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1. Introduction

Crude soybean oil contains approximately 3% of 
phospholipids, which leads to dark-colouring and off-
flavours during refining and storage; it therefore needs to 
be removed (Li et al., 2016; Zamora et al., 2004). Traditional 
degumming processes include acid treatment and water 
degumming, which remove most of the phospholipids 
but produce a large amount of waste water polluting 
the environment, and also cause the loss of neutral oil, 
reducing the soybean oil refining rate (Dayton et al., 
2013; Mei et al., 2013). The new degumming technologies 
include membrane degumming, adsorption degumming 
and enzymatic degumming (Laatikainen et al., 2015; 
Subrahmanyam et al., 2006). Enzymatic degumming is 
widely used because of its mild reactive conditions, wide 
scope of application, high oil yield and high quality of oil. 
Phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylinositol (PI) and phosphatidic acid (PA) are the 
main components of phospholipids in crude soybean oil 
(Lamas et al., 2014, 2016; Yang et al., 2014). Phospholipase 
C (PLC) hydrolyses the sn-3 phosphate ester bond on the 
glycerol side, producing a 1,2-diacylglycerol (1,2-DAG) 
and a free head group (Palvannan and Boopathy, 2005; Piel 
et al., 2017). This process removes PC, PE and increases 
the recovery of oil. Since the generated 1,2-DAGs remain 
in the oil during refining, they contribute to the oil yield. 
In addition, the smaller quantity of triacylglycerols are 
trapped due to the reduction of the emulsion produced by 
the gum (Dijkstra, 2010; Elena et al., 2016). Phospholipase 
A1 (PLA1) cleaves the sn-1 ester bond, yielding a free fatty 
acid and an sn-2-lysophospholipid that easily form sn-
1-lysophosphatide. PLA1 continues to hydrolyse sn-1-
lysophospholipid resulting in the reduction of hydrolysis 
efficiency. Phospholipase A2 (PLA2) targets the sn-2 
ester, but its enzyme activity is lower than PLA1. PLA can 
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significantly reduce the levels of phospholipids in crude 
soybean oil, but the acid value of soybean oil could increase, 
and the degumming time takes longer. Some researchers 
used PLC and PLA to reduce the phosphorus content of 
crude soybean oil, but PLC and PLA have their own suitable 
temperature and pH. If they hydrolyse phospholipids 
under the same conditions, the effect of degumming will 
be reduced. At the same time, the free phospholipases are 
very sensitive to pH and temperature and cannot be easily 
reused. So, the immobilisation of phospholipases is of great 
significance for improving their reusability.

Enzymes are immobilised on different materials by physical 
or chemical methods. Enzyme immobilisation methods 
usually involve entrapping, covalent bonding and cross-
linking (Garcia-Galan et al., 2011; Xie and Wang, 2012). 
The immobilised materials are generally natural polymer 
materials and nanomaterials. The nanoparticle can provide 
a larger surface area for enzyme attachment, leading to 
higher enzyme loading per unit mass of particles. Previously 
we successfully immobilised PLA on calcium alginate, 
calcium alginate-chitosan and calcium alginate-gelatine, 
and applied it to the degumming of crude soybean oil. Since 
the viscosity of heavy phase produced during degumming 
is high, it is difficult to separate the immobilised enzyme 
(Yu et al., 2012, 2014). Recently, some studies focused 
on immobilised phospholipase and lipase on a magnetic 
carrier to separate enzyme from substrate (Liu et al., 2013; 
Qu et al., 2016). Yu et al. (2013) immobilised PLA1 on 
Fe3O4/SiOx-g-P (glycidyl methacrylate (GMA)); it had a 
broader pH-activity profile of pH 4.5-6.5, was remarkably 
stable at 45-55 °C for 7 h and was easily separated from 
the substrate. It still possessed more than 80% of its initial 
activity after 6 cycles of the degumming process. Therefore, 
the magnetic immobilised enzyme is not only separated 
from the substrate, but it can also be reused in a magnetic 
field.

In this work, free PLC was immobilised onto magnetic 
nanoparticle carriers. The effect of enzyme loading, 
enzymatic activity and enzymatic properties of four 
types of magnetic immobilised PLC were investigated. 
The effects of the hydrolysis temperature and time on the 
residual phosphorus levels in crude soybean oil were also 
studied. The reusability of magnetic immobilised PLC 
and content changes of crude soybean oil compositions 
during hydrolytic process were also evaluated. This research 
provides a theoretical basis for the application of magnetic 
immobilised PLC to continuous degumming in magnetic 
fluidised bed.

2. Materials and methods

Materials

PLC, with a phospholipase activity of 17,000 U/g, was 
purchased from Dutch State Mines (DSM) nutritional 
products Ltd (Heerlen, the Netherlands). Crude soybean 
oil was provided by Jiusan Group (Harbin, China P.R.) with 
an original phosphorus content of 800 mg/kg. Sodium 
alginate (MPCSA), magnetic chitosan microparticles 
(MCM), Fe3O4/P (GMA-EDGM-St) and Fe3O4/SiOx-g-P 
(GMA) were prepared by our own laboratory. PC, PE, 
PI, PA, 1,2-DAG and p-nitrophenylphosphorylcholine 
with purities greater than 98% were purchased from Sigma 
Chemical Ltd. (St. Louis, MO, USA). All other analytical 
grade reagents were purchased from Sinopharm Chemical 
Reagent Co. Ltd. (Shanghai, China P.R.).

Production of magnetic immobilised PLC

The free PLC was cross-linked with MCM and MPCSA 
by glutaraldehyde (Qu et al., 2016). Epoxy groups on the 
surface of Fe3O4/P (GMA-EDGM-St) and Fe3O4/SiOx-g-P 
(GMA) form covalent bonds with amino groups on the 
surface of PLC to complete the immobilisation under mild 
conditions (Lin and Doong, 2011; Milosavić et al., 2007; 
Xu et al., 2005). The preparation of PLC-MCM and PLC-
Fe3O4/P (GMA-EDGM-St) was performed according to 
the method described by Qu et al. (2016). At first, 1.0 g of 
MPCSA was soaked in phosphate buffer (0.1 mol/l, pH=7) 
for 24 h. After separation with a magnet, the supports were 
transferred into a PLC solution (0.02 g/ml). The mixture was 
shaken for 5 h at 55 °C and subsequently mixed with 3.0 ml 
of glutaraldehyde solution. This mixture was then kept for 
5 h at 55 °C. Next, the magnetic nanoparticles containing 
immobilised PLC were separated with a magnet. Following 
separation, the supernatant was decanted, and the particles 
were washed at least three times with phosphate buffer to 
obtain PLC-MPCSA. PLC-MPCSA was preserved at 4 °C 
until use. 1.0 g Fe3O4/SiOx-g-P (GMA) were immersed in 
phosphate buffer (0.1 mol/l, pH=7) for 24 h. After magnetic 
separation, the magnetic carriers were transferred into a 
PLC solution (0.02 g/ml) and stirred at 55 °C for 5 h. The 
magnetic immobilised PLC was separated and washed 
with phosphate buffer three times to prepare PLC-Fe3O4/
SiOx-g-P (GMA). PLC-Fe3O4/SiOx-g-P (GMA) was 
preserved at 4 °C (Qu et al., 2016). The enzyme loading 
of magnetic immobilised PLC was detected as described 
by the Bradford method (Bradford, 1976). The activity of 
magnetic immobilised PLC was determined by the method 
of Jiang et al. (2015a). The secondary structure of PLC 
after immobilisation was determined by circular dichroism 
spectra.
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Enzymatic characteristics of magnetic immobilised PLC

Several samples (2 g/100 g soybean lecithin emulsions) 
were prepared in phosphate buffer (0.1 mol/l) with different 
pH values. The optimum temperature was 55 °C, and the 
additive contents of free and magnetic immobilised PLC 
were 2.7 mg/kg and 110 mg/kg, respectively. The effect 
of pH (in the range 4.0-7.5) on the relative activity of free 
and magnetic immobilised PLC was studied. The effect 
of temperature on the relative activity of free PLC and 
magnetic immobilised PLC was determined using a 2 
g/100 g lecithin emulsion at temperatures ranging from 
40 °C to 75 °C at the previously determined optimum pH. 
The highest activity measured over the range of pH and 
temperatures was designated as 100%, and the activities at 
other pH and temperatures were calculated as proportions 
of the highest activity.

Reusability of magnetic immobilised PLC

The magnetic immobilised PLC was added to substrate 
and hydrolysed for 2 h at optimum pH and temperature 
conditions. The magnetic immobilised PLC was separated 
by magnets and then washed with 1 mol/l phosphate buffer 
to its optimum pH. The residual enzyme activity after each 
cycle was defined as the value proportional to the original 
activity (100%).

Effect of magnetic immobilised PLC on hydrolysis of 
phospholipids in crude soybean oil

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 (29 g) for 20 min. The temperature 
was then decreased to 45-65 °C, and a 4% (w/w) NaOH 
solution was added to adjust the mixture pH. Magnetic 
immobilised PL was then added to the oil at a certain 
dosage rate. The mixture was incubated with continuous 
stirring at 5×g for various times (0-2.5 h). After the reaction, 
the oil mixture was quickly centrifuged at 117×g for 10 
min. The residual phosphorus content in the oil phase 
was determined according to the AOCS method 12-55 
(Brühl, 1997). Reusability of magnetic immobilised PLC 
in the process of crude soybean oil degumming was also 
studied. Magnetic immobilised PLC, which has better 
characteristics than other magnetic immobilised PLC, 
was used to degum in crude soybean oil. The mixture was 
dried with a vacuum of 0.096 MPA and at a temperature 
of 80 °C for 4 h in a vacuum dryer, and then homogenised 
after reaction. The content changes of crude soybean oil 
compositions during hydrolytic process were studied, and 
the method of determination referenced to Ravasi et al. 
(2015). The formula for determining the oil yield after 
degumming is as follows:

Oil yield (%) = M1 / M2 × 100

Where, M1 = the quantity of oil after degumming (g); M2 
= the quantity of crude soybean oil (g).

Statistical analysis

All experiments were carried out in triplicate to allow for 
the calculation of means. Statistical analysis was performed 
with Origin 8.5 software (OriginLab Ltd., Northampton, 
MA, USA). One-way ANOVA was performed using SPSS 
17 Statistical software (SPSS Inc., Chicago, IL, USA). 
According to Duncan’s Multiple Range Test, differences 
were considered to be significant at P≤0.05.

3. Results and discussion

Magnetic immobilised PLC

The enzyme loadings and activity

As shown in Figure 1A, the enzyme loadings of MPCSA, 
MCM, Fe3O4/P (GMA-EDGM-St) and Fe3O4/SiOx-
g-P (GMA) were 61.62, 68.95, 90.63 and 135.64 mg/g, 
respectively. The enzyme loading of Fe3O4/SiOx-g-P 
(GMA), compared to the other three types of magnetic 
immobilised PLC, was highest. The results were close to 
Lin’s, that was 98.4 mg/g protein Fe3O4/SiOx-g-P (GMA) 
(Lin and Doong, 2011). The enzyme activities of PLC-
MPCSA, PLC-MCM, PLC-Fe3O4/P (GMA-EDGM-St) 
and PLC-Fe3O4/SiOx-g-P (GMA) were 6,912, 7,106, 7,890, 
8,560 U/g, respectively (Figure 1B). The free PLC is suitable 
for immobilising on the four magnetic carriers due to the 
enzyme loading, and the enzyme activities of magnetic 
immobilised PLC were higher.

Circular dichroism analysis

The secondary structures of free PLC and four magnetic 
immobilised PLC were analysed by circular dichroism. The 
results are shown in Figure 2. All five PLCs had positive 
peaks near 190 nm and negative peaks at 222 nm, indicating 
the existence of α-helix; positive peaks at 195-198 nm and 
negative peaks near 218 nm, indicating the existence of 
β-sheet; and absorption peaks at 212 nm, indicating the 
existence of random coil. The ratio of secondary structure 
is shown in Table 1. After immobilisation, the secondary 
structure of PLC changed, the content of α-helix decreased, 
and the content of β-sheet, β-turns and random coil 
increased in varying degrees. The change in alpha helix of 
PLC-Fe3O4/SiOx-g-P (GMA) was relatively small, and the 
content of random curl increased slightly, so the effect of 
immobilisation on its secondary structure was relatively 
small.



D. Yu et al.

318� Quality Assurance and Safety of Crops & Foods 11 (4)

Sodium alginate Chitosan Fe3O4/P Fe3O4/SiOx-g-P Sodium alginate Chitosan Fe3O4/P Fe3O4/SiOx-g-P
0

30

60

90

120

150
En

zy
me

 lo
ad

ing
 (m

g/g
)

Polymer carrier 

d

a

b

c

A

0

2,000

4,000

6,000

8,000

En
zy

me
 ac

tiv
ity

 (U
/g)

Polymer carrier 

A
B

CD

B

Figure 1. Enzyme load of magnetic carriers (A) and enzyme activity of the four types of magnetic immobilised phospholipase C 
(PLC) (B). Superscript letters indicate homogenous sub-classes as resulted from ANOVA (P<0.05, Duncan’s new multiple range test).
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Figure 2. Circular dichroism spectra of free and magnetic immobilisation phospholipase C (PLC).

Table 1. Secondary structure composition of free phospholipase C (PLC) and magnetic immobilised PLC (%).1

Enzyme α-helix (%) β-sheet (%) β-turns (%) random coil (%)

Free PLC 11.2 26.6 22.9 39.3
PLC-MPCSA 6.8 27.4 23.3 42.5
PLC-MCM 7.3 27.2 23.3 42.2
PLC-Fe3O4/P (GMA-EDGM-St) 8.7 27.0 23.1 41.2
PLC-Fe3O4/SiOx-g-P (GMA) 9.7 26.9 23.0 40.4

1 MCM = magnetic chitosan microparticles; MPCSA = sodium alginate; GMA = glycidyl methacrylate.
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Effect of pH on the relative activity of free and magnetic 
immobilised PLC

The effect of pH values on the relative activity of free and 
magnetic immobilised PLC to hydrolyse soybean lecithin 
emulsions was determined at 55 °C for 2 h, and the results 
are shown in Figure 3. The maximum activity of free PLC 
was obtained at pH 5.5. The optimum pH was 6.0 for PLC-
MPCSA and PLC-MCM and 6.5 for PLC-Fe3O4/P (GMA-
EDGM-St) and PLC-Fe3O4/SiOx-g-P (GMA). The optimum 
pH of magnetic immobilised PLC is obviously higher than 
free PLC, and it shifts from 5.5 to neutrality. Magnetic 
carriers attach to negative charges since a large number of 
carboxyl groups exist on the surface of MPCSA, Fe3O4/P 
(GMA-EDGM-St), Fe3O4/SiOx-g-P (GMA); the pH of 
magnetic immobilised PLC shifts toward the alkaline side 

(Liu et al., 2013). Amino/amine groups of MCM carrier 
also cause the shift of pH to the alkaline side (Chang and 
Juang, 2005). The conformation of free PLC was changed 
when it was immobilised, and destruction of the catalytic 
centre of the magnetic immobilised PLC was reduced by 
the change in solution pH (Qu et al., 2016). Thus, magnetic 
immobilisation improves the optimum pH of PLC.

Effect of temperature on the relative activity of free and 
magnetic immobilised PLC

The effect of temperature on the relative activity of free 
and magnetic immobilised PLC was determined using 
soybean lecithin emulsions as substrate at optimum pH for 
2 h (Figure 4). In the graph, the optimum temperature for 
free PLC was found to be 55 °C. The optimum temperature 
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Figure 3. Effect of pH on the relative activity of free and magnetic immobilised phospholipase C (PLC). Superscript letters indicate 
homogenous sub-classes as resulted from ANOVA (P<0.05, Duncan’s new multiple range test).

Figure 4. Effect of temperature on the relative activity of free and magnetic immobilised phospholipase C (PLC). Superscript letters 
indicate homogenous sub-classes as resulted from ANOVA (P<0.05, Duncan’s new multiple range test).
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for PLC-MPCSA and PLC-MCM was 60 °C. The optimum 
temperature for PLC-Fe3O4/P (GMA-EDGM-St) and PLC-
Fe3O4/SiOx-g-P (GMA) was 65 °C. These results indicate 
that the optimum temperature for magnetic immobilised 
PLC is higher than free PLC, and that PLC-Fe3O4/SiOx-g-P 
(GMA) is 10 °C higher than for free PLC. The carriers can 
protect the enzyme proteins against changes in the enzyme 
conformation after immobilising, which in turn protects 
magnetic immobilised PLC against thermal denaturation 
particularly at high temperatures (Ibrahim et al., 2013). 
Lima et al. (2017) immobilised cellulase on magnetic 
nanoparticles encapsulated in polymeric nanospheres, 
and its thermal stability increased by 10 °C. Therefore, the 
results confirm that the immobilisation process influenced 
the optimum temperatures of PLC.

Reusability of magnetic immobilised PLC

To investigate reusability, the immobilised PLC hydrolysed 
soybean lecithin emulsions at optimum temperature and pH 
for 2 h. As shown in Figure 5, after 6 recycles, PLC-MPCSA, 
PLC-MCM, PLC-Fe3O4/P (GMA-EDGM-St), PLC-Fe3O4/
SiOx-g-P (GMA) retained 65.23, 69.03, 73.26 and 80.12% 
relative activity, respectively. The results show that four 
magnetic immobilised enzymes have a good reusability. Guo 
et al. (2016) reported that the residual activity of magnetic 
immobilisation of α-amylase still remained approximately 
80% of the initial activity after the 4th reuse, indicating 
that the immobilised enzyme had good stability and 
reusability. The loss of enzyme activity was attributed to 
the denaturation of PLC in the hydrolysis environment, 
followed by the mechanical agitation and the collision 
of magnetic immobilised PLC during hydrolysis, which 
resulted in the PLC shedding off the carrier. If magnetic 

immobilised PLC is applied in the magnetic fluidised bed, 
the loss of PLC on the magnetic carrier will be avoided 
by external force damage, and the reusing effect will be 
improved.

Effect of magnetic immobilised PLC on hydrolysis of 
phospholipids in crude soybean oil

Effect of hydrolysis temperature on residual phosphorus 
levels of degummed crude soybean oil

Effect of the reaction temperature on the residual 
phosphorus levels of degummed crude soybean oil was 
presented in Figure 6. The degumming conditions were the 
enzyme dosage of 110 mg/kg with incubation time of 2.5 h 
at optimal pH. The residual phosphorus content in crude 
soybean oil decreased gradually with the enhancement of 
hydrolysis temperature. There was a significant decrease 
in phosphorus content of crude soybean oil when the 
hydrolysis temperature increased from 45 °C to 60 °C. 
The residual phosphorous content was decreased to 64.82 
mg/kg, which was lower than the phosphorous contents 
obtained with the other magnetic immobilised PLC in 
this study, when PLC-Fe3O4/SiOx-g-P (GMA) was added 
to crude soybean oil. When the hydrolysis temperature 
was raised above 60 °C, the residual phosphorous content 
of crude soybean oil decreased slightly. Temperatures 
influence the viscosity of the lipid mixture and the activity 
of enzyme, affecting the removal rate of phospholipids 
in crude soybean oil (Jiang et al., 2014). These results 
demonstrate that hydrolysis temperature remarkably affects 
the degumming of magnetic immobilised PLC.
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Effect of hydrolysis time on residual phosphorus levels of 
degummed crude soybean oil

The degumming of magnetic immobilised PLC in crude 
soybean oil was conducted with the enzyme dosage of 110 
mg/kg and at optimal pH and temperature. Figure 7 shows 
the effect of hydrolysis time on the residual phosphorus 
content of degummed crude soybean oil. The residual 
phosphorous content of crude soybean oil decreased with 
the prolongation of hydrolysis time. At the beginning of 
hydrolysis for 1.0 h, there was a rapid decline of residual 
phosphorus content. When PLC-MCM, PLC-MPCSA, 

PLC-Fe3O4/P (GMA-EDGM-St), PLC-Fe3O4/SiOx-g-P 
(GMA) hydrolysed phospholipids for 2.0 h, the residual 
phosphorus was 68.71, 69.53, 65.91 and 64.77 mg/kg, 
respectively. The change in phosphorus content after 2.0-2.5 
h treatment was not significant. The reason is that PLC only 
catalyses PC and PE not PI and PA in phospholipids (Ye et 
al., 2012). PI and PA were still present in crude soybean oil, 
so the residual phosphorus content was relatively high. In 
order to reduce the residual phosphorus content, magnetic 
immobilised PLC and magnetic immobilised PLA are placed 
in magnetic fluidised beds at different temperatures and 
pH for continuous degumming of crude soybean oil.
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Reusability of magnetic immobilised PLC on hydrolysing 
phospholipids in crude soybean oil

For the magnetic immobilised PLC process, the degumming 
conditions were 110 mg/kg of enzyme at 60 °C with pH of 
6.5 for 2.5 h. The results of immobilised enzyme reusability 
were shown in Figure 8. After 5 cycles, PLC-MPCSA, PLC-
MCM, PLC-Fe3O4/P (GMA-EDGM-St), PLC-Fe3O4/SiOx-
g-P (GMA) retained 72.6, 73.4, 79.5 and 82.5% relative 
activity, respectively. Their relative activities were 63.3, 
66.2, 71.8 and 73.4% after 6 cycles, respectively. The 
research of Long et al. (2014) showed that immobilised 
pullulanase retained more than 56% of its initial activity 
after 8 consecutive reuses. This outcome indicates that 
the reusability of enzymes is improved through magnetic 
immobilisation.

Effect of hydrolysis time on the content of crude soybean oil 
compositions

It was found that PLC-Fe3O4/SiOx-g-P (GMA) was more 
capable of hydrolysing phospholipids in crude soybean 
oil, so it was added to crude soybean oil with 110 mg/kg 
of enzymes, 60 °C of hydrolysis temperature and 6.5 of pH 
(Table 2). There was 0.37% of PI and 0.16% of PA after 2 h of 
hydrolysis by PLC-Fe3O4/SiOx-g-P (GMA). This is similar 
to their initial contents in crude soybean oil; meanwhile, 
crude soybean oil only contained 0.01% PC and 0.18% PE 
that was converted to 1,2-DAG. It was obvious that the 
content of 1,2-DAG increased in soybean oil. This result 
was consistent with Jiang et al. (2015b). After degumming 
with PLC-Fe3O4/SiOx-g-P (GMA), the oil yield was 98.1%. 
The degumming improved refining yield by PLC because 
PC and PE was hydrolysed to produce 1,2-DAG. However, 
the residual phosphorus content was high after degumming, 
so magnetic PLA could be used to reduce the residual 
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Figure 8. Reusability of magnetic immobilised phospholipase C (PLC) particles in degumming of crude soybean oil. Superscript 
letters indicate homogenous sub-classes as resulted from ANOVA (P<0.05, Duncan’s new multiple range test).

Table 2. Effect of hydrolysis time on the content of crude soybean oil compositions.1,2

Time (min) PC (%) PE (%) PI (%) PA (%) 1,2-DAG (%)

0 0.80±0.09a 0.36±0.01a 0.37±0.02a 0.18±0.03a 0.28±0.03e

30 0.47±0.07b 0.28±0.07ab 0.36±0.03a 0.19±0.02a 0.61±0.04d

60 0.26±0.04c 0.23±0.05bc 0.38±0.01a 0.17±0.03a 0.80±0.05c

90 0.11±0.02d 0.19±0.06c 0.36±0.01a 0.17±0.01a 0.96±0.04b

120 0.01±0.01e 0.18±0.03c 0.37±0.03a 0.16±0.04a 1.07±0.02a

150 0.02±0.02de 0.18±0.02c 0.35±0.04a 0.18±0.02a 1.06±0.02a

1 DAG = diacylglycerol; PA = phosphatidic acid; PC = phosphatidylcholine; PE = phosphatidylethanolamine; PI = phosphatidylinositol.
2 Different letters represent the differences among contents: the same letter indicates no significant difference (P>0.05).
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phosphorus content which was not hydrolysed by PLC in 
a magnetic fluidised bed.

4. Conclusions

Free PLC was immobilised in magnetic particles, and 
magnetic immobilised PLC showed better stability over 
a broad temperature and pH range. The enzyme loading 
and enzymatic activity of PLC-Fe3O4/SiOx-g-P (GMA) 
was the highest in the four types of magnetic immobilised 
PLC explored in this study. It hydrolysed PC and PE in 
crude soybean oil to produce 1,2-DAG, reducing the loss 
of soybean oil in the refining process, and improved the 
refining rate of soybean oil. The stability of magnetic 
immobilised PLC particles was better during the 
degumming process. Therefore, magnetic immobilised PLC 
can be applied to industrial crude soybean oil degumming.
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