palm olein-based DAG to palm super olein blends increased the crystallization onset and melting point. It is diﬃcult to
interpret the diﬀerences in the melting curves among lard, DAG-U and
DAG-N because polymorphic crystals and liquid can coexist at a certain
melting temperature [34,42].

3.5. Diﬀerential scanning calorimetry analysis
DSC is generally employed to assess the thermal properties of oils
[38]. The crystallization and melting proﬁles of lard, DAG-U and DAGN are depicted in Fig. 5A and 5B, respectively. The onset temperature
(To), oﬀset temperature (Tf) and transition temperature of lard, DAG-U
and DAG-N are summarized in Table 2.
The crystallization thermograms of lard (To, 17.89 °C; Tf,
−38.69 °C) exhibited three crystallization peaks within a relatively
narrow temperature range (Fig. 5A). DAG-U and DAG-N contained four
crystallization peaks, and the new peaks (peak 4) appeared in the initial
stage of crystallization. This new higher-melting peak 4 was possibly
due to the recrystallization of DAG with high melting TAG. Additionally, lard exhibited a crystallization onset at 17.89 °C. The crystallization onsets of DAG-U and DAG-N were signiﬁcantly shifted
(P < 0.05) to higher temperatures (27.36 °C and 28.26 °C, respectively) compared to lard, which indicated that DAG oils promoted the
crystallization of lard. This discrepancy could result from the presence
of high concentrations of DAG and MAG in DAG-U and DAG-N. These
results coincided with Cheong, Zhang, Xu and Xu [34], who found that
the addition of 20–50% lard-DAG accelerated nucleation and crystal
structure growth in lard. Furthermore, compared to lard, DAG-U and
DAG-N were found to have signiﬁcantly lower (P < 0.05) transition
temperatures (peak 1) of crystallization, which were −32.77 °C and
−31.58 °C, respectively (Table 2). This result corresponded with those
of Miklos, Zhang, Lametsch, and Xu [6], who showed that 50% DAG

3.6. X-ray diﬀraction analysis
Lard exhibits polymorphic forms, including β and β′ crystals. The
crystallization of the β form in the lard results in a brittle, grainy product, while crystallization of β′ form leads to smooth, superior mouth
feel [43]. X-ray diﬀraction is commonly applied to identify the polymorphisms of the crystals by measuring short spacing. The 2 θ of approximately 21° corresponded to the α form, with a short spacing of
4.15 Å. The 2 θ of approximately 19.1° corresponded to the β form, with
a short spacing of 4.6 Å. The β′ form presented two peaks at 2 θ of
approximately 20.8° and 23°, which correspond to the short spacing of
4.2 Å and 3.8 Å [44]. As shown in Fig. 6, lard depicted a high-intensity
diﬀraction peak, a low-intensity diﬀraction peak and a minor peak at 2
θ of approximately 20.8°, 23° and 19.1°, respectively, indicating that
lard contained primarily β′ crystal and minor amounts of the β crystal.
DAG-U and DAG-N showed similar results, with a high-intensity diffraction peak at 2 θ approximately 20.8° and two low-intensity intensity

Fig. 5. Diﬀerential scanning calorimetry (DSC) crystallization (A) and melting (B) thermograms of lard, DAG-U and DAG-N. DAG, diacylglycerol; DAG-U, DAG
samples of 4 h of glycerolysis reactions with ultrasonic pretreatment; DAG-N, DAG samples of 11 h of glycerolysis reactions without ultrasonic pretreatment.
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Table 2
Onset temperature (To), oﬀset temperature (Tf) and transition temperature derived from crystallization and melting curves of lard, DAG-U and DAG-N by DSC.
Curve

Sample

To (°C)

Tf (°C)

Transition temperature (°C)
1

Crystallization

Melting

2

3

4

Lard
DAG-N
DAG-U

17.89 ± 0.41
28.26 ± 0.37a
27.36 ± 0.51a

−38.69 ± 0.41
−43.72 ± 0.45a
−42.25 ± 0.49a

−19.43 ± 0.33
−31.58 ± 0.57b
–32.77 ± 0.06b

12.57 ± 0.07
3.31 ± 0.04b
5.64 ± 0.06c

15.82 ± 0.40
11.70 ± 0.48b
11.76 ± 0.31b

22.33 ± 0.44b
23.74 ± 0.27a

Lard
DAG-N
DAG-U

−12.63 ± 0.26b
1.62 ± 0.32a
0.71 ± 0.30a

49.30 ± 0.42a
46.97 ± 0.24a
46.94 ± 0.59a

−1.69 ± 0.08b
4.37 ± 0.03a
3.92 ± 0.01a

18.78 ± 0.08a
12.33 ± 0.03b
12.22 ± 0.01b

28.63 ± 0.37ab
29.76 ± 0.07a
27.40 ± 0.16b

46.96 ± 0.34a
41.47 ± 0.45b
42.87 ± 0.48b

b

a

a

a

a

DAG, diacylglycerol; DAG-U, DAG samples of 4 h of glycerolysis reactions with ultrasonic pretreatment; DAG-N, DAG samples of 11 h of glycerolysis reactions
without ultrasonic pretreatment; To, onset temperature; Tf, oﬀset temperature.
a–c
Same column with diﬀerent letters indicates signiﬁcant diﬀerence (P < 0.05).

The ultrasonic pretreatment signiﬁcantly shortened the glycerolysis
reaction time. The DAG content of 4 h of glycerolysis reactions with
ultrasonic pretreatment was similar to the 11 h of glycerolysis reactions
without ultrasonic pretreatment. No remarkable variations were observed between DAG-U and DAG-N in the FA compositions, iodine
value, FTIR spectra, thermal properties, and crystal form, while the
physicochemical properties of lard-based DAG diﬀered somewhat from
lard. The diﬀerence between the physicochemical properties of DAG
oils and lard can likely be attributed to diﬀerences in their chemical
compositions and structures. These results revealed that ultrasound
pretreatment was very eﬀective in promoting the synthesis of lardbased DAG, and DAGs produced with and without ultrasound pretreatment had similar physicochemical properties.
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Fig. 6. X-ray spectra of lard, DAG-U and DAG-N. DAG, diacylglycerol; DAG-U,
DAG samples of 4 h of glycerolysis reactions with ultrasonic pretreatment; DAGN, DAG samples of 11 h of glycerolysis reactions without ultrasonic pretreatment.
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