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Abbreviations
PLC  Phospholipase C
PLA1  Phospholipase A1

PLA2  Phospholipase A2

GPC  Glycerophosphophorylcholine
GPE  Glycerophosphoethanolamine
DAG  Diacylglycerol(s)
PC  Phosphatidylcholine
PE  Phosphatidylethanolamine
PI  Phosphatidylinositol
PA  Phosphatidic acid
FFA  Free fatty acid(s)
NHP  Non-hydratable phospholipid(s)
LPC  Lyso-phosphatidylcholine
LPE  Lyso-phosphatidylethanolamine
LPI  Lyso-phosphatidylinositol
LPA  Lyso-phosphatidic acid
NPPC  p-Nitrophenylphosphorylcholine
FA  Fatty acid composition
FAME  Fatty acid methyl ester(s)
FID  Flame ionization detector

Introduction

Soybean oil is the most abundant vegetable oil in the 
world. Its high content of unsaturated fatty acids, sta-
bility during cooking, and low price make it a valu-
able part of the food chain and the human diet [1]. To 
obtain edible oil from most oil-bearing seeds, e.g., soy-
bean, rapeseed, peanut and sunflower seeds, a series of 
refining operations is needed. These processes can be 
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classified as either chemical refining or physical refin-
ing. The former involves degumming, acid neutralization, 
bleaching and deodorization, while the latter consists of 
degumming, bleaching and steam distillation [2]. Physi-
cal refining offers the advantages of high oil yields and 
reduced chemical and water use. The latter reduces the 
environmental impact of the process [3]. Degumming is 
an important initial step that separates most of the phos-
pholipids and mucilaginous gums from the oil. Failure to 
remove these impurities can cause oil discoloration and 
accelerate the formation of off-flavors. Therefore, nearly 
complete removal of the phospholipids is essential for the 
production of high-quality oil [4].

Traditional degumming processes, e.g., the water, 
super, total, and acid degumming processes, cannot guar-
antee the low phosphorus levels that are required for 
physical refining (<10 mg/kg), and these techniques are 
not suitable for oils with high levels of non-hydratable 
phospholipids (NHP) [5, 6]. Additionally, the alkali refin-
ing that follows traditional degumming may decrease the 
content of micro-nutrients such as tocopherols and ster-
ols. Enzymatic degumming, in contrast, has advantages 
of reduced acid use, wastewater generation and operat-
ing cost, as well as improved product yield [7]. In recent 
years, researchers have studied enzymatic degumming 
with different phospholipases [8–10]. In the case of 
Lecitase Novo, the phosphorus content was reduced to 
5 mg/kg in rapeseed oil degumming [9]. In the case of 
Lecitase Ultra, the phosphorus contents of rice bran and 
soybean oils were enzymatically degummed to less than 
5 and 6 mg/kg after 6.5 and 5 h, respectively [11, 12]. 
It should be noted that phospholipase A1 (PLA1), phos-
pholipase A2 (PLA2) and phospholipase B all catalyze the 
production of free fatty acids (FFA) [8, 9], and thus may 
affect the quality of degummed oil. On the other hand, 
phospholipase C (PLC) does not cause the formation of 
FFA because it hydrolyzes the bond between the acylg-
lycerol and the phosphate group. Accordingly, it liber-
ates diacylglycerol (DAG), which will not be removed 
from the oil and, therefore, will contribute to the refined 
oil value [13]. However, PLC cannot achieve a complete 
phosphorus removal of vegetable oils as it only acts on 
phosphatidylcholine (PC) and phosphatidylethanolamine 
(PE) [14].

Until now, limited research has focused on the mecha-
nisms of PLA1 and PLC degumming. In this study, we 
report difference in the degumming efficiency of PLA1 
(Lecitase Ultra) and PLC (from Bacillus cereus) when 
applied to crude soybean oil. We also study the quality 
changes of the oil after treatment by the two enzymes, 
and we try to discuss the enzymatic degumming mecha-
nisms by analyzing the phospholipid composition of the 
gum.

Materials and Methods

Materials

Crude soybean oil was kindly provided by Qingdao Bohai 
Ltd. (Qingdao, China). PLA1 (Lecitase Ultra) was pur-
chased from A/S Novozymes (Bagsvaerd, Denmark). PLC 
was prepared by our own laboratory using submerged fer-
mentation of a genetically modified B. cereus. Econa oil 
purchased from Kao Co. (Japan) was used as the DAG 
standard. Phosphatidylcholine (PC), phosphatidylethan-
olamine (PE), phosphatidylinositol (PI), phosphatidic acid 
(PA), lyso-phosphatidylcholine (LPC), lyso-phosphatidyle-
thanolamine (LPE), lyso-phosphatidylinositol (LPI), lyso-
phosphatidic acid (LPA), glycerophosphorylcholine (GPC) 
and p-nitrophenylphosphorylcholine (NPPC) with purities 
greater than 98 % were purchased from Sigma Chemical 
Ltd. (St. Louis, MO, USA). Glycerophosphorylethanola-
mine (GPE) of purity greater than 98 % was kindly pro-
vided by Changshu Fushilai Medicine & Chemical Co., 
Ltd. (Changshu, China). Methanol, isopropanol and n-hex-
ane were purchased from J&K Scientific Ltd. (Beijing, 
China) and were HPLC grade. All other analytical grade 
regents were from Sinopharm Chemical Reagent Co. Ltd. 
(Shanghai, China).

Determination of PLA1 and PLC Activity

The PLA1 assay was performed with deoiled soy lecithin 
emulsion by using the method of Yang et al. [6]. One U/
mL of PLA1 is the amount of enzyme solution releasing 
1 μmol of titratable FFA per minute under the described 
conditions. The substrate solution, 25 % deoiled soy leci-
thin, was emulsified with four volumes of a 4 % polyvinyl 
alcohol solution (v/v). Four milliliters of the deoiled soy 
lecithin emulsion, 5 mL of 0.01 M citric acid buffer (pH 
5.0), and 1 mL of enzyme solution were mixed and incu-
bated at 37 °C for 10 min. Then 15 mL of 95 % ethanol 
was added to end the reaction, and the liberated FFA were 
titrated with 0.05 M NaOH. Blanks were measured with 
heat-inactivated PLA1 samples (95 °C, 10 min).

PLC activity was determined using NPPC as a substrate 
[15]. We defined 1 U/mL of PLC as the amount of enzyme 
solution needed to produce 1 nM nitrophenol per minute 
by the hydrolysis of NPPC under appropriate conditions. 
One hundred microliters of the PLC enzyme solution was 
added to 2 mL of NPPC solution [10 mM NPPC, 250 mM 
Tris-HCl (pH 7.2), 60 % sorbitol and 1 mM ZnCl2] in a test 
tube. The tube was incubated at 37 °C for 30 min. Substrate 
hydrolysis was then quantified by measuring absorbance at 
410 nm. The activity of PLC was calculated as follows:

(1)Activity (U/mL) = 1.3636 × 103
× A/t
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where A is the absorption value at 410 nm and t is the time 
(in minutes) used in the substrate hydrolysis reaction.

pH Determination and Phosphorus Content Assay

pH determination was carried out according to the proce-
dure from Jahani et al. [11]. The oil emulsion and distilled 
water were mixed (2 mL of each). After centrifugation, the 
top layer was pipetted off. The pH value in the aqueous 
phase was measured with a pH meter. The values obtained 
were corrected (pHcorrected = pHmeasured − 0.26) to com-
pensate for the dilution effect. The phosphorus content of 
the sample was determined according to AOCS method Ca 
12–55.

Water Degumming Process

The water degumming process of soybean oil was modified 
based on the method of Yang et al. [16]: oil samples (100 g) 
were stirred (500 rpm) and heated to 70 °C, and 5 mL of 
hot distilled water was added dropwise. The mixture was 
then stirred at 70 °C for 30 min. The hydrated gum from 
the hot oil was separated by centrifugation (10,000 rpm, 
10 min), and the top layer of oil was collected and dried in 
a rotary evaporator operated at 0.09 MPa and 80 °C. The 
residual phosphorus content of the water-degummed oil 
was determined according to AOCS method Ca 12–55.

Citric Acid Degumming Process

The citric acid degumming was modified according to 
Smiles et al. [17]. Crude soybean oil (100 g) was placed 
in a 250-mL conical flask fitted with a laboratory stirrer. 
The oil was heated to 70 °C in a water bath and 0.13 mL 
of 45 % citric acid was added. After homogenization at 
10,000 rpm for 1 min, the mixture was allowed to mix at 
70 °C for 30 min with stirring at 500 rpm. Afterwards, 
5 mL distilled water was added, and the oil mixture was 
homogenized at a high shear rate (10,000 rpm) for 1 min. 
Then the mixture was placed in a water bath (70 °C) with 
mechanical stirring (500 rpm) for another 20 min, followed 
by centrifugation at 10,000 rpm for 10 min (HITACHI, 
model CR21G). The supernatant was collected and dried 
by rotary evaporation at 0.09 MPa, 80 °C, and the gums 
were saved for further analyses.

Enzymatic Degumming Process

Enzymatic degumming of soybean oil was modified 
according to Yang et al. [18]. Crude soybean oil (100 g) 
was heated to 70 °C in a water bath, and 0.13 mL of a 
45 % citric acid solution was added under high shear rate 
(10,000 rpm) for 1 min. The oil mixture was then allowed 

to mix at 70 °C for 25 min with stirring at 500 rpm. The 
temperature was then decreased to 45–65 °C, and a 4 % 
(w/w) NaOH solution was added to adjust the mixture 
pH (4.4–6.0). After 5 min of stirring (500 rpm), a 2–4 % 
volume of distilled water was added, and the enzyme was 
mixed into the oil under high shear rate (10,000 rpm) for 
1 min. The mixture was then stirred (500 rpm) in a water 
bath at temperature (45–65 °C) for a various times (0–5 h), 
before being heated to 95 °C for 10 min to inactivate the 
enzyme. After the reaction, the oil mixture was quickly 
centrifuged at 10,000 rpm for 10 min (HITACHI, model 
CR21G). The supernatant was collected and dried by rotary 
evaporation at 0.09 MPa and 80 °C and the gums were 
saved for additional analyses. Control runs were conducted 
maintaining all the conditions as described above but with-
out the addition of enzyme.

FFA Content and Fatty Acid Composition

The FFA content of the sample was determined in 
accordance with GB/T 5530-2005 (National Stand-
ard of the People’s Republic of China, 2005). The fatty 
acid composition (FA) of the sample was analyzed 
by GC equipped with a PEG-20000 capillary column 
(30 m × 0.25 mm × 0.25 µm), a flame ionization detector 
(FID) and nitrogen as carrier gas. The injection was per-
formed in split mode with a split ratio of 1:50. The fatty 
acid methyl ester (FAME) solution was prepared with BF3-
CH3OH (GB/T 17376-2008). One microliter of FAME 
solution was injected at an injector temperature of 250 °C, 
with a column temperature program as follows: 100 °C 
(3 min), 100–180 °C (20 °C/min), 180 °C (4 min), 180–
235 °C (12 °C/min), 235 °C (15 min). The FID tempera-
ture was 250 °C, and the carrier gas was nitrogen with a 
total volumetric flow of 60 mL/min. The FA composition 
reported was based on the relative FID response areas.

Oxidative Stability and Trace Metal Ion Assay

Oil oxidative stability was analyzed with a Metrohm 743 
Rancimat (Herisau, Switzerland) instrument. Samples of 
3.0 g were analyzed in a heating block at 110 °C and with 
a constant air flow of 10 L/h. The elements Fe, Ca, and Mg 
were analyzed by inductively coupled plasma optical emis-
sion spectroscopy according to AOCS method Ca 20–99.

Analysis of Phospholipids in the Gums

Analysis of phospholipids in the gums was modified 
according to the procedure from Avalli et al. [19]. After 
degumming, the gum was dried by rotary evaporation, and 
a residue was obtained. The residue (0.5 g) was dissolved 
in 5 mL of chloroform–methanol (2:1, v/v), and 0.5 mL 
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of the solution was applied to a silica gel bonded column 
(Supelclean LC-SI, 6 mL volume, 1 g sorbents, Supelco 
Bellefonte, USA). After conditioning with hexane, the non-
polar lipids were eluted with 3 mL of hexane/diethyl ether 
(8:2, v/v), followed by 3 mL of hexane/diethyl ether (1:1, 
v/v). Thin layer chromatography (TLC) was used to test for 
the removal of non-polar lipids. The recovery of phospho-
lipids was performed by eluting with 4 mL methanol four 
times, followed by eluting with 4 mL methanol plus 2 mL 
chloroform/methanol/water (3:5:2, v/v/v) four times. The 
recovered fraction was collected and dried by rotary evapo-
ration and then re-dissolved in 2 mL of chloroform/metha-
nol (2:1, v/v) before HPLC analysis.

The composition of PC, PE, PI, PA, LPC, LPE, LPI 
and LPA in the gums was analyzed with an Agilent 1100 
series liquid chromatograph equipped with a Thermo 
Scientific Dionex Corona Ultra RS detector. The column 
(4.6 × 250 mm, 5 μm particles, Agilent ZORBAX RX-
SIL) was performed at 35 °C. Three solvents were used 
to elute the phospholipids. Solvent A was 10 mM ammo-
nium acetate/isopropanol (1/2, v/v); solvent B was n-hex-
ane; and solvent C was isopropanol. The elution gradient 
was as follows: 0–22 min (6–18 % A, 40 % B, 54–42 % 
C), 22–27 min (18 % A, 40 % B, 42 % C), 27–30 min 
(18–27 % A, 40 %B, 42–33 % C), 27–46 min (27–30 % 
A, 40 % B, 33–30 % C), 46–50 min (30–6 % A, 40 %B, 
30–54 % C), and 50–55 min (6 % A, 40 % B, 54 % C). 
Samples were applied as 15-μL injections and the flow 
rate was 1 mL/min.

The composition of GPC and GPE in the gums was 
determined in accordance with Zhang et al. [20]. Samples 
were analyzed by HPLC–ELSD on a Waters 1525 liquid 
chromatograph (Waters Corp., Milford, MA, USA). The 
column (4.6 × 250 mm, 5-μm particles, LiChrospher Si, 
Sigma–Aldrich Corp.) was performed at 35 °C. The sol-
vents used for elution were methanol (D) and methanol/
water (8/1, v/v) (E). The elution gradient was as follows: 
0–10 min (60–40 % D), 10–15 min (40 % D), 15–18 min 
(40–60 % D), and 18–23 min (60 % D). Samples were 
applied as 15-μL injections and the flow rate was 0.97 mL/
min.

The components of the samples were identified and 
quantified by comparison with peak retention times and 
calibration curves of standard compounds.

Analysis of DAG in Oil

Degummed oil samples were diluted with n-hexane (10 mg/
mL) and analyzed by HPLC–ELSD on a Waters 1525 liq-
uid chromatograph (Waters Corp., Milford, MA, USA) 
equipped with a LiChrospher Si column (2.0 × 250 mm, 
5-μm particles, Hanbon Screrce & Technology Corp., 
China) at 35 °C. A binary solvent system was used to effect 

elution. Solvent F was n-hexane/isopropanol (99/1, v/v), 
and solvent G was n-hexane/isopropanol/glacial acetic 
acid (1/1/0.01, v/v/v). The elution gradient was as follows: 
0–14 min (100–70 % F), 14–15 min (70–100 % F), and 
15–20 min (100 % F). Samples were applied as 5-μL injec-
tions and the flow rate was 0.3 mL/min. Components of the 
samples were identified by comparison with peak retention 
times of standard compounds.

Experimental Design and Statistical Analysis

All experiments were performed in triplicate with all data 
expressed as mean values ± standard deviations of inde-
pendent triplicate experiments. Statistical analysis was per-
formed with Origin 8.0 software (OriginLab Ltd., USA). 
One-way ANOVA was carried out and Tukey adjustment 
was used to determine the significant difference between 
treatments. Significant differences were declared at 
P ≤ 0.05.

Results and Discussion

PLA1 and PLC Activity

The activity of PLA1 and PLC were assayed to be 8,670 
and 150 U/mL, respectively. Substrates of PC and PE can 
be hydrolyzed to form DAG by the PLC used in this study, 
while substrates of PI or PA cannot be hydrolyzed by this 
kind of PLC.

Water and Citric Acid Degumming Processes

The phosphorus content of crude soybean oil was originally 
697.9 ± 13.6 mg/kg, and after water and citric acid degum-
ming the phosphorus content was reduced to 128.4 ± 2.0 
and 28.7 ± 2.1 mg/kg, respectively. The treatment with cit-
ric acid could allow for the dissociation of the salts of some 
NHP to make them slightly more hydratable, facilitating 
the separation of NHP from oils, and the result obtained 
was consistent with those of Pan et al. [21].

Enzymatic Degumming Process

Figure 1a shows the effect of reaction time on the residual 
phosphorus content of degummed soybean oil. Compared 
with the control sample without enzyme, both PLA1 and 
PLC reduced the phosphorus content of the degummed oil 
with an increase in reaction time. The residual phosphorus 
could be decreased from about 25 mg/kg (Fig. 1a, control) 
to less than 10 mg/kg by PLA1 treatment, which indicated 
that PLA1 was capable of hydrolyzing almost all the phos-
pholipids present in the oil when given enough reaction 



2129J Am Oil Chem Soc (2014) 91:2125–2134 

1 3

Fig. 1  Effects of reaction time, reaction temperature, water amount 
(relative to the weight of oil), enzyme dosage (relative to the weight 
of oil) and pH on the reduction of phosphorous content of soy-
bean oil: a temperature = 50 °C, water amount = 3 %, PLA dos-
age = 30 mg/kg, PLC dosage = 300 mg/kg, pH = 5.0, no enzyme for 
control sample, b reaction time = 4 h for PLA and 2 h for PLC, water 
amount = 3 %, PLA dosage = 30 mg/kg, PLC dosage = 300 mg/kg, 
pH = 5.0, no enzyme for control sample, c reaction time = 4 h for 

PLA and 2 h for PLC, temperature = 50 °C for PLA and 55 °C for 
PLC, PLA dosage = 30 mg/kg, PLC dosage = 300 mg/kg, pH = 5.0, 
no enzyme for control sample, d reaction time = 4 h for PLA and 
2 h for PLC, temperature = 50 °C for PLA and 55 °C for PLC, water 
amount = 3.5 %, pH = 5.0, e reaction time = 4 h for PLA and 2 h 
for PLC, temperature = 50 °C for PLA and 55 °C for PLC, PLA dos-
age = 40 mg/kg, PLC dosage = 300 mg/kg, water amount = 3.5 %, 
no enzyme for control sample
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time [22]. However, the treatment of PLC only provided a 
small decrease from about 25 to 18.2 ± 0.8 mg/kg within 
2 h and no further phosphorus reduction was observed at 
later times. This appears to occur because PLC only cata-
lyzed some phospholipids, such as PC and PE but not PI or 
PA. Therefore, the PLC degummed oil would need further 
treatment to be suitable for physical refining.

Figure 1b shows the effect of reaction temperature on 
the residual phosphorus content of degummed soybean 
oil. The PLA1 used in this study has inherent activity 
towards both phospholipids and triglycerides. At tempera-
tures over 40 °C, the phospholipase activity predominates, 
and the lipase activity is partly suppressed [6]. In this 
study, we needed to utilize the phospholipase activity of 
PLA1, so the reaction temperature was studied between 45 
and 65 °C. The residual phosphorus content of the PLA1 
or PLC degummed oil showed an initial decreasing trend 
with temperature but then showed an increasing pattern 
as the reaction temperature increased further. High tem-
peratures can increases the reaction rate as it reduces the 
viscosity of the lipid mixture and enhances the contact of 
the enzyme with substrate at the oil–water surface. How-
ever, temperature beyond the enzyme’s optimal value will 
greatly reduce the stability and half-life of the enzyme 
[23]. In this study, the optimal reaction temperatures 
for PLA1 and PLC were 50 and 55 °C, respectively. The 
residual phosphorus content was reduced to 8.2 ± 0.6 mg/
kg at 50 °C by PLA1 within 4 h, and to 15.6 ± 1.2 mg/kg 
at 55 °C by PLC within 2 h.

Figure 1c shows the effect of the water addition on the 
residual phosphorus content of the degummed soybean oil. 
Too little water may not allow the phospholipids particles 
to flocculate, whereas too much water can promote emul-
sification making the centrifugal separation of the gums 
more difficult. In this study, the optimal amount of water 
was 3.5 % (relative to the weight of oil) for both enzymes, 
and the residual phosphorus contents were 14.6 ± 0.7 and 
7.5 ± 0.6 mg/kg for PLC and PLA1, respectively.

Figure 1d shows the effect of enzyme dosage on the 
residual phosphorus content of degummed soybean oil. 
With the other variables fixed, the residual phosphorus con-
tent of soybean oil treated by PLA1 and PLC both declined 
with increasing enzyme dosage first, but then the ten-
dency to decrease became very slow with further addition 
of enzyme. Phospholipase-catalyzed reactions takes place 
at the interface between the aqueous phase containing the 
enzyme and the oil phase containing the phospholipid [22]. 
When the interfacial area provided by mechanical-stirring 
is fully accommodated by the substrates (phospholipids) 
and enzyme, there is no need to add more enzyme. Addi-
tionally, any excess enzyme dosage at higher concentra-
tions is more liable to agglomerate, which will reduce the 
actual effective reaction area on the phases. The optimal 

enzyme dosages chosen for PLA1 and PLC were 40 and 
300 mg/kg, respectively.

Figure 1e shows the effect of pH on the residual phos-
phorus content of degummed soybean oil. The control 
sample indicated that the residual phosphorus was continu-
ously decreased by raising the pH. It might be expected if 
some NHP are decomposed by an acid pretreatment, and 
the addition of caustic to raise the pH could prohibit the 
re-forming of the NHP and facilitate their transfer to the 
aqueous phase [22]. Compared with the control sample, the 
addition of PLA1 or PLC lowered the residual phosphorus 
of soybean oil over the range of pH levels studied. The low-
est contents of residual phosphorus were obtained at pH 5.0 
and pH 5.4 for PLA1 and PLC, respectively.

The optimum reaction parameters for the PLA1 reaction 
were a 50 °C temperature, 4 h reaction time, 40 mg/kg PLA1 
dose, 3.5 % water addition, and a pH of 5.0. The residual 
phosphorus of PLA1 degummed oil was 4.1 ± 0.3 mg/kg, 
which is suitable for physical refining. For PLC degum-
ming, the optimum conditions were 55 °C temperature, 2 h 
of reaction time, 300 mg/kg PLC dose, 3.5 % water addi-
tion and a pH of 5.4. These conditions resulted in a residual 
phosphorus content of 14.1 ± 0.5 mg/kg.

Effects of Different Treatments on the Quality 
of Degummed Soybean Oil

An overview of the effects of different degumming treat-
ments on the quality of soybean oil is given in Table 1. It 
is well known that PLA1 hydrolyzes sn-1 fatty acid bond 
of phospholipids to release FFA. Suppose one phospholipid 
molecule releases only one fatty acid by the treatment of 
PLA1, there will be about a 0.1 % increase in FFA when 
the phosphorus content is decreased by 100 mg/kg. In our 
study, the phosphorus content of soybean oil decreased 
from 697.9 ± 13.6 to 4.1 ± 0.3 mg/kg by PLA1 degum-
ming, and an increase of about 1.3 % in FFA was observed, 
which almost doubled the expected value of 0.7 %. The 
PLA1 used in this study exhibited high phospholipase activ-
ity and minor lipase activity at 50 °C [6]. Therefore it does 
not act as a lipase to hydrolyze the triacylglycerols in the 
oil. The additional FFA generated during the PLA1 degum-
ming might be attributed to the spontaneous acyl-migration 
from the sn-2 position to the sn-1 position. So that PLA1 
could further catalyze the sn-1 bound fatty acids after acyl-
migration. The schematic diagram of this effect is shown 
in Fig. 2. In contrast, PLC cleaves the phosphorus–oxygen 
bond between glycerol and phosphate releasing DAG and 
phosphate esters, thus no significant difference (P > 0.05) 
was found in the FFA content among crude, control and 
PLC degummed soybean oils (Table 1).

The FA composition of phospholipids in soybean oil 
was very close to that of triacylglycerols in the oil. Only 
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a slight decrease was found in stearic acid after PLA1 deg-
umming (P ≤ 0.05). This might be attributed to the differ-
ence in fatty acid distribution on the phospholipids.

Compared with the crude soybean oil, the contents 
of Fe, Ca and Mg were significantly decreased after the 

degumming treatments (P ≤ 0.05). The pretreatment with 
citric acid during the degumming process probably facili-
tates the removal of metal ions by decomposing the metal 
salts of NHP. Compared with the control sample, the PLA1 
treatment significantly reduced the Mg content to about 

Table 1  Overview of the FFA, the FA composition, metal ions and oxidative stability of degummed soybean oils after different kinds of treat-
ments

The letters of A, B and C represent the differences among different treatments: the same letter indicates no significant difference (P > 0.05), dif-
ferent letters indicate a significant difference (P ≤ 0.05)
a Expressed as oleic acid
b Results are the means of triplicates ± SD
c Crude soybean oil
d Control sample: reaction temperature = 50 °C, water amount = 3.5 %, reaction time = 4 h, pH = 5.0, no enzyme
e PLA degummed oil: reaction temperature = 50 °C, water amount = 3.5 %, reaction time = 4 h, pH = 5.0, dosage = 40 mg/kg
f PLC degummed oil: reaction temperature = 55 °C, water amount = 3.5 %, reaction time = 2 h, pH = 5.4, dosage = 300 mg/kg

Parameters Crudec Controld PLAe PLCf

FFAa (g/100 g) 1.14 ± 0.09b,A 1.20 ± 0.11A 2.45 ± 0.13B 1.10 ± 0.08A

Minerals (mg/kg)

 Fe 7.6 ± 0.5A 0.7 ± 0.6B 0.3 ± 0.5B 1.0 ± 0B

 Ca 32.3 ± 1.6A 3.3 ± 0.6B 2.3 ± 0.6B 3.7 ± 0.6B

 Mg 56.3 ± 1.5A 9.7 ± 1.1B 1.0 ± 0C 7.3 ± 0.5B

FA (%)

 16:0 10.8 ± 0.5A 10.5 ± 0.5A 10.3 ± 0.3A 11.0 ± 0.4A

 18:0 4.2 ± 0.2A B 4.4 ± 0.2A 3.8 ± 0.1B 4.1 ± 0.1A B

 18:1 24.4 ± 0.6A 24.5 ± 0.2A 23.7 ± 0.7A 24.3 ± 0.7A

 18:2 53.2 ± 0.8A 53.5 ± 0.50A 54.2 ± 0.8A 53.5 ± 1.1A

 18:3 6.7 ± 0.3A 6.6 ± 0.4A 7.2 ± 0.3A 6.5 ± 0.3A

Oxidative stability (h) 10.4 ± 0.5A 8.8 ± 0.3B 8.3 ± 0.6B 8.9 ± 0.5B

Fig. 2  The schematic diagram 
of acyl-migration
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1 mg/kg (P ≤ 0.05). However, an effect of PLC treatment 
on the Mg content was not obvious (P > 0.05). As PLA1 
decreases the phospholipids more efficiently, almost all the 
metal ions were separated with the phospholipid fraction.

It is well known that the removal of metal ions could 
retard the automatic oxidation of oil and improve its oxi-
dative stability. However, in our study, the oxidative stabil-
ity of soybean oil showed a slight decrease after the dif-
ferent degumming processes (P ≤ 0.05), which might be 
explained by phospholipids acting as natural antioxidants 
that postpone the rate of oil oxidation [24, 25].

HPLC–ELSD Analysis of Phospholipids in the Gums

Figure 3 shows the composition of phospholipids in 
the gum after the different enzyme treatments. The 
first sample was taken just after enzyme addition to the 

pretreated oil (t = 0), where phospholipids were not 
hydrolyzed by the enzyme. In soybean oil, the most 
abundant phospholipid in the gum detected by HPLC–
ELSD is PC (217.8 ± 10.8 mg/g gum), followed by PE 
(161.4 ± 12.9 mg/g gum), PI (74.6 ± 10.1 mg/g gum) and 
PA (30.9 ± 4.2 mg/g gum). In PLC degumming (Fig. 3a), 
most of the PC and PE were hydrolyzed during the first 
1.5 h, and only small levels were detected after 2 h. As 
most PC and PE were hydrolyzed, the relative content of 
PA and PI in the gum increased steadily along with the 
reaction time. These results show that the PLC used in this 
study could only catalyze the phosphate group from PC and 
PE, and had no activity on PI or PA.

In the PLA1 degumming (Fig. 3b), a fast decrease in PC, 
PE and PA was observed in the first 2 h, and the tendency 
to decrease slowed. However, the content of PI decreased 
faster after 2 h of treatment. Over the same time, the content 

Fig. 3  Effects of different treatments on the composition of phospholipids in the gum: a temperature = 55 °C, water amount = 3.5 %, 
pH = 5.4, PLC dosage = 300 mg/kg, b, c temperature = 50 °C, water amount = 3.5 %, pH = 5.0, PLA dosage = 40 mg/kg
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of LPC, LPE, LPA and LPI showed an initial increasing 
then a decreasing pattern, and the content of GPC and GPE 
increased constantly (Fig. 3c). These results indicated that 
the PLA1 used in this study hydrolyzed all phospholipids 
in the crude soybean oil, and it was a very efficient catalyst 
for converting PC and PE to GPC and GPE, respectively. 
Furthermore, a decrease in LPA and LPI was observed 
after 1.5 and 3 h, respectively, indicating the existence of 
further decomposition of these lipids. The reaction trends 
suggest that the sn-1 fatty acid of phospholipids was hydro-
lyzed by PLA1 to produce 2-acyl lyso-phospholipids, then 
spontaneous acyl-migration occurred in which the sn-2 acyl 
moved to the sn-1 position to form 1-acyl phospholipids, 
and finally PLA1 hydrolyzed the remaining 1-acyl group 
to produce the glycerol-phospholipids. These results were 
consistent with previous reports [12].

HPLC–ELSD Analysis of DAG Content

Figure 4 shows the effect of different treatments on the 
DAG content of degummed soybean oil. Compared to the 
crude soybean oil, PLA1 treatment did not change the DAG 
content in the oil, indicating it was incapable of cleaving the 
phosphorus–oxygen bond between glycerol and phosphate. 
In addition, PLA1 used in this study acted as a phospholi-
pase rather than a lipase. Therefore it does not hydrolyze 
the triacylglycerols in the oil to release DAG. On the other 
hand, treatment with PLC should increase the DAG content 
of degummed oil (Fig. 4). Though the DAG content was 

not quantified in this study, other researchers stressed the 
importance of the improved oil yield resulting from the use 
of PLC. For example, an increase of 1 % for every 500 mg/
kg phosphorus was claimed in Barton’s recent presentation 
[26]. The main reasons for this oil yield increase are [1] the 
DAG formed by hydrolyzing PC and PE is counted as oil 
and [2] the absolute amount of oil retained in the gum is 
decreased when the phospholipids are hydrolyzed by PLC.

Conclusion

The present study showed that PLA1 employed for soy-
bean oil degumming was effective and could reduce the 
phosphorus content to less than 10 mg/kg under optimal 
conditions. However, oil treated with PLC would require 
further treatment to make it suitable for physical refining. 
After PLA1 degumming, an increase of about 1.3 % FFA 
was found, approximately double the expected value of 
0.7 %, which suggests the existence of acyl-migration dur-
ing the PLA1 degumming process. Treatment with PLC did 
not result in increased levels of FFA but it did increase the 
1,2-DAG content in the oil by hydrolyzing PC and PE. A 
kinetic study on the changes of phospholipids composition 
in the gum was carried, and the results showed that PLA1 
degumming could catalyze the conversion of some kinds of 
phospholipids into glyceryl-compounds under appropriate 
conditions. The conversion of PC to GPC and PE to GPE 
were detected, which further supports the existence of acyl-
migration during the PLA1 degumming process. A slight 
decrease in oxidative stability of soybean oil was observed 
after the degumming treatments, and most of the metal ions 
contained in the oil were removed together with phospho-
lipids. The FA composition of soybean oil remained almost 
unchanged after the different treatments.
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